Antigenic Structure of A/(HIN1)pdm09 HA

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 P141L; N142D; K171E; K17IN; K1717T;
G172E; G172V; K180E; K180N
n4 P141T; P141L; N142D; H143Y; K171E;
K17IN; K171T; K171Q; G172E;
G172V; S174L; K180E; K180N
n5 P141L; N142D; H143Y; K171E; K171IN;
K171T; K171Q; G172E; G172V,
S174L; K180E; K180N
né P141L; N142D; H143Y; K171E; K171N;
K171T; K171Q; G172E; G172V;
S174L; K180E; K180N
n7 P141L; N142D; K171E; K171N; K171T;
K171Q; G172E; G172V; S174L;
K180E; K180N
n8 P141L; N142D; K171E; K171N; K171T;
K171Q; G172E; G172V; S174L;
K180E; K180N
n9 P141T; P141L; N142D; K171E; K171N; N1731; N173D
K171T; K171Q; G172E; G172V;
S$174L; K177N; K177T
nlo P141T; P1411; N142D; K171E; K171N; N1731; N173D
K171T; K171Q; G172E; G172V,
S174L; K177N; K177T
nll P141T; P141L; N142D; K171E; K171N; NI173L; N173D
K171T; K171Q; G172E; G172V
K177T; K177E
nl2 P141T; P1411; 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; N173L; N173D;
S202N; Q206E; Q210L; Q210E;
N211D; A212E
nlé K170E; K170Q; K170T; N173L; N173D;
S202N; Q206E; Q210L; N211D;
A212E
nl7 A151V; A151G; P154S; A156V; A156T;
A156D; G157E; A158E; K159N;
S200P
nl8 Al51G; P154S; P154T; A156D; G157E; K147N; K147Q
G157R; A158E; A158V; K159N;
S200P; R238K
n2 GI172E K170E K159N K147N; K147Q

4 All mutations that decreased the HI titer of each MAb 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 HA1 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 pdm09
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 MADb 2D], 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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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 MAbs, 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, i.e., 5]8 and CH65, were
found around the receptor-binding site (15, 16). MAb 5]8 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 5J8
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
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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 MADb n17 to site Ca2, and the resulting precipitates were analyzed by
SDS-PAGE.
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trivalent vaccine, including the seasonal HIN1 virus lacking 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 HIHA.
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 MAD 5J8 (15). During the
circulation of the HIN 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 is located 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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Antigenic Structure of A/(HINT)pdm09 HA

TABLE 4 Antigenic analysis of pdm09 natural isolates in Yamagata Prefecture and seasonal HIN1 viruses using representative MAbs

HI titer?

MADbs of respective antigenic site

Sa sb Caz Pa PosFinfection ferret
—  antiserum against
Virus strain Amino acid change(s)* n3 n7 nl0 nlé nl7 nl8 n2 A/California/7/2009
pdm09 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 S220T 6,400 320 3,200 25,600 12,800 12,800 640 1,280
AlYamagata/752/2009 G172E, K188R, S220T, A214T < < < 6,400 6,400 3,200 80 640
A/Yamagata/143/2010 V361, D52G, A203T, S220T 12,800 320 3,200 12,800 12,800 25,600 320 640
2010-2011 season
A/Yamagata/203/2011 V641, 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
AlYamagata/264/2012 DI114N, S202T, S220T, F227S, 6,400 320 1,600 320 12,800 12,800 320 640
V2511, K300E
AfYamagata/87/2013 S101G, S160G, K1801, S202T, 20 80 1,600 320 12,800 12,800 320 640
A214T, §220T
Seasonal H1N1 viruses?
A/Solomon Islands/3/2006 < < < < 40 20 < NT*
A/Brisbane/59/2007 < < < < < < < NT

¢ Amino acid differences in HA1 between pdm09 natural isolates and A/Narita/1/2009 are shown.
® 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 $220T were efficiently
inhibited by postinfection ferret sera against the A(HIN1)pdm09
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 HINI 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
$202T EE— AlYamagata/206/2011
AfYamagata/264/2012
A/Yamagata/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
MAbs should be helpful in determining critical amino acid sub-
stitutions for the antigenic drift of A(HIN1)pdm09 viruses, once
such drift occurs. Consequently, these findings may help the
WHO to make recommendations for the next vaccine virus
among pdm09 H1NT viruses.
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