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Effects of the Q223R mutation in the hemagglutinin (HA) of egg-adapted
pandemic 2009 (HIN1) influenza A virus on virus growth and binding
of HA to human- and avian-type cell receptors
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Summary. - The 2009 swine-origin influenza A virus (HIN1) and its initial reassortant vaccine strains did
not grow well in embryonated eggs. The glutamine to arginine mutation at the amino acid position 223 (Q223R)
of the hemagglutinin (HA) gene is the major mutation previously found in egg-adapted 2009 HIN1 strains and
shown to enhance viral growth in embryonated eggs. However, the effect of this mutation on the receptor-binding
preference had not been directly demonstrated. In this study, the Q223R mutation was shown to change the
viral HA binding preference from the human-type receptor, a2,6-linked sialic acid, to the avian-type receptor,
a2,3-linked sialic acid; and to enhance the viral growth in embryonated eggs but not in cell culture.
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Introduction

Although the pandemic waves of the swine-origin HIN1
influenza have passed and the herd immunity may have
been saturated in a part of the population, pockets of non-
immune population exist and vaccination is still required.
A significant antigenic drift, to the point that the immunity
to the original 2009 strain does not provide protection, is
also likely to occur in the near future. Generation of new
vaccine strains to update the seasonal influenza vaccine will
soon be necessary. In contrast to the previous set of seasonal
influenza viruses, the 2009 swine-origin HIN1 influenza
virus did not readily yield reassortant vaccine strains with
a high growth property in eggs. At the same time, classi-
cal reassortant vaccine strains showed adaptive mutations
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Abbreviations: EO = the initial virus for passage in egg; E9 = the
9th egg passage; HA = hemagglutination/hemagglutinin; NA = neu-
raminidase; NP = nucleoprotein; RG = reverse genetic; TCID50 = tis-
sue culture infectious dose; wt = wild type

(Robertson and Engelhardt, 2010). This became a problem
for the generation of reassortants by reverse genetics. Some
mutations in the HA and inclusion of indigenous PB1 gene
were shown to improve the growth of reverse genetics-
derived vaccine strains (Chen et al., 2010; Suphaphiphat et
al., 2010; Wanitchang et al., 2010). Aspartic acid to glycine
(D222G) and the Q223R are the most common mutations
identified in HA of egg-adapted strains and used in vaccine
strains to enhance the viral replication in embryonated eggs
(Robertson and Engelhardt, 2010). The D222G mutation was
shown to be associated with an increased virulence and its
effect on the receptor-binding property has been well char-
acterized (Chutinimitkul et al., 2010; Liu et al., 2010; Abed
etal.,2011; Belser et al., 2011; Pan et al., 2012). On the other
hand, the effect of Q223R on the receptor binding has not
been directly demonstrated.

Materials and Methods

Viruses. A/Thailand/104/2009 (HIN1) (wt pandemic (HIN1)
virus) was isolated during the first wave of pandemic in Bangkok,
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Thailand. The virus was isolated in Madin-Darby Canine Kidney
(MDCK) cells maintained in Minimum Essential Medium (MEM)
containing 1 pg/ml of TPCK-treated Trypsin. The virus at the pas-
sage number 4 in MDCK cells was inoculated into allantoic sacs of
9-day-old embryonated eggs, which were further incubated at 33°C
for 72 hrs. The allantoic fluid was then harvested and inoculated
into allantoic sacs of embryonated eggs for 9 continuous passages
(the 9™ egg passage = E9 virus).

Reverse genetics-derived viruses. The HA and neuraminidase
(NA) genes of the virus before and after passages in embryonated
eggs were amplified by RT-PCR using consensus primers for the
full length gene amplification as previously described (Hoffmann
etal.,2001). The GenBank Acc. No. of the HA and NA gene of the
isolate before passaging in eggs is ACR23302 and ACR23301, re-
spectively. The amplified HA and NA were cloned into the reverse
genetics plasmid pHw2000 (Hoffmann et al., 2002). The plasmids
were then used to generate viruses by co-transfection into HEK-
293 and MDCK mixed cells together with the plasmids carrying
the internal genes of PR8 as previously described (Hoffmann et
al., 2000). At 48 hrs post-transfection, culture supernatant was
inoculated into allantoic sacs of 9-day-old embryonated eggs.

Virus growth experiments. Each virus was cultured in MDCK
cells and embryonated eggs for viral growth assay. In cell culture,
6x10° of MDCK cells were infected with 6x10° TCID_ of each
virus. The viral supernatant was collected after 48 hrs. In eggs, 10°
TCID,, of each virus were inoculated into four eggs. Finally, the
viral supernatants at 48hrs (cell) or end point 72 hrs (egg) were
titrated for 50% tissue culture infectious dose (TCID, ) in MDCK
cells using an influenza A nucleoprotein (NP)-specific ELISA as
previously described (WHO, 2002).

Receptor binding assay. The receptor binding preference was
analyzed by a solid-phase direct binding assay as previously de-
scribed (Yamada et al., 2006; Auewarakul et al., 2007), using the
sialylglycopolymer, which contains the N-acetylneuraminic acid
linked to the galactose through either an a2,3 or an a2,6 bond
(Neu5Aca2, 3LacNAcb-pAP, and Neu5Aca2,6LacNAcb-pAP)
(Totani, et al., 2003). Finally, the plate was read at A e in ELX
800 UV (BioTek’) microplate reader.

Results

Growth of parental and egg-adapted viruses in cell cul-
ture and embryonated eggs

In order to confirm the role of the Q223R mutation in
the egg adaptation, we initially produced an egg-adapted
strain from a 2009 HINT1 isolate. The parental isolate of A/
Thailand/104/2009 (HIN1) grew well in MDCK cells and
gave a HA titer of 640-2560 HAU/ml or 10*~10° TCID, /ml.
When inoculated into allantoic sacs of embryonated eggs, it
grew only moderately and yielded a titer of 10>* TCID, /ml

(HAU/ml = 320). This titer is relatively low as compared to
an egg-adapted strain, such as PR8, which usually gives an
HAU/ml of 10240-20480. In order to adapt the virus to eggs,
we continuously propagated the virus in eggs for 9 passages.
After 9 passages in eggs (E9), the virus gave a HA titer of
2,560 HAU/ml or 10°”* TCID, /ml. When directly compared
with the initial virus (E0), the E9 virus gave a much higher
titer in embryonated eggs, indicating that the virus has been
adapted for replication in eggs (data not shown).

Growth of reverse genetics-derived virus

The HA and NA of the E9 virus were cloned and se-
quenced. The GenBank Acc. No. for HA and NA of the
A/Thailand/104/2009 is GQ169382.1 and GQ179931.1,
respectively. When compared to the original virus, only
single mutation in each gene, Q223R and E249G, was iden-
tified in the HA and NA, respectively. The presence of the
Q223R mutation in the E9 virus confirmed the role of this
mutation in the egg adaptation. The HA and NA clones of
E9 virus and wt pandemic (HIN1) virus were used to gener-
ate reverse genetics viruses in the PR8 genetic background.
The reverse genetics-derived virus with HA and NA of the
wt pandemic (HIN1) virus or the E9 virus separately or
in combination (RG-wtHA-wtNA, RG-wtHA-E9NA, RG-
E9HA-wtNA, RG-E9HA-E9NA) were rescued and used to
study viral kinetics in MDCK cells and eggs. The reverse
genetics-derived viruses carrying E9HA cultivated in eggs
gave viral titers higher than those reverse genetics-derived
viruses carrying the wt pandemic (HIN1) HA, while all
viruses showed similar kinetics in MDCK cells (Fig. 1).

Binding of reverse genetics-derived virus to cell receptors

The receptor-binding property of the reverse genetic-de-
rived viruses, A/Thailand/104/2009 (wt pandemic (HIN1) vi-
rus) as well as A/Thailand/12/06 (a seasonal HIN1) was tested.
While the seasonal HIN1 and the wild type pandemic (HIN1)
virus showed preferential binding to a2,6-linked sialic acid as
previously shown for the swine-origin HIN1 virus, the virus
carrying E9 HA showed a significant increase in the binding
to the a2,3-linked sialic acid and a complete loss of the bind-
ing to the a2,6-linked sialic acid (Fig. 2). Because egg-adapted
viruses have been shown to have an increased affinity to the
a2,3-linked sialic acid, these data indicated that the Q223R
mutation enhanced the viral replication in embryonated eggs
by altering the receptor-binding preference.

Discussion

Because the availability of the a2,3-linked sialic acid in
embryonated eggs, it is assumed that egg-adapted mutations
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Fig. 1

The viral titer of all viruses in embryonated eggs and MDCK cells

All viruses (RG-104HA-NAE9, RG-104HA-NA, RG-E9HA-104NA, RG-E9HA-NA: 6+2 reverse genetic viruses in the PR8 genetic background carry-
ing HA of A/Thailand/104/2009, A/Thailand/104/2009, E9, E9; and NA of E9, A/Thailand/104/2009, A/Thailand/104/2009, and E9, respectively) were
infected into embryonated egg and MDCK cells and were titered by both hemagglutination assay (HA assay) and TCID, assay. The data were derived

from 2 independent experiments.

usually lead to an increased affinity to this avian-type recep-
tor (Ito, et al., 1997). The D222G mutation, which enhances
the viral growth in eggs and facilitates the production of
vaccine strains, was shown to increase the viral affinity to
the a2,3-linked sialic acid and decrease the affinity to the
a2,6-linked sialic acid (Chen et al., 2010; Liu et al., 2010;
Pan et al., 2012). This mutation was also associated with an
increased virulence in animals and lower respiratory tract
infection in humans (Chutinimitkul et al., 2010; Kilander et
al., 2010; Zheng et al., 2010; Abed et al., 2011; Chan et al.,

2011). Because of the availability of the a2,3-linked sialic acid
in human lower airway, it is likely that the increased affinity
to the a2,3-linked sialic acid is directly linked to the increased
lower airway-tropism and virulence. The Q223R mutation
was previously shown to enhance the viral infectivity in
HEK-293 cells, and molecular modeling suggested that this
might be due to an increase in the affinity to a2,6-linked sialic
acid (Wang et al., 2010). Our data clearly demonstrated that
the Q223R mutation switched the receptor-binding prefer-
ence from a2,6- to a2,3-linked sialic acid, and suggested that
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Fig. 2

The receptor binding preference of wt and reverse genetics-derived viruses

The wt viruses A/Thailand/104/2009 (HIN1), A/Thailand/12/06 (seasonal HIN1) and all reverse genetics-derived viruses (6+2): RG wtHA-NA, RG
wtHA-E9NA, RG E9HA-wtNA, RG E9HA-wtNA were tested by a solid-phase direct binding assay as previously described (Yamada et al., 2006) by using

the sialylglycopolymer using specific 2-3 and 2-6 linked sialic acid.

the previous finding of the enhanced infectivity in cell culture
may have been due to the expression of the a2,3-linked sialic
acid in the cell line used in the study. A recent report found
both D222G and Q223R as a minor population in the early

phase of the pandemic and both mutations disappeared in
the subsequent season, suggesting an incomplete adaptation
to the human host in the early phase of the pandemic (Yasugi
et al., 2012). While the change in the receptor-binding of the
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D222G resulted in an increased lower airway tropism and
virulence, the effect of the Q223R on the viral virulence is
unknown. The D222G and the Q223R together with some
other mutations in the HA, such as K119N/E, K153/154E,
and A186D, were found to increase the yield of the 2009
HINTI influenza virus in eggs (Chen et al., 2010). These
mutations are likely to enhance the aflinity to the a2,3-linked
sialic acid. Because of the potential link between the affinity
to the a2,3-linked sialic acid and the lower airway tropism,
these mutations, if present in natural isolates, may serve
as markers for increased virulence. Except for the D222G
mutation, the role of these mutations in the viral virulence
is not understood and requires further studies.
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