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FIG 4 The self-interacting capacity of the N-terminal region of the capsid
protein is essential for efficient virus production. BHK cells were transfected
with in vitro-synthesized genomic RNA of wild-type RV or the capsid protein
mutant RVs, and the viral titers in media harvested at the indicated times were
determined with FFA. The averages from two independent experiments are

presented. Error bars indicate the range of values in the two experiments.

AGI. In contrast, 149C,_,,,-E10A, which can interact with
AG15150, colocalized with p150/AG1 to form filamentous struc-
tures, as observed for *-*SC,_,,. These results indicate that the
self-interacting capacity of C,_5, is important for the capsid-p150
interaction and the colocalization of the capsid protein with the
filamentous p150 structures in cells.

The self-interacting N-terminal region of the capsid protein
is essential for RV replication. M9A, E10A, L12A, L16A, and
L23A were also introduced into the genome of rHS-p150/AGI.
The virus life cycle was initiated from transfected viral RNAs syn-
thesized in vitro, and the viral titers in the culture supernatants
were analyzed. The viral titer of rHS-p150/AG1 containing E10A
(rHS-p150/AG1-E10A) was similar to that of the parental rHS-
p150/AG1 (Fig. 4). In contrast, the viral titers of rHS-p150/AG1
containing M9A, L12A, L16A, or L23A (rHS-p150/AG1-E10A,
-L12A, -L16A, or -L23A, respectively) were severely reduced, al-
though the effect of L23A was smaller than the effects of M9A,
L12A, and L16A (Fig. 4). These data show that the self-interacting
N-terminal region of the capsid protein is essential for efficient
viral replication.

Self-interacting N-terminal region of the capsid protein is
required for the capsid activity that enhances viral gene expres-
sion. Tzeng et al. (17) reported that the eight residues at the N
terminus of the capsid protein are required to promote viral RNA
synthesis. Therefore, we analyzed the correlation between the self-
interacting capacity of the capsid protein and its viral-gene-ex-
pression-promoting activity. HS-Rep-P2R is a subgenomic repli-
con RNA containing a unit of the P2R reporter gene that encodes

Concerted Action of RV Capsid and p150 Proteins

the luciferase gene instead of the SP gene (Fig. 5A). BHK cells were
transfected with HS-Rep-P2R alone or together with plasmid en-
coding Cy_so0 "9Ci_s00 TACsyz000 OF FHAGC)_300-20P21,
-MOA, -E10A, -L12A, -L16A, or -L23A. A mutant replicon with
defective RdRp catalytic activity (HS-Rep-GND-P2R) was used
as the control. In the absence of capsid expression (Fig. 5B,
empty), the luciferase activity of HS-Rep-P2R was as low as that of
HS-Rep-GND-P2R. In the presence of C,_s40 or "-4°C, 54, the
luciferase activity of HS-Rep-P2R increased ~10*-fold. This ef-
fect was not observed in cells transfected with HS-Rep-GND-
P2R.FHASC, ;o and FH4SC, ,,,-E10A enhanced the luciferase ac-
tivity of HS-Rep-P2R (Fig. 5B), whereas ™4°C; ., and
FLAGC, 100.20P21, -M9A, -L12A, -L16A, and -L23A showed no or
reduced enhancement of the luciferase activity (Fig. 5B). Of these
mutants, "“A6C,_,..-123A showed moderate activity, but it was
still very much lower (~10%) than those of C, 590, **C,_3000
and F“4CC _;0-E10A (Fig. 5B). Similar to the luciferase activities,
the fluorescent signals of p150/AG1 were detected in cells express-
ing HS-Rep-P2R together with *-CC, 50, “4°C,_,,-E104, or
FLAGC | 500-L23A but not in those expressing T-4SCg, 400 or
FLAGC  _300-20P21, -M9A, -L12A, or -L16A (Fig. 5D).

The self-interacting N-terminal region of the capsid protein
is not essential for VLP production but is essential for VLP in-
fectivity. To determine whether virion formation was affected by
the mutations in the N-terminal region of the capsid protein, the
efficiency of VLP production by an SP-encoding plasmid express-
ing a mutant capsid protein was analyzed. SP/C,_349, SP/Cs;_300»
and SP/C,_54, carrying 20P21, M9A, E10A, L12A, L16A, or L23A
(SP/C,_305-20P21, -M9A, -E10A, -L12A, -L16A, or -L23A, respec-
tively) were evaluated. BHK-HS-Rep cells constitutively express
an RV subgenomic replicon encoding a puromycin resistance
gene in place of the SP genes (Fig. 6A). Fluorescence microscopy
and immunoblotting showed that BHK-HS-Rep cells expressed
p150/AG1 and p90 (Fig. 6B and C). These cells were transfected
with plasmids encoding SPs (capsid, E1, and E2), and the titers of
the infectious VLPs in the culture supernatants were measured at
48 hpt. The infectious titers of VLPs were measured with FFA. The
titers of infectious VLPs carrying SP/Cs;_300 0t SP/C|_300-20P21,
-MOYA, -L12A, -L16A, or -L23A were 100- to 1,000-fold lower than
those carrying SP/C,_s0o 01 SP/C;_30o-E10A (Fig. 6D). The physi-
cal amounts of VLPs, which were either infectious or noninfec-
tious, were also evaluated. The VLPs released into the culture su-
pernatants were pelleted with sucrose-cushioned centrifugation,
and the viral antigens (E1 and capsid) in the pellets were detected
with immunoblotting (Fig. 6E, sup). Despite the large differences
in the infectious titers, the total amounts of VLPs released into the
supernatants were equivalent for the viruses encoding different

and the input samples were analyzed by immunoblotting with an anti-Myc antibody (for ™°C,_,, constructs) or an anti-FLAG antibody (for F-46C; 9
constructs). The panel shows data representative of results from three independent experiments. (C) Coimmunoprecipitation assays of a series of F-ASC,_; ™
mutants with #%’p150. 293T cells were cotransfected with plasmids expressing the series of FXASC,_,,™C constructs and #“'p150. The precipitates bound to
anti-FLAG beads and the input samples were analyzed by 1mmunob10ttmg with an anti-AG1 antlbody (for #S1p150) or an anti-FLAG antibody (for
FLAGC, 5,™C). The panel shows data representative of results from three mdependent experunents (D) Cou-nmunopreapltatlon assay of the series of F“ACC, o,
mutants With AG1H150, 293T cells were cotransfected with plasmids expressing the series of FXACC, ., constructs (FLASC, 0o ™C or FLAS C |, MC-20P21, -M9A,
-E10A, -L12A, -L16A, or -L23A) and *“'p150. Coimmunoprecipitation assay and immunoblotting were performed as described in the legend to panel C. The
panel shows data representative of results from three independent experiments. (E) Intracellular distributions of the series of capsid proteins (red) and p150/AG1
(green) after DNA transfection. The top left and right panels indicate the intracellular distributions of C,_,,, and p150/AG1, respectively, in singly transfected
Vero cells. The lower panels show the intracellular distributions of the series of mutant capsid proteins in the presence of p150/AG1. At 48 hpt, the cells were
analyzed with ITFAs using an anticapsid antibody (for C,_sq,) or an anti-FLAG antibody (for the series of YASC | _,, constructs). Nuclei were stained with DAPI
(blue).
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FIG 5 The viral-gene-expression-promoting activity of the capsid protein is
dependent on its self-interacting N-terminal region. (A) A schematic diagram
of the RV subgenomic replicon used in the reporter assays. HS-Rep-P2R was
constructed by replacing the structural protein genes of rHS-p150/AG1 with
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capsid proteins (Fig. 6E, sup). These data demonstrate that the
self-interacting N-terminal region of the capsid protein is essential
for infectious VLP production. To confirm the integrity of the
VLPs, the VLPs produced with SP/C,_y,, and SP/C,_50,-L12A
(VLP-wt and VLP-L12A, respectively) were fractionated with su-
crose-gradient centrifugation. VLP-L12A was used as a represen-
tative mutant producing noninfectious VLPs. The sedimentation
profile of VLP-L12A was indistinguishable from that of VLP-wt
(Fig. 6F). The peak fraction of genomic RNA incorporated in
VLP-L12A was similar to that incorporated in VLP-wt (Fig. 6G).
Thus, the self-interacting N-terminal region of the capsid protein
is not essential for VLP production but is essential for VLP infec-
tivity.

DISCUSSION

Accumulating evidence shows that the capsid proteins of many
plant and animal positive-strand RNA viruses have nonstructural
regulatory functions and modulate viral replication. For example,
norovirus VP1 modulates RNA synthesis by interacting with the
RdRp unit (27). The coronavirus N protein supports efficient
RNA transcription via its chaperone activity (28, 31). The alpha-
virus capsid protein facilitates genomic and subgenomic RNA
replication (29). The alfalfa mosaic virus coat protein activates
viral RNA synthesis by conjugating the viral RNA to the RdRp unit
(30, 32).

The data from the present study demonstrate that the RV cap-
sid protein interacts with p150 via the short N-terminal region of
the capsid protein.

The COILS program (http://www.ch.embnet.org/software
[COILS_form.html) predicted that the N-terminal region at
amino acid positions 9 to 29 forms an a-helix that adopts a coiled-
coil structure. The coiled coil is a common structure that typically
consists of two to five supercoiled a-helices (33, 34). The residues
at positions a and d of a heptad repeat form a hydrophobic inter-
face, and the charged amino acid residues at positions e and g
participate in the stabilization of the structure via ionic interac-
tions (33, 34). Coiled-coil domains are found in many viral pro-
teins and are involved in protein-protein interactions mediated by
helical interactions (26, 35-39). The present study indicates that
the N-terminal region of the capsid protein interacts with itself.
Furthermore, a helix-breaking proline insertion (20P21) or ala-
nine substitutions at the residues predicted to be located at the
hydrophobicinterface (M9A,L12A, L16A, and L23A) affected this
self-interaction. Therefore, our data suggest that the N-terminal
region forms a homo-oligomerized coiled-coil structure. The cap-
sid protein can form dimers via its C-terminal region (40, 41).
However, it remains unclear whether the N-terminal region forms
dimers or larger multimers. The capsid protein and p150 are un-
likely to form a hetero-oligomerized coiled-coil structure because

mutant capsid protein mRNAs. At 72 hpt, the Renilla luciferase activity in the
cells was measured. The averages from three independent experiments are
presented. Error bars indicate standard deviations. Student # tests were used to
determine significant differences between **SC,_,, and mutant capsid con-
structs. ¥, P < 0.01. (C) Expression of the capsid proteins in cells transfected
with the series of capsid protein mRNAs. The expression of the capsid protein
in the samples in panel B was confirmed by immunoblotting with anti-RV
virion antibody. (D) Expression of p150/AG1 in cells containing the RV sub-
genomic replicon. The fluorescent signals of p150/AG1 were observed at 72
hpt, immediately before the Renilla luciferase activities were measured.
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FIG 6 The self-interacting capacity of the N-terminal region of the capsid protein is responsible for virion infectivity but is not essential for virion formation. (A)
A schematic diagram of the RV subgenomic replicon. The subgenomic replicon, HS Rep, was constructed by replacing the structural genes of rHS-p150/AG1 with
a puromycin resistance gene (Puro). (B and C) BHK cells stably carrying the RV subgenomic replicon. The p150/AG1 signal was observed with fluorescence
microscopy (B), and p150/AG1 and p90 were detected by immunoblotting with anti-p150 and anti-p90 antibodies, respectively (C). (D) Titers of infectious VLPs
released from BHK-HS-Rep cells after transfection with the SP gene. BHK-HS-Rep cells were transfected with plasmids expressing the structural proteins,
including the wild-type or mutant capsid protein (SP/C,_340, SP/C,_,50, 01 SP/C;_350-M9A, -E10A, -L12A, -L16A, or -1L23A). The VLP titers in the culture media
harvested at 48 hpt were determined with FFA. The means from three independent experiments are presented. Error bars indicate standard deviations. Student
t tests were used to determine significant differences between SP/C,_5,, and mutant SP constructs. *, P < 0.05; **, P < 0.01. (E) VLP precipitation with
sucrose-cushioned ultracentrifugation. BHK-HS-Rep cells were transfected with expression plasmids encoding the capsid protein (C,_sq0), the two spike proteins
E2 and E1 (E2E1), or the structural polyproteins (C, E2, and E1) with mutations in the capsid protein. The expression levels of the structural proteins in the
transfected cells were confirmed by immunoblotting with anti-RV virion and anti-GAPDH antibodies. (F and G) The VLPs derived from the wild-type capsid
protein or the L12A mutant were fractionated by sucrose-gradient ultracentrifugation. The E1 and capsid proteins in the individual fractions were detected by
immunoblotting with an anti-RV virion antibody. (F) The panel shows data representative of results from two independent experiments. (G) The copy numbers
of the genomic RNA in the fractions were measured with qRT-PCR.

October 2014 Volume 838 Number 19 jviasmorg 11195



Sakata et al.

a truncated form of p150 (p150,_,44), lacking its predicted coiled-
coil domains, retained the ability to interact with the capsid pro-
tein. Based on these observations, two plausible models of the
interaction between the capsid protein and p150 can be proposed.
In one, p150 directly recognizes the coiled-coil N-terminal region
of the capsid protein. Similar modes are found in the interactions
between the influenza A virus NS1 protein and the phosphoino-
sitide 3-kinase p85-beta subunit (42) and between the yeast mito-
chondrial fission proteins Mdvl and Fis1 (43). In the other model,
the coiled-coil N-terminal region of the capsid protein interacts
with unknown host p150-binding factors.

The present study also demonstrates that two functions of the
capsid protein (its p150-interacting capacity and its viral-gene-
expression-promoting activity) are closely correlated. Previous
reports have suggested that the viral-gene-expression-promoting
activity of the RV capsid protein is important in the early steps of
RV infection, including viral entry and the initiation of viral RNA
replication and transcription, but not in translation (15-18, 44—
46). Upon transfection of the subgenomic RNA, the level of viral
gene expression was marginal in the absence of capsid expression.
However, expression of the capsid protein is not critical for viral
gene expression, because viral genome replication and gene ex-
pression were maintained at high levels in cells stably carrying the
subgenomic RNA but lacking capsid expression (data not shown
and Fig. 6A to C). These data imply that the capsid protein is
required for the initiation of viral RNA replication but not for its
maintenance. p150 interacts with both p90 and the capsid protein
(9, 17, 47), and p150 and p90 are thought to form the replication
complex, together with the genomic RNA (8-10). The capsid pro-
tein can also bind the genomic RNA through amino acid residues
28 to 56 (48), immediately downstream from the putative coiled-
coil domain. Consistent with these findings, the capsid protein
may facilitate the formation of the replication complex by recruit-
ing the genomic RNA to p150 via the N-terminal region of the
capsid protein. Another possibility is that the RV capsid protein
has RNA chaperone activity that promotes viral RNA replication,
as observed for the coronavirus capsid protein (28, 31). Because
the RV genome has the highest G+C content ever found in the
positive-strand RNA viruses, this activity may be important for
unwinding misfolded RNA structures.

Coiled-coil domains are also predicted in the N-terminal re-
gions of the capsid proteins of viruses in the genus Alphavirus,
another genus in the same family (Togaviridae) as RV (26, 49). In
the Sindbis virus, this domain of the capsid protein plays a crucial
role in nucleocapsid formation (25, 26, 29, 50-53). However, VLP
production with RV mutant capsid proteins lacking the self-inter-
acting capacity of the N-terminal region, presumably caused by
the loss of the coiled coil, was similar to that of the VLP-wt. It has
also been reported that, unlike those of the alphaviruses, RV VLPs
are efficiently produced by the expression of only SPs in the ab-
sence of genomic RNA (54). Furthermore, the dimerization of the
RV capsid protein is strengthened with an intermolecular disul-
fide (S-S) interaction (41), and the C-terminal half of the molecule
is sufficient for this dimerization (40). Together with these re-
ports, our study demonstrates that the role of the N-terminal re-
gion of the capsid protein in nucleocapsid formation differs mark-
edly between the alphaviruses and RV. However, mutations
affecting the N-terminal self-interaction of the RV capsid protein
severely reduced the infectivity of the VLPs produced, although
the sedimentation profiles of the viral proteins and genomic RNAs
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of the VLPs produced by a representative mutant capsid protein
lacking N-terminal self-interaction were identical to those of the
wild-type VLPs. Although the mechanisms underlying this loss of
infectivity were not determined in this study, there are three pos-
sible explanations: (i) the N-terminal self-interacting region plays
arole in the “functional” incorporation of the genomic RNA into
the virion, and an inappropriately incorporated genome is not
recognized by the replication components in infected cells; (ii) the
self-interacting N-terminal region is required for viral uncoating,
and the mutant VLPs do not release the genome into the cyto-
plasm of infected cells; (iii) the capsid protein incorporated into
VLPs directly promotes the initiation of viral gene expression. The
third hypothesis may be supported by our finding that the infec-
tious titers of VLPs were closely related to the gene-expression-
promoting activity of the capsid protein.

In conclusion, the data presented here demonstrate that the
RV capsid protein associates with p150 via the self-interacting
N-terminal region of the capsid protein and that the capsid
protein promotes viral gene expression through its association
with p150. The self-interacting N-terminal region is not essen-
tial for VLP production but is critical for VLP infectivity. This
study provides important insights into the regulation of RV
RNA replication by the cooperative actions of the capsid pro-
tein and p150.
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Rubella virus is the causative agent of rubella. The symptoms are usually mild, and characterized by a
maculopapular rash and fever. However, rubella infection in pregnant women sometimes can result in the
birth of infants with congenital rubella syndrome (CRS). Global efforts have been made to reduce and elim-
inate CRS. Although a reverse transcription-loop-mediated isothermal amplification (RT-LAMP) assay for
detection of rubella virus has been reported, the primers contained several mismatched nucleotides with
the genomes of currently circulating rubella virus strains. In the present study, a new RT-LAMP assay

gz{;;ﬁ;ds“ was established. The detection limit of this assay was 100-1000 PFU/reaction of viruses for all rubella
Diagnosis genotypes, except for genotype 2C, which is not commonly found in the current era. Therefore, the new
RT—‘EAMP RT-LAMP assay can successfully detect all current rubella virus genotypes, and does not require sophis-

ticated devices like TagMan real-time PCR systems. This assay should be a useful assay for laboratory
diagnosis of rubella and CRS.

© 2014 Elsevier B.V. All rights reserved.

Rubella virus (RV) is the causative agent of rubella, also known
as German measles. RV is the sole member of the genus Rubivirus in
the family Togaviridae and its genome consists of a single positive-
strand RNA of approximately 9.8 kb in length. The viral genome
contains two open reading frames (ORFs). The 5' ORF encodes two
non-structural proteins (p150 and p90) (Pugachev et al,, 1997;
Liang and Gillam, 2000) and the 3’ ORF encodes three structural
proteins (E1, E2 and C) (Oker-Blom et al., 1984; Frey, 1994; Yao
et al,, 1998). Although RV has only one serotype, 13 genotypes have
been reported to date, based on analyses of the structural protein
gene nucleotide sequences (Abernathy et al., 2011; WHO, 2013).
The 13 genotypes are classified into two clades, clade 1 and clade
2. Clade 1 consists of genotypes 1a, 1B, 1C, 1D, 1E, 1F, 1G, 1H, 1],
and 1], while clade 2 consists of genotypes 2A, 2B, and 2C (WHO,
2013). Genotypes 1E, 1G, 1H, 1J, and 2B were the major RV geno-
types circulating worldwide between 2005 and 2010 (Abernathy

* Corresponding author. Tel.: +81 42 561 0771; fax: +81 42 561 1960.
E-mail address: k-okmt@nih.go.jp (K. Okamoto).

http://dx.doi.org/10.1016/j.jviromet.2014.06.613
0166-0934/© 2014 Elsevier B.V. All rights reserved.

et al,, 2011). Among these, genotypes 1E, 1], and 2B constitute the
majority of RV isolates in East and South-East Asia.

The typical symptoms of rubella are relatively mild, and char-
acterized by a maculopapular rash, short-duration fever, and
lymphadenopathy. RV infection of women within the first trimester
of pregnancy can cause miscarriage, fetal death, or birth of infants
with congenital rubella syndrome (CRS), which includes various
birth defects such as sensorineural deafness, heart defects, and
cataracts. Rubella is effectively prevented by vaccination with
rubella-containing vaccines. In the last two decades, the number of
member states of the World Health Organization (WHO) that have
introduced rubella-containing vaccines into their national immu-
nization schedules has increased significantly (from 83 in 1996 to
130in 2009) (WHO, 2011). The WHO Region of the Americas (AMR
or PAHO) and European Region (EUR) have established goals to
eliminate rubella by 2010 and 2015, respectively. PAHO is veri-
fying rubeila and CRS elimination at present. However, in many
countries, especially developing countries, RCVs have not yet been
introduced and rubella and CRS surveillance has been weak. Thus,
a significant number of CRS cases are likely overlooked in these
countries (WHO, 20611).

— 39 —
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Table 1
Primers used for the RT-LAMP assay.

Primers Genomic positions Sequence (5'-3")

FIP_NSPS (251-230)+(171-187) cgtggagtgctgeggtgatcactcccaRaagegggecate

BIP_NSP5 (257-274)+(324-306) tcgeggtataceegecgegggtcgatSaggacgtgta
NSP F3_NSP5 97-115 cggeagttgggtaagagac

B3.NSP5 395-380 cegtectgtggaggca

Loop F.NSP5 218-196 gegtgaaHacaggtctgggtate

Loop B.NSP5 286~-304 gtggggccctaaagaagee

FIP.E1 (8557-8539)+(8495~8510) agaggccagcetgegegtaccgegegtgeaccttet

BIP.E1 (8600-8617)+(8666-8651) accgegtgegaggttgaatgteggtggggaagec
- F3.E1 8475-8494 geatctggaatggeacacag

B3.E1 8686~-8669 ccgettgtgegagtagtg

Loop F.E1 8535-8521 ccagaggagtaggcy

Loop B.E1 8618-8632 cctgectteggacac

Since clinical diagnosis of rubella and CRS is often unreliable,
laboratory confirmation is critical. The WHO recommends testing
for anti-rubella IgM in serum as the standard method for lab-
oratory diagnosis of rubella. However, anti-rubella IgM may be
undetectable until a few days after rash and fever appearance
(CDC, 2008; WHQO, 2008). On the other hand, viral genome detec-
tion can be used to confirm rubella in the first few days after rash
appearance, since virus is excreted about 1 week before the rash
appearance and the peak of its excretion in the oral fluid coincides
with rash appearance. Viral genome detection can also be used to
confirm CRS (Bellini and fcenogle, 2011). Several methods, includ-
ing RT-PCR (or RT-nested PCR) (Zhu et al., 2007), real-time RT-PCR
(Okamoto et al., 2010), and RT-loop-mediated isothermal ampli-
fication (RT-LAMP) (Mori et al., 2006), have been established for
detection of the RV genome.

LAMP was developed for amplification of target DNA with a
specific primer set and a DNA polymerase with strand displace-
ment activity (Notomi et al,, 2000; Nagamine et al., 2002). LAMP
has high specificity because at least four specific primers corre-
sponding to six regions are required for the amplification (Notomi
et al., 2000; Nagamine et al.,, 2002). The LAMP reaction is usually
carried out under isothermal conditions at about 65°C for about
1 h. Therefore, the laboratory diagnosis is easily conducted using
simple devices. Importantly, the results can be assessed visually
without opening of the sample tubes, which decreases the risk of
cross-contamination. There are several methods for detection of
LAMP amplification products. Turbidity derived from precipitated
magnesium pyrophosphate as a by-product of the amplification is
generally employed for LAMP detection (Mori et al., 2001). Turbid-
ity can be monitored in real-time using a turbidimeter or detected
visually. Detection by color change after addition of hydroxyl naph-
thol blue (HNB) to the reaction mixture has also been reported
(Goto et al.,, 2009). HNB is a colorimetric reagent for alkaline earth
metal ions. The concentration of magnesium ions in the LAMP
reaction mixture decreases during amplification. If amplification
occurs, the solution including HNB changes from violet to sky-blue.
Users can select a detection method according to their situation.
An RNA template can also be amplified by LAMP, by combination
with a reverse transcription reaction (RT-LAMP) (Notomi et al.,
2000). RT-LAMP has been adapted to detect RNA virus infections
(Ushio et al., 2005; Ito et al, 2006). Morl et al. (2006) reported
previously an RT-LAMP assay for the RV genome using primers
targeting the nucleotide sequence of the E1 region, which were
designed based on the KRT vaccine strain (genotype 1a) genome
sequence. However, the E1 region is variable in its nucleotide
sequences, and the original primers display some mismatches with
several RV genotypes, especially 1], 1E, and 2B, the major genotypes
recently circulating in Japan (data not shown). This suggests that
the RT-LAMP assay using these mismatched primers may show low
sensitivity for detection of these RV genotypes. In the present study,
to refine the RT-LAMP assay for detection of currently circulating

RV genotypes, we designed new primers targeting the 5'-terminal
region of the non-structural protein gene encoding p150. The tar-
geted region is adjacent to the primer-targeted region in a TagMan
real-time PCR method reported previously (Okamoto et al., 2010).
The performance of the new RT-LAMP assay developed in this study
was examined using viral RNAs of all genotypes.

The new RT-LAMP primer set, named the NSP primer set,
was designed using an online software program for LAMP primer
design (PrimerExplorer; http://primerexplorer.jp/index.html) to
target the region of nucleotides 97-395, a highly conserved region
among various genotypes. The primer sequences and positions are
shown in Table 1. Previously described primers are also shown
in Table 1. The RT-LAMP assay was performed using a Loopamp
RNA amplification kit (RT-LAMP; EIKEN Chemical, Tokyo, Japan).
An aliquot (5ul) of each RNA was mixed with 40 pmol of FIP
and BIP primers, 20 pmol of Loop-F and Loop-B primers, 5 pmol
of F3 and B3 primers, 1l of enzyme mix, and 12.5 pl of reaction
mix in a total volume of 25 pl. The reaction mixture was incu-
bated at 63 °C for 60 min followed by 85°C for 5min in a Loopamp
real-time turbidimeter (RT-160C; EIKEN Chemical). The assay was
performed in triplicate for each sample, and a no-template con-
trol, in which the RNA template was omitted, was included in
each assay. Test samples were considered positive if the turbidity
signal was greater than 0.1 after 60 min. Controls without tem-
plate gave no turbidity signals typically, by both a measuring
device and visually. A 10-fold dilution series of in vitro synthe-
sized RNA (nucleotides 1-782 of the TO-336 strain) was prepared
as the standard RNAs (from 2.0 x 10° to 2.0 x 10~! copies/u.l) as
described previously (Ckamoto et al.,, 2010). Three distinct sets of
standard RNA samples (1.0 x 108 to 1 copies/reaction) were pre-
pared totally independently (starting with in vitro transcriptions
from plasmids) examined to estimate the detection limit of the
assay. Although >10% copies/reaction were detected in all samples,
103 copies/reaction were detected in 78% of samples (Table 2). The

Table 2
Detection limit of the RT-LAMP assay using a series of synthesized standard RNA
solutions.

Standard RNA Number of positive Positive
(copies/reaction) samples/number of tested samples (%)
1 2 3
106 3/3 3/3 3/3 100
10° 313 3/3 3/3 100
104 3/3 33 3/3 100
103 2/3 2/3 3/3 78
102 0/3 0/3 1/3 11
10 0/3 03 0/3 0
50% detection dose” 275 2.75 2.25 2.58"

" Copies of standard RNA for which 50% of reactions were positive (logg
copies/ml).
“ Mean value of three trials.
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Table 3
Sensitivity of the RT-PCR assay for different genotypes: test results (P or N') with the time (minutes) when turbidity signals passed the cutoff.
Strain Viral dose (PFU)
10° 102 10! 10°
RVi/BEL/63[1a]VAC 1a P(25.6+521)" P (30.5+3.80) N (>60.0) N (>60.0)
RVi/Jerusalem.ISR/75[1B] 1B P (20.7 £3.56) N (>60.0) N (>60.0) N (>60.0)
RVi/Los Angels.USA/91[1C] 1C P(22.6+2.52) P(32.0+2.08) N (>60.0) N (>60.0)
Osaka ‘94 1D P(24.1+£5.21) N (>60.0) N (>60.0) N (>60.0)
Rvi/Dezhou.CHN/02[1E] 1E P(20.4+2.70) P (27.4+3.66) N (>60.0) N (>60.0)
Rvi/Linging.CHN/OO[ 1F] 1F P(23.04+3.07) N (>60.0) N (>60.0) N (>60.0)
RvifUGA/20.01[1G] 1G P(18.4+0.97) P(25.442.87) N (>60.0) N (>60.0)
Rvi/Minsk.BLR/28.05[1H] 1H P(19.7+0.62) P(26.1+1.03) N (>60.0) N (>60.0)
Rvi/Milan.ITA/46.92[11] 11 P(22.9+2.81) P(31.2+642) N (>60.0) N (>60.0)
Rvi/Miyazaki,JPN/10.01 CRS[1]] 1] P(21.7+£1.87) N (>60.0) N (>60.0) N (>60.0)
Rvi/Beijing.CHN/80[2A]VAC 2A P(22.5+£2.39) P(31.1£2.34) N (>60.0) N (>60.0)
Rvi/Telaviv.ISR/68[2B] 2B P(24.8 £4.41) N(>60.0) N (>60.0) N (>60.0)
Rvi/Moscow.RUS/67[2 C] 2C N (>60.0) N (>60.0) N (>60.0) N (>60.0)
" P: positive.
“ N: negative.

™" Data represent the mean values calculated from three independent experiments.

end-point, at which 50% of the reactions were positive, was cal-
culated by the Reed-Miiench method (Reed and Muench, 1938),
and was about 380 copies/reaction. This detection limit was higher
than that of the TagMan real-time PCR assay, which could detect
all samples at 10 copies/reaction (Okamoto et al., 2010). The sensi-
tivities of the TagMan and RT-LAMP assays were reported to be
similar for detection of Chikungunya virus and Rift Valley virus
(Le Roux et al.,, 2009; Reddy et al., 2012). The sensitivity of the
RT-LAMP assay may be lower than that of the TagMan real-time
PCR assay Because of a complicated secondary structure. The RV
genome may form a complicated secondary structure owing to its
high (~70%) GC contents (Frey, 1994). Next, we examined whether

the new RT-LAMP assay could detect the genomes of all 13 RV
genotypes. The 13 RVs were propagated with Vero cells or RK-
13 cells. The viral RNA was extracted from 140l aliquots of
serial dilutions of these virus samples using a QlAamp Viral RNA
Mini Kit (QIAGEN, Tokyo, Japan) according to the manufacturer’s
protocol. To assess the sensitivity of the RT-LAMP (NSP primer
set) assay for different genotypes, 5l of each RNA extract of
the 13 RVs was amplified with the assay (Table 3). Some exam-
ples of the time course of turbidity measured by a Loopamp
real-time turbidimeter were cited in Fig. 1. Test samples were
considered positive if amplification was seen in all triplicate reac-
tions, and three independent experiments were repeated. Table 3
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Fig. 1. The time course of turbidity by RT-LAMP assay. The graphs showed the turbidity measured by a Loopamp real-time turbidimeter. Blue, red, green, and violet lines
represent 103, 102, 10, and 1PFU/reaction of virus strains as follows, respectively. (A) Rvi/Dezhou.CHN/02[1E]; (B) Rvi/Minsk.BLR/28.05[1H]; (C) Rvi/Miyazaki,JPN/10.01

CRS[1]]; (D) Rvi/Telaviv.ISR/68[2B].
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Table 4

Sensivity comparisons of the primer sets: test results (P or N with the time (minutes) when turbidity signals passed the cutoff.

Strain Viral dose (PFU)
107 107 10! 109

NSP™ ET NSP E1 NSP E1 NSP E1
Rvi/Dezhou.CHN/02 1E P(19.254£052)"  P(23.814£139) P(27.68+162) P(2792+2.15) N(>600) N(>600) N({>60.0) N(>60.0)
Rvi/Minsk.BLR/28.05 1H P(18.33:1.40) P(2417£1.68) P(24.014£3.67) P(27.82£2.71) N(>60.0) N(>60.0) N(>60.0) N(>60.0)
Rvi/MiyazakiJPN/10.01 CRS 1] P(18.04:+0.64) P(28.814:2.02) P(2428+397) P(36.08+524) N(>60.0) N(>60.0) N(>60.0) N(>60.0)
Rvi/Telaviv.ISR/68 2B P(22.08:£2.25) N (>60.0) N (>60.0) N (>60.0) N(>60.0) N(>60.0) N(>60.0) N{(>60.0)
* P: positive.
“ N: negative.

™ NSP and E1 are the primer sets used in this study and previously reported, respectively.

Data represent the mean values calculated from three independent experiments.

shows the average values, as the times (in minutes) when the
turbidity signal was beyond the threshold. The data indicated
that 100-1000 PFU/reaction of virus was required for detection
by the new RT-LAMP assay, except for the genotype 2C virus
(RVi/Moscow.RUS/67).

The assay failed to detect the genotype 2C virus, whereas the
TagMan real-time PCR assay could detect 10 PFU/reaction of this
virus (data not shown). The geographical location of genotype 2C
viruses was restricted to Russia, and genotype 2C viruses have not
been detected since 2005. Thus, the problem in detecting geno-
type 2C viruses is likely not an important obstacle for the new
RT-LAMP assay. However, this problem may require consideration
when using the assay.

It is necessary to distinguish rubella from measles that has the
similar clinical symptoms with rubella. The specificity of the new
RT-LAMP assay was tested using measles virus RNA derived from
genotype D3, D5, D8, and H1. No amplification was found with the
RT-LAMP assay even with about 6logjg copies/reaction, thus the
RT-LAMP assay was thought not to cross-react with measles virus
genomes (data not shown).

The sensitivity of the new NSP primer set was compared with
the primer set reported previously by Mori et al. (2006). The primer
set used by Mori et al. was targeted to the E1 structural protein
gene (Table 1), and was thus designated the “E1 primer set” in
this study. RNA extracts from virus stocks of four major genotypes
circulating in the world were subjected to the RT-LAMP assay using
either the NSP primer set or E1 primer set (Table 4). Both assays
detected 100PFU of RV genotypes 1E (Rvi/Dezhou.CHN/02), 1h
(Rvi/Minsk.BLR/28.05), and 1] (Rvi/Miyazaki.JPN/10.01 CRS), sug-
gesting that for RV genotypes 1E, 1H, and 1], the sensitivity of
the assay targeting the non-structural protein gene was compa-
rable to that targeting the E1 gene reported by Mori et al. (2006).
On the other hand, the E1 primer set failed to detect the geno-
type 2B RV (Rvi/Telaviv.ISR/68), while the NSP primer set detected
it successfully, suggesting that the NSP primer set was useful for
detection of 2B genotype viruses. Mori et al. (2006) described
that the detection limit of their assay was approximately 1PFU
of virus. The difference in the detection limits between the assays

may arise from differences in determination of the detection lim-
its by PFU. Specifically, diluted viral RNA serially after extraction
from virus stock was used previously while we used viral RNA
extracted from serially diluted virus stocks to more closely resem-
ble actual specimens with low amount of virus. The E1 primer set
exhibited an almost equivalent detection limit to the NSP primer
set under the conditions used in this study (Table 4). Finally,
a spike test was performed using a similar procedure to previ-
ously reported method (Okamoto et al., 2010). Briefly, four viral
strain stocks, Rvi/Dezhou.CHN/O2[1E], Rvi/Minsk.BLR/28.05[1h],
Rvi/Telaviv.ISR/68[2B], and Rvi/Miyazaki.JPN/10.01 CRS[1j], were
diluted to 10°, 104, 103, 102, and 10! PFU/ml with throat swabs
from healthy donors collected in Universal Viral Transport Medium
(BD, Franklin Lakes, NJ), and viral RNAs were extracted from 140 .l
aliquots of these samples. Five microliters of each viral RNA extract
was subjected to the RT-LAMP assay using the NSP primer set
(Table 5). For all of the tested genotypes, the spike test showed
similar sensitivity to that using viral RNA extracted from culture
medium (Tables 4 and 5). Therefore, neither the RNA extrac-
tion steps nor the amplification steps of the RT-LAMP assay were
affected by the presence of RNAs typically found in normal throat
swabs.

In this study, the RT-LAMP assay was improved for detection
of RV strains currently circulating in the world. The improved
assay detected successfully RV genotypes 1E, 1H, 1], and 2B,
the current major genotypes worldwide. Therefore, the improved
RT-LAMP assay should be a useful assay for laboratory diagno-
sis of rubella. The assay is less sensitive than some real-time
assays, a fact which should be considered when dealing with
samples containing small amount of RV RNA. However, the RT-
LAMP assay can be used for rapid laboratory diagnosis, does
not require sophisticated devices like real-time PCR systems, and
decreases the risk of laboratory contamination because of the
lack of handling procedures for the amplified products. Surveil-
lance for rubella and CRS using RNA detection for laboratory
confirmation is problematic in many countries; the improved
assay described here could improve RNA confirmation in these
countries.

Table 5

Spike tests: test results (P or N'') with the time (minutes) when turbidity signals passed the cutoff.
Strain Viral dose (PFU)

10° 102 10! 10°

Rvi/Dezhou.CHN/02 1E P(22.74+4.38)" P(29.78+4.01) N (>60.0) N (>60.0)
Rvi/Minsk.BLR/28.05 1H P(20.12+1.39) P(26.24+£2.57) N (>60.0) N (>60.0})
Rvi/Telaviv.ISR/68 2B P (22.30+0.30) N (>60.0) N (>60.0) N (>60.0)
Rvi/Miyazaki,JPN/10.01 CRS 1] P (25.36£4.90) N (>60.0) N (>60.0) N (>60.0)
" P: positive.
~ N: negative.

" Data represent the mean values calculated from three independent experiments.
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ABSTRACT

We determined the antigenic structure of pandemic influenza A(HIN1)pdmO09 virus hemagglutinin (HA) using 599 escape mu-
tants that were selected using 16 anti-HA monoclonal antibodies (MAbs) against A/Narita/1/2009. The sequencing of mutant HA
genes revealed 43 amino acid substitutions at 24 positions in three antigenic sites, Sa, Sb, and Ca2, which were previously
mapped onto A/Puerto Rico/8/34 (A/PR/8/34) HA (A.]. Caton, G. G. Brownlee, J. W. Yewdell, and W. Gerhard, Cell 31:417-427,
1982), and an undesignated site, i.e., amino acid residues 141, 142, 143, 171, 172, 174, 177, and 180 in the Sa site, residues 170,
173, 202, 206, 210, 211, and 212 in the Sb site, residues 151, 154, 156, 157, 158, 159, 200, and 238 in the CaZ2 site, and residue 147 in
the undesignated site (numbering begins at the first methionine). Sixteen MAbs were classified into four groups based on their
cross-reactivity with the panel of escape mutants in the hemagglutination inhibition test. Among them, six MAbs targeting the
Sa and Sb sites recognized both residues at positions 172 and 173. MAb n2 lost reactivity when mutations were introduced at
positions 147, 159 (site Ca2), 170 (site Sb), and 172 (site Sa). We designated the site consisting of these residues as site Pa. From
2009 to 2013, no antigenic drift was detected for the A(HIN1)pdmO09 viruses. However, if a novel variant carrying a mutation at a
position involved in the epitopes of several MAbs, such as 172, appeared, such a virus would have the advantage of becoming a
drift strain.

IMPORTANCE

The first influenza pandemic of the 21st century occurred in 2009 with the emergence of a novel virus originating with swine in-
fluenza, A(HIN1)pdm09. Although HA of A(HIN1)pdmo09 has a common origin (1918 HIN1) with seasonal HIN1, the antigenic
divergence of HA between the seasonal HIN1 and A(H1N1)pdm09 viruses gave rise to the influenza pandemic in 2009. To take
precautions against the antigenic drift of the A(HIN1)pdmO09 virus in the near future, it is important to identify its precise anti-
genic structure. To obtain various mutants that are not neutralized by MAbs, it is important to neutralize several plaque-cloned
parent viruses rather than only a single parent virus. We characterized 599 escape mutants that were obtained by neutralizing
four parent viruses of A(HIN1)pdmO09 in the presence of 16 MAbs. Consequently, we were able to determine the details of the
antigenic structure of HA, including a novel epitope.

“he first influenza pandemic of the 21st century occurred in

# 2009. The pandemic strain, a novel swine-derived, triple reas-
sortant A(HIN1)pdm09 (pdm09) virus, contained hemaggluti-
nin (HA) that genetically originated with the 1918 Spanish influ-
enza virus (1). Although the pdm09 virus was predominant in the
world in the 2009/2010 and 2010/2011 influenza seasons, the
A(H3N2) virus became predominant during the 2011/2012 and
2012/2013 seasons (2, 3) (see also the “Influenza virus activity in the
world” website [http://www.who.int/influenza/gisrs_laboratory
/updates/summaryreport_20120706/en/] and the “FluNet Sum-
mary” website [http://www.who.int/influenza/gisrs_laboratory/updates
/summaryreport/en/]). The HIN1 virus was the second virus to
originate with the 1918 virus, following the Russian influenza vi-
rus in 1977 (4). In the case of the Russian influenza in early 1978,
most of the isolates in South America exhibited antigenic drift
away from the prototype virus, A/USSR/90/77 (5). However, from
2009 to 2013, no antigenic drift was observed for the pdm09 virus,
although isolates with amino acid substitutions in their antigenic
sites were detected (6, 7). In 2010, viruses with double mutations
in HA (N142D/E391K) were found with increased frequency in
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the Southern Hemisphere (7), and it was suggested that the double
mutations N142D/E391K and N142D/N173K might be associated
with a reduction in the ability of vaccine sera to recognize the
pdmO09 virus (7, 8). Furthermore, the N173K mutation has been
shown to emerge under vaccine-induced immune pressure in a
ferret model of contact transmission (9). However, such viruses
had not been dominant until 2013.

Antigenic mapping of H1 subtype HA was performed on
A/PR/8/34 HA (PR8 HA) using variants selected by monoclonal
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antibodies (MADbs), revealing the existence of four major antigenic
sites, Sa, Sb, Ca, and Cb, in HA1 (10, 11). HAs of the pdm09 and
A/PR/8/34 viruses originate with the Spanish influenza virus.
However, pdm09 HA is directly derived from an American “triple
reassortant” possessing the HA of classical swine influenza viruses
(12); therefore, the antigenic regions of pdm09 HA and PR8 HA
are not necessarily identical. To take precautions against antigenic
drift of the pdm09 virus in the near future, it is important to
determine the precise antigenic structure of pdm09 HA. In
response to the 2009 pandemic, several groups elucidated the
antigenic region of pdm09 HA using HA MAbs; however, a
systemic analysis of the epitopes has not previously been per-
formed (13-16).

In this study, to precisely identify antigenic regions, we have
selected escape mutants of A/Narita/1/2009, the first isolate of the
pdm09 virus in Japan, using 16 anti-HA MAbs. For systemic anal-
ysis of the epitopes of each MAb, we generated several parent
viruses, as we did in our previous study, by considering the muta-
tion rate during the growth of a plaque (17, 18). Thus, by using
one MAD, we obtained a maximum of nine escape mutants pos-
sessing a single mutation at different positions. Finally, we isolated
599 escape mutants and identified the components of the epitopes
of the 16 MAbs at four antigenic sites by cross-reactions of the
escape mutants with anti-A/Narita/1/2009 HA MAbs.

MATERIALS AND METHODS

Viruses and cells. A/Narita/1/2009, a pdm09 virus, was isolated from
MDCK cells and embryonated chicken eggs, which were infected with a
clinical sample. The amino acid sequences of HA genes of the MDCK
isolate (accession no. ACR09395) and egg isolate (accession no.
ACR09396) viruses are identical. In this study, the MDCK isolate virus
was propagated in MDCK cells in Dulbecco’s modified Eagle medium
supplemented with 0.3% bovine serum albumin and 2 pg/ml acetyl-tryp-
sin (Sigma). Four different clones, P1, P2, P3, and P4, were obtained from
well-isolated plaques of MDCK cells infected with A/Narita/1/2009 and
used as parent viruses. The amino acid sequence of each parent HA was
identical to that in the database (accession number ACR09395). Subse-
quently, seven pdmO09 viruses isolated from MDCK cells from clinical samples
were used for antigenic analysis: A/Yamagata/232/2009 (accession no.
ABG01602), A/Yamagata/752/2009 (AB601604), A/Yamagata/143/2010
(AB601605), A/Yamagata/203/2011 (AB898075), A/Yamagata/206/2011
(AB898076), A/Yamagata/264/2012 (AB898077), and A/Yamagata/87/2013
(AB898078). To examine the cross-reactivity of MAbs with seasonal HIN1
virus HA, purified HA proteins of A/Solomon Islands/3/2006 and A/Bris-
bane/59/2007 (Denka Seiken Co., Ltd., Tokyo, Japan) were used.

Antibodies. BALB/c mice were subcutaneously primed with 20 g of
inactivated A/Narita/1/2009 virus twice within a 3-week interval, and
splenocytes were fused with Sp2/O myeloma cells at day 3 after the boost-
ing. After limiting serial dilutions, hybridoma cells binding to A/Narita/
1/2009 HA but not to A/Brisbane/59/2007 HA (H1N1) were selected by
enzyme-linked immunosorbent assay (ELISA). This study was approved
by the Institutional Animal Care and Use Committee of the National
Institute of Infectious Diseases, Japan, and all mice were used in accor-
dance with their guidelines.

In this study, we characterized the epitopes of the following 16 mono-
clonal antibodies (MAbs): NSP18 (n2), NSP30 (n3), NSP21 (n4), NSP2
(n5), NSP19 (n6), NSP22 (n7), NSP24 (n8), NSP20 (n9), NSP6 (n10),
NSP26 (nll), NSP11 (n12), NSP8 (n13), NSP29 (n15), NSP27 (nl6),
NSP17 (nl17), and NSP10 (n18). Postinfection ferret antiserum against
A/California/7/2009 was used for serological assays.

Neutralization test. The virus neutralization test was performed using
6-well microplates. Mixtures of 2-fold serial dilutions of each MAb and
100 PFU of A/Narita/1/2009 were incubated for 30 min at 37°C and used
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TABLE 1 Characterization of MAbs and selection frequencies of escape
mutants

Selection frequency (—log, )¢

MAb* HI titer” NT,,* P1 P2 P3 P4

n2 1,280 8,000 4.41 4.54 4.29 4.06
n3 25,600 80,000 4.15 4.64 4.57 4.11
n4 25,600 80,000 3.14 4.30 4.30 3.83
n> 12,800 40,000 3.11 4.27 4.23 4.22
né 3,200 20,000 3.13 4.40 3.99 4.21
n7 640 2,000 3.05 4.40 4.02 3.57
nd 160 400 2.97 4.22 4.09 3.75
n9 12,800 40,000 3.28 4.13 3.79 3.70
nlo 6,400 20,000 3.41 3.85 3.89 3.62
nll 1,600 10,000 3.07 3.86 3.76 3.60
nl2 25,600 100,000 4.08 3.96 4.32 4.13
nl3 640 4,000 3.30 3.77 3.44 3.58
nl5 25,600 1,600 4.02 4.40 3.03 3.38
nlé 25,600 16,000 4.19 4.69 3.74 3.27
nl7 25,600 100,000 4.00 4.84 4.37 4.02
nl8 12,800 80,000 4.00 4.31 4.06 4.76

7 Nomenclatures for each MADbs are described in Text.
Y An HI test was performed on A/Narita/1/2009 with 0.5% turkey erythrocytes. The HI
titer was expressed as the reciprocal of the highest antibody dilution which completely

-inhibited hemagglutination.

¢ Fifty percent neutralization titers (NTs,s) are presented as reciprocals of the highest
antibody dilution causing a >50% plaque reduction, as described in the text.

9 Tenfold serial dilutions of each parent virus (P1 to P4) were mixed with 10-fold
dilutions of each MAb. Escape mutants were isolated at the indicated frequency.

to inoculate MDCK cells. After 1 h, an agar overlay medium was added,
and the cells were incubated at 37°C for 3 days. Neutralization titers are
presented as reciprocals of the highest antibody dilution causing a >50%
reduction of plaque number in 100 PFU of A/Narita/1/2009 virus.

Selection of escape mutants. The escape mutants were selected by
incubating each parent virus with MAbs against A/Narita/1/2009 HA,
essentially following the procedure of a previous study (17, 19). Briefly, a
10-fold serial dilution of each parental virus (P1, P2, P3, and P4) was
mixed with an equal volume of a 1:10 dilution of ascites fluid containing
MADs. After incubation for 30 min at room temperature, the virus-anti-
body mixture was inoculated onto the MDCK cells and an agar overlay
medium was added. Ten nonneutralized plaque viruses per experiment
were isolated and amplified in MDCK cells. The nucleotide sequence of
each mutant HA gene was determined, and the deduced amino acid se-
quence was compared with that of A/Narita/1/2009 HA. The antigenic
character of each isolate was examined using a hemagglutination inhibi-
tion (HI) test.

Nucleotide sequencing. The nucleotide sequences of the HA genes
were directly determined from RT-PCR products using the ABI Prism
3130 sequencer (Applied Biosystems). The sequences of HA primers will
be provided upon request.

Radioisotope labeling and immunoprecipitation. Monolayers of
MDCK cells infected with stock virus were incubated with (+TM) or
without (—TM) tunicamycin (2 g/ml) at 37°C. At 7 h postinfection, the
cells were pulsed for 30 min (—TM) or 60 min (+TM) with 4 MBq/ml
[**S]methionine (ARC) and then disrupted as described previously (19).
Immunoprecipitates of MAb nl7 were analyzed by SDS-PAGE on 15%
gels containing 4 M urea and processed for analysis by fluorography.

RESULTS

Selection of escape mutants of A/Narita/1/2009. We have gener-
ated 16 MAbs with neutralizing activity against A/Narita/1/2009
HA. The HI titers and neutralization titers of the MAbs are shown
in Table 1. To localize the antigenic sites on pdm09 HA, we se-
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lected escape mutants of the A/Narita/1/2009 strain using these
MAbs. Four parent viruses (P1, P2, P3, and P4) were neutralized
with each of the 16 MADbs, and nonneutralized plaque viruses were
then analyzed as described in Materials and Methods. Escape mu-
tants resistant to each MAb were isolated with a frequency ranging
from 107%%7 to 10”** (Table 1). Consequently, we isolated 599
escape mutants with a single amino acid substitution in the HA1
domain; 157, 147, 148, and 147 mutants were derived from P1, P2,
P3, and P4, respectively. These mutants were classified into 43
groups, which had different amino acid substitutions at 24 posi-
tions. By neutralizing the parent viruses derived from more than
one plaque, we were able to obtain various mutants carrying dif-
ferent mutations (Table 2).

Antigenic sites revealed by reactivities of MAbs with escape
mutants in HI tests. In Fig. 1, the 24 positions are shown on the
primary sequence of A/Narita/1/2009 HA1 and compared with
the corresponding positions within 1918 Spanish influenza virus
HA, seasonal HIN1 virus HA, and A/PR/8/34-Mt. Sinai strain HA
(PR8-Mt.Sinai HA) (10).

The reactivity of each MAD with the panel of escape mutants
was examined using an HI test (Table 2). Based on their reac-
tivities, the MAbs were assembled into four complementary
groups: Sa (n3 to n13), Sb (n15 and n16), Ca2 (n17 and n18),
and n2.

(i) Site Sa. Single amino acid changes at positions 141, 142,171,
172, and 180 in the Sa site affected the reactions of the mutants
with MAbs n3 to n8, whereas the reactivities of MAbs n9 to n13
with the mutants was affected by amino acid substitutions at po-
sitions 141, 142, 171, 172, and 177 (except for nl3) at site Sa.
Further mutations at positions 143 and 174 in the Sa site and
position 173 in the Sb site affected the reactivity with n4 to n6, n4
ton10, and n9 to n13, respectively. MAbs n9 and n10 Jost reactiv-
ity when mutations were present at position 173, whereas nll to
n13 reacted with N173I but not with N173D. These results indi-
cate that (i) the Sa site of Narita HA is composed of the residues
at positions 141, 142, 143,171, 172,173, 174, 177, and 180, and
(ii) there are two distinct regions in the Sa site that are recog-
nized differently by MAbs n3 to n8 and MAbs n9 to n13 (Tables
2 and 3).

(ii) Site Sb. Mutations at positions 170, 173, 202, 206, 210, 211,
and 212 in site Sb affected reactivity with n15 and nl6. Interest-
ingly, n15 showed decreased reactivity with G172V (Sa site) but
reacted with G172E. Similar to residue 173, residue 172 also be-
longed to epitopes in sites Sa and Sb, depending on the amino acid
residue (Tables 2 and 3).

In this study, single-mutation mutants containing H143Y (Sa
site) or Q210E or N211D (Sb site) did not react with MAbs n4 to
n6, nl15, or n15/n16, respectively, as shown in the HI test. How-
ever, they reacted well with MAbs n7, n1l, and n10/nl11, respec-
tively, even these MAbs were used for the selection of those mu-
tants (Table 2).

(iii) Site Ca2. In this study, two epitopes of n17 and n18 were
identified in the Ca2 site. The HI reactivity of n17 and n18 with
each escape mutant indicated that their epitopes are composed of
residues at positions 151, 154, 156, 157, 158, 159, 200, and 238;
however, the reactivity of each MAb differed based on the sub-
stituted amino acid residue, which implies that the amino acid
sequences are different for the paratope of each MAb (Tables 2
and 3).
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(iv) Site Pa. Three escape mutants, each possessing a single
mutation at position 147, 170, or 172, were selected by MAb n2.
Moreover, n2 showed decreased reactivity with the other mu-
tant, carrying a K159N change, which was selected by n17 (Ta-
ble 2). The n2 epitope presumably consisted of the residues at
positions 147, 159, 170, and 172, and the last three residues
were Jocated in the Ca2, Sb, and Sa sites, respectively (Table 3).
A similar epitope consisting of residues K136, D144, K147,
G148, K171, and G172 has been identified for the human
monoclonal antibody EM4C04, which was derived from a pa-
tient infected with the pdm09 virus (13, 15). We designated this
novel antigenic site Pa,

The reactivity of ferret antiserum against A/California/7/2009
with the representative escape mutants related to each antigenic
site was also examined by the HI test. No mutants showed reduced
reactivity with the polyclonal ferret antiserum compared to that of
the parent virus (Table 2).

Characteristics of the antigenic structure of pdm09 HA. Fig-
ure 2 shows the antigenic sites of A/Narita/1/2009 HA (Fig. 2).
The epitopes for the investigated MAbs, except for epitope n2,
were localized within the Sa, Sb, and Ca2 antigenic sites. In this
study, no MADs against Cal or Cb were identified. The unique
positions of the amino acid substitutions in the escape mutants
of A/Narita/1/2009 were 147 and 200. In the three-dimensional
(3-D) structure, residue 200 of site Ca2 was located next to the
residues of site Sb but was far from the other components of
site Ca2 in the 3-D structure (Fig. 2). Although the S200P mu-
tation affected the reactivity with n17 and n18, this influence
may be attributed to a conformational change at topologically
distant sites rather than to a direct interaction between the
epitope and the paratope.

Residue 147 is located near the right edge of the receptor-bind-
ing site and is near the other members of epitope n2, including
residues 159, 170, and 172, in the 3-D structure. This epitope was
not detected in the antigenic site of PR8-Mt. Sinai HA or several
seasonal influenza viruses (H1N1) that circulated during and after
1994/1995 because of the lack of residue 147. However, because of
the presence of residue 147, the Pa site may exist in the Spanish
influenza virus, PR8-Cambridge strain, and seasonal HINT vi-
ruses that were isolated before 1994.

Acquisition of a glycosylation site is known to shield epitopes
from antibody recognition. In the seasonal influenza HIN1 virus,
two highly conserved glycosylation sites, at positions 142 and 177,
were identified in the Sa site, but both sites were absent in pdm09
HA. In this study, a new oligosaccharide attachment site, K177N,
was generated in an escape mutant that was selected by MAbs n10
and n11. However, this mutant and others with K177T or K177E
all reacted with the MAbs targeting site Sa. Thus, to determine
whether the HA mutant with KI77N was modified with N-linked
glycans, we compared the electrophoretic mobilities of the mutant
HAs, i.e., those with K177N and K177T, in SDS-polyacrylamide
gels. As shown in Fig. 3, in the absence of TM, the parental virus
and both mutant HAs showed slower electrophoretic mobility
than in the presence of TM, but the mobility of these HAs was
similar, suggesting that an additional glycosylation did not occur
at position 177 in the mutant carrying N177.

Antigenic characterization of pdm09 HA viruses from 2009
to 2013. To detect signs of antigenic drift, genetic and antigenic
analyses have been extensively performed for pdmo09 isolates ob-
tained from 2009 to 2013 (6-8). Compared with the pdm09 virus,
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TABLE 2 Amino acid mutations in HAs of escape mutants with their isolation efficiencies and their effects on reactivity with each MAb

Hemagglutination inhibition titer of MAb® or of ferret antiserum against pdm09 virus

MAD at site:
No. of escape mutants derived i
. Ferret antiserum

from parent virus Sa Sb Ca2 .
Amino acid change of MAD(s) used for selection Pa;  against A/
escape mutants Pl P2 P3 P4 Total  of escape mutants n3 n4 n5 né n7 ng n9 nlo ntl ni2 ni3  nl5 nlé nl7 nl8 n2 California/7/2009
None (parent virus [P3]) 12,800 12,800 12,800 3,200 640 160 12,800 6,400 2,560 25,600 640 25,600 25,600 25,600 25,600 640 1,280
P141T 3 2 5 n9, n10, nll, n13 — —/0 — — — — 0 0 0 0 0 — — — _ —_ NT?
Pi4iL 3 3 6 n3, n8, nl2 0 0 0 0 0 0 0 0 0 0 0 — — — — — NT
N142D 10 3 10 2 25 n3,n4,n6,n7,n9, nll,nl2 0 0 0 0 [ 0 0 0 4] 0 0 —_— — — —_ — 1,280
H143Y 2 2 n7 —_ 0 0 0 —_ — — — — — — — —_ — — —_ NT
K171E 1 3 11 15 n4-n9, nll, ni2 —/0 0 0 0 0 0 0 0 0 0 0 — — — — — NT
K17IN 8 8 25 41 n3-nl3 —/0 0 0 0 [ 0 0 0 [ 0 0 — —_— — —_ — 1,280
Ki71T 2 1 6 9 n3, n4, n9, n10,n12,nl3 —/0 0 0 0 0 0 0 0 0 0 0 —_— — — — —_— NT
K171Q 5 5 nl2,nl3 — 0 0 0 0 0 0 0 0 0 0 — — — —_ — NT
G172 40 71 45 52 208 n2, n3-n13 0 0 0 0 0 0 0 0 0 0 0 — —_— — — —/0 1,280
G172v 3 4 7 nl2 0 0 0 0 0 0 0 0 0 0 0 0 — — — —_ NT
S174L 51 1 1 53 n4-nll —_ 0 0 0 0 0 0 0 —_ — — — — — — — NT
K177N 2 1 1 4 nl0, nil — —_— — —_ — —/0 0 —_ 0 - — -— — — — NT
K177T 1 2 3 nll-nl3 — —_ — — — — 0 0 —/0 Q0 — —_— — — —_— — 2,560
K177E 1 2 3 nl0 —_ — —_ — — —_ 0 0 —/0 0 — — — — — — NT
K180E 1 1 2 n3,n7 0 0 0 0 0 0 — — — — — _— — — — — 1,280
K180N 1 1 n7 0 0 0 0 0 0 — — _ — - — — — — — NT
K170E 2 3 10 3 18 n2, né, n8,nl5,nl6 — — — — —_ - - — — — - 0 0 — - —/0 NT
K170Q 1 1 nl6 — — — - —_ = = — — — —_ 0 0 — — —  NT
K170T 1 1 nls —_ —_ —_ — [ — — — — — 0 0 — — — NT
N1731 2 1 3 n9, nl5 — — — —_ - — 0 0 0 0 0 0 0 — — — 640
N173D 1 6 29 5 41 n9-ntl, n13, n1s, n16 — — — —_ —_— — 0 0 — /0 — — 0 0 — — — NT
S202N 2 2 nlé — — — — —_ = = — — — — 0 0 — —_ — 1,280
Q206E 11 1 12 nl5,nlé —_— — — — — — — — — — — 0 0 — — — NT
Q21o0L 1 1 nl5 — — — — — — — — — —_ — 0 0 — — — NT
Q210E 1 1 nil —_ — — — — — — — — — — 0 — — — — NT
N211D 9 9 nl0, nll — — — — —_ = - — — — — 0 0 — — — NT
A212E 17 5 3 18 43 nis, nl6 — — — —_ - - — — — — —_ 0 0 — — — 2,560
AISLV 1 1 nl7 — — — — - - = - — — —_ = — 0 — — NT
AI51G 2 3 5 nl7,nl8 — — — —_ —_ = - — — — —_ = — 0 0 — 640
P154S 1 2 1 4 ni8 — —_ —_ — —_ = = — — — - = — —/0 0 —  NT
P154T 2 2 nl8 — —_ — — — = - — — —_ [ — — — 0 — NT
Al56V 1 1 nl7 —_ — — — — —= = — — —_— —_ = — 0 — — NT
A156T 1 4 5 ni7 — . — — - - - — — —_ — = — 0 — — NT
AL56D 5 4 4 13 nl7,nl8 — — —_— —_ —_ = = — — — — = — 0 0 — NT
GI157E 15 8 4 3 30 nl7,nl8 — — — — — = - — — — — — — 0 0 — NT
GI57R 1 1 nl8 — — — — — - = — — — - = —_ — 0 — NT
Al58E 2 2 nl7,nl8 —_ —_ — — _— — — — — — — — — 0 0 — 1,280
A58V 1 1 nl8 — — — — —_ = = — — — —_ — —_ 0 — NT
K159N 2 2 nt7 — —_ - — - - - — — — — — 0 0 0 1,280
S200P 1 1 2 ni7,nl8 — — — — _ = = — — — — - — 0 —/0 — 1,280
R238K 2 2 nl8 —_ — — — — — — — — — — — — _ —]0 — NT
K147N 2 1 3 n2 — —_ — — — - = — — — [ — — — —/0 0 NT
K147Q 4 4 n2 — e — —_ —_ = - — — —_ —_— = —_ — —/0 0 2,560
Total no. of mutants 157 147 148 147 599
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“ An HI test was performed with 0.5% turkey erythrocytes. The HI titer was expressed as the reciprocal of the highest antibody dilution which completely inhibited hemagglutination. —, 2- to 4-fold-lower or -higher HI titer than that
with the parent virus. —/0, 8-fold lower HI titer than that with the parent virus. 0, at least 16-fold lower HI titer than that with the parent virus.
b

NT, not tested.
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FIG 1 Comparison of the antigenic sites of HA1 among HINT1 viruses. Alignments of the amino acid sequences of the HA1 region of A/Narita/1/2009 (GenBank
accession no. ACR09395), A/California/4/2009 (F]966082), A/California/7/2009 (F]966974), A/South Carolina/1/1918 (AF117241), A/Solomon Islands/3/2006
(EU124177), A/Brisbane/59/2007 (CY030230), and A/Puerto Rico/8/1934 (Mt. Sinai) (AF389118) are shown using H1 numbering from the first methionine in
the signal peptide. Each antigenic site is shown with the corresponding symbol: M, Sa; 4, Sb; P, Cal; 4, Ca2; @, Cb; [, Pa. Symbols for A/Narita/1/2009 and

A/Puerto Rico/8/1934 are shown above and below the sequence, respectively.

various mutations were found at the antigenic sites of these natu-
ral isolates; however, significant antigenic differences from the
A/California/7/2009 vaccine strain were not found when using
ferret antiserum against A/California/7/2009 (6, 7).

To confirm that the mutations in the antigenic sites of the
natural isolates affected the reactivities of the corresponding
MAbs, cross-reactions of the MAbs were investigated using natu-
ral isolates obtained in Yamagata Prefecture, Japan, from 2009 to
2013. Table 4 shows the reactivities of the representative MAbs
with seven representative pdm09 isolates. Among the isolates
from 2009/2010, A/Yamagata/232/2009 and A/Yamagata/143/
2010 reacted well with all of the investigated MAbs, whereas
A/Yamagata/752/2009 failed to react with MAbs to site Sa and
showed an 8-fold-lower reactivity with n2 than did A/Narita/1/
2009, possibly because of the G172E mutation (sites Sa and Pa).
Two other isolates from 2010-2011, A/Yamagata/203/2011 and
A/Yamagata/206/2011, exhibited no or decreased reactivity with
nl7/m18 and nlé6, respectively, possibly because of the A151T/
A158S5/S200P (site Ca2) and S202T (site Sb) mutations. Two
isolates obtained in 2012-2013, A/Yamagata/264/2012 and
A/Yamagata/87/2013, showed low reactivity with n16 and n3/n7/
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116, presumably because of S2027T (site Sb) and K1801/5202T (site
Sa/Sb), respectively.

To determine whether any MAbs exhibit cross-reactivity with sea-
sonal HINI viruses, we also examined the reactivities of 16 MAbs
with A/Solomon Island/3/2006 and A/Brisbane/59/2007 HAs. No
MADbs reacted well with these seasonal HIN1 virus HAs (Table 4).

During 2009 to 2013, amino acid changes at positions 202 and
220 were found in the main stream of the evolutionary pathway of
these natural isolates of HA1 in Yamagata Prefecture (Fig. 4). Ac-
cording to the antigenic analysis of the viruses shown in Table 4,
n16 lost reactivity with a S202T mutant, whereas the other muta-
tion, S220T, which is located in the Cal site of PR§ HA, did not
affect the reactivities of the viruses with the MAbs that were used
in this study. These results show that the mutations in the anti-
genic site of the natural variants predictably affected reactivity
with their corresponding MAbs. However, no variant lost reactiv-
ity with the ferret postinfection antiserum against A/California/7/
2009, as observed for the several escape mutants in this study
(Table 2). The antibodies produced in the naive ferret infected
with A/California/7/2009 therefore presumably recognize more
than one antigenic site of HA.

Journal of Virology
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TABLE 3 Amino acid substitutions of escape mutants HAs which affect reactivity with each MAb

Amino acid substitution(s)” in each antigenic site

MADb Sa site Sb site Ca2 site Pa site
n3 P1411; N142D; K171E; K171N; K171T;

G172E; G172V; K180E; K180N
n4 P141T; P141L; N142D; H143Y; K171E;

K171N; K171T; K171Q; G172E;
G172V; S174L; K180E; K180N
n5 P141L; N142D; H143Y; K171E; K171N;
K171T; K171Q; G172E; G172V;
S1741; K180E; K180N
né P1411; N142D; H143Y; K171E; K171N;
K171T; K171Q; G172E; G172V;
S$174L; K180E; K180N
n7 P141L1; N142D; K171E; K171IN; K171T;
K171Q; G172E; G172V; S174L;
K180E; K180N
n8 P141L; N142D; K171E; K171N; K171T;
K171Q; G172E; G172V; S174L;
K180E; K180N
n9 P141T; P1411; N142D; K171E; K171N;
K171T; K171Q; G172E; G172V;
S$174%L; K177N; K177T
P141T; P141L; N142D; K171E; K171N;
K171T; K171Q; G172E; G172V;
S$174L; K177N; K177T
nll P141T; P141L; N142D; K171E; K171N;
K171T; K171Q; G172E; G172V;
K177T; K177E

N173I; N173D
nl0 N173; N173D

N173[; N173D

nl2 P141T; P141L; N142D; K171E; K171N; N1731
K171T; K171Q; G172E; G172V;
K177N; K177T; K177E
nl3 P141T; P141L; N142D; K171E; K171N; N1731
K171T; K171Q; G172E; G172V
nl5 G172V K170E; K170Q; K170T; N1731; N173D;
S202N; Q206E; Q210L; Q210E;
N211D; A212E
nlé K170E; K170Q; K170T; N1731; N173D;
S202N; Q206E; Q210L; N211D;
A212E
nl7 A151V; A151G; P154S; A156V; A156T;
A156D; G157E; A158E; K159N;
S200P
nl8 Al151G; P154S; P154T; A156D; G157E; K147N; K147Q
G157R; A158E; A158V; K159N;
S200P; R238K
n2 G172E K170E K159N K147N; K147Q

@ All mutations that decreased the HI titer of each MAD at least 8-fold compared to the titer with the parent virus.

DISCUSSION

The prototypes of the pdm09 virus are A/California/4/2009
(MDCK isolate) and A/California/7/2009 (egg isolate). The pri-
mary sequence of A/Narita/1/2009 HALI is similar to that of the
prototype viruses (Fig. 1). HA1 from A/Narita/1/2009 differs from
A/California/4/2009 and A/California/7/2009 by two amino acids
and one amino acid, respectively. These differences were not ob-
served in the antigenic region, and the reactivity of the ferret an-
tiserum against A/California/7/2009 is similar among those vi-
ruses (data not shown). Therefore, we have analyzed the antigenic
structure of HA of A/Narita/1/2009, as a representative pdmo09
virus, using 16 anti-HA MAbs and their escape mutants. Most
epitopes of the MAbs were located in the antigenic sites Sa, Sb, and
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Ca2. In addition, epitope n2 was defined in a novel antigenic site
(Pa) and was proximal to the receptor-binding site (Fig. 2).
Based on the antigenic analysis of PR8-Mt. Sinai HA, sites Sa
and Sb are defined as operationally distinct areas that are sepa-
rated by residues 170/173 of the Sb site and 172/174 of the Sa site,
which lie in the same region of the polypeptide chain (10). Al-
though sites Sa and Sb are contiguous and have been suggested to
share a close linkage, simultaneous binding of antibodies to each
site has not been identified (10, 11, 20). However, a study of the
crystal structure of human MAb 2DI in complex with the 1918
pandemic HA demonstrated that the epitope of MAb 2DI, which
is derived from survivors of the 1918 pandemic, contained the
residues at positions 142 (in the Sa site) and 171 to 183 (in the Sa
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200

148

Receptor binding site

FIG 2 Antigenic structure of HA of A/Narita/1/2009. Positions of amino acid changes in the escape mutants are located on the globular head of HA of
A/Narita/1/2009, shown with numbering. The three-dimensional structure of A/Narita/1/2009 HA was generated by the protein structure homology-modeling
server “SWISS MODEL” using the coordinates of A/California/4/2009 (PDB ID 3al4A). The image was created using the software program PyMOL. The residues
at each antigenic site are colored as pink for the Sa site, sky blue for the Sb site, green for the Ca2 site, and orange for residue 147. The residues discussed in the

text are colored yellow.

and Sb sites). Similarly, in this study, epitopes of mouse MAbs n9
to n13 and n15 were composed of residues in the Sa and Sb sites
(16).

Based on the residues of epitopes n2 and EM4C04 (13), we
have determined that the novel antigenic site (Pa) of pdm09 HA is
between sites Sa, Sb, and Ca2 and residue 147. In a previous study
using mouse MADs, this epitope in the Pa site was not identified in
PR8-Mt. Sinai HA (20). We therefore considered that the Pa an-
tigenic site may be specific to pdm09 HA. Recently, epitopes of
broadly neutralizing human MAbs, ie., 5]8 and CH65, were
found around the receptor-binding site (15, 16). MAb 5J8 was
derived from a healthy, middle-aged woman and had HI activity
against A/South Carolina/1/1918 and A/California/4/2009. Epitope
5J8 is composed of residues 147, 151, and 236, which are near
epitope n2. Because residue 151 is near residue 159, epitope 5]J8
may partially overlap epitope n2 and comprise the Pa site. In con-
trast, MAb CH65 was obtained by rearranging the heavy- and
light-chain genes derived from a subject immunized with the 2007

kDa
97~

HA
66~

FIG 3 Immunoprecipitation analysis of the HA molecules of escape mutants
carrying amino acid substitutions at position 177. MDCK cells infected with
parental virus (lanes 1 and 4) and mutants with the K177T (lanes 2 and 5) and
K177N (lanes 3 and 6) substitutions were labeled with [*°S]methionine for 30
min in the absence of tunicamycin (lanes 1 to 3) or for 60 min in the presence
of tunicamycin (lanes 4 to 6) at 7 h postinfection. Cells were immunoprecipi-
tated with MAb n17 to site Ca2, and the resulting precipitates were analyzed by
SDS-PAGE.
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trivalent vaccine, including the seasonal HIN1 virus Jacking resi-
due 147 of HA. The crystal structure of the complex between
CH65 and A/Solomon Islands/3/2006 HA, which had a deletion of
residue 147, suggested that residues 150, 151, and 240, which were
located on the right edge of the receptor-binding site, were in-
volved in the interaction. A neutralization assay showed that
among the historical HIN1 viruses, the viruses with an insertion at
position 147 were resistant to CH65. Taking these results into
consideration, the region around position 147 is presumably a
component of epitopes for human antibodies against H1IHA.
Considering the location of residue 147, a mutation at this posi-
tion may significantly affect the receptor-binding ability. How-
ever, in this study, two escape mutants of Narita/1/2009, carrying
the mutations K147N and K147Q, were isolated using MAb n2. In
another study, a similar escape mutant of A/California/4/2009,
with K147Q, was selected by human MAb 5]8 (15). During the
circulation of the HIN1 seasonal influenza viruses in 1947 to 1957
and 1977 to 1995, only mutations K to R and R to K were recog-
nized, and residue 147 was deleted after 1995. Similarly, residue
144, which islocated near position 147 of older HIN1 viruses, was
also deleted immediately before the disappearance of these viruses
in 1957 (21). Deletions of residues in close proximity to the recep-
tor-binding site of HA seem preferable for the escape of HIN1
viruses from immune selection in the human population. It is well
known that the glycosylation of HA prevents its neutralization by
antibodies. A previous study implied that pdm09 HA modified
with additional glycosylation sites at positions 142 and 177 was
resistant to neutralization by antibodies to wild-type HA (22).
Therefore, glycosylation at these positions has implications for the
antigenic drift of pdm09 viruses. However, as indicated in this
study, the asparagine at position 177 was not glycosylated, even
though the mutation affected reactivity with the MAb.
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TABLE 4 Antigenic analysis of pdm09 natural isolates in Yamagata Prefecture and seasonal HI1N1 viruses using representative MAbs

HI titer”

MADs of respective antigenic site

Postinfection ferret

Sa Sb Ca2 Pa R R
——  antiserum against
Virus strain Amino acid change(s)® n3 n7 nl0 nlé nl7 nl8 n2 A/California/7/2009
pdmO09 natural isolates
A/Narita/1/2009 12,800 640 6,400 25,600 25,600 25,600 640 1,280
2009-2010 season
A/Yamagata/232/2009 $220T 6,400 320 3,200 25,600 12,800 12,800 640 1,280
A/Yamagata/752/2009 G172E, K188R, 5220T, A214T <€ < < 6,400 6,400 3,200 80 640
A/Yamagata/143/2010 V361, D52G, A203T, 52207 12,800 320 3,200 12,800 12,800 25,600 320 640
2010-2011 season
A/Yamagata/203/2011 Ve64l, A151T, A158S, S200P, 6,400 640 6,400 12,800 < 160 640 1,280
$220T, 1312V
A/Yamagata/206/2011 K136N, S160G, S202T, S220T, 6,400 640 6,400 1,600 2,560 2,560 640 1,280
A214T
2012-2013 season
A/Yamagata/264/2012 D114N, S202T, S220T, F227S, 6,400 320 1,600 320 12,800 12,800 320 640
V2511, K300E
A/Yamagata/87/2013 S101G, S160G, K180, S202T, 20 80 1,600 320 12,800 12,800 320 640
A214T, S220T
Seasonal HIN1 viruses?
A/Solomon Islands/3/2006 < < < < 40 20 < NT*
A/Brisbane/59/2007 < < < < < < < NT

4 Amino acid differences in HA1 between pdm09 natural isolates and A/Narita/1/2009 are shown.
b The HI test was performed with 0.5% turkey erythrocytes. The HI titer is expressed as the reciprocal of the highest antibody dilution which completely inhibited

hemagglutination.

€ <, less than 20.

¢ Amino acid sequences of seasonal HIN1 viruses are shown in Fig. 1.
¢NT, not tested.

Amino acid changes at positions 170 to 174 have been identi-
fied after the cell culture adaptation of pdm09 viruses (9, 23, 24).
In this study, the variants with G172E comprised one-third of all
of the mutants. However, each variant lost reactivity with the
MADbs that were used for the selection of the variant, suggesting
that variants with G172E were not selected during adaptation to
MDCK cells.

Since the emergence of the pdm09 virus as a pandemic virus in
2009, stringent surveillance of pdm09 viruses has been applied to
detect antigenic variants. From 2009 to 2013, amino acid changes
at positions 220 (Cal site) and 202 (Sb site) were found in the
mainstream of the evolutionary pathway of pdm09 HA (Fig. 4).

However, as shown in Table 4, hemagglutination abilities of nat-
ural isolates with the mutations S202T and S220T were efficiently
inhibited by postinfection ferret sera against the A(HIN1)pdmo09
virus. No antigenic differences from the vaccine strain, A/Califor-
nia/7/2009, were reported for the natural isolates in the various
region of the world in 2013 (25, 26). In the case of the reappear-
ance of HIN1 viruses in 1977, several antigenic variants, A/Lack-
land/3/78 and A/Brazil/11/78, showed 4- to 8-fold decreases in
reactivity with the postinfection ferret sera against A/USSR/90/77.
These variants also failed to react with MAb 264 against A/USSR/
90/77 HA (27, 28). Using binding assays of MAb 264 with mutant
HA, we have identified E233K as a mutation responsible for the

AlYamagata/87/2013
S&T_[——————f————— AlYamagata/206/2011
AlYamagata/264/2012
AlYamagata/752/2009
S220T AlYamagata/203/2011
AlYamagata/143/2010
AlYamagata/232/2009
A/Narita/1/2009

A/California/7/2009

—
0.005

FIG 4 Phylogenetic tree of the HA1 polypeptide of the natural isolates from 2009 to 2013 that were used in this study. A phylogenetic tree was constructed using
the neighbor-joining method in the CLUSTAL W software program, version 2.1. Numbers refer to the mainstream amino acid changes that were fixed in most

of the subsequent strains.
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antigenic drift of A/USSR/90/77 (29). In fact, this mutation was
found in the mainstream of the evolutionary pathway (30). It is
difficult to identify such a crucial mutation in antigenic variants,
which usually possess extra mutations unrelated to antigenicity. In
the present study, we identified the residues that composed the
epitopes of 16 MAbs against A/Narita/1/2009 HA. The use of such
MADbs should be helpful in determining critical amino acid sub-
stitutions for the antigenic drift of A(H1N1)pdmO09 viruses, once
such drift occurs. Consequently, these findings may help the
WHO to make recommendations for the next vaccine virus
among pdm09 HIN1 viruses.
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