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Isolation of human subtype H3N2 influenza viruses in embryonated chicken eggs yields viruses with amino acid
substitutions in the hemagglutinin (HA) that often affect binding to sialic acid receptors. We used a glycan array
approach to analyze the repertoire of sialylated glycans recognized by viruses from the same clinical specimen
isolated in eggs or cell cultures. The binding profiles of whole virions to 85 sialoglycans on the microarray allowed
the categorization of cell isolates into two groups. Group 1 cell isolates displayed binding to a restricted set of o2-6
and o2-3 sialoglycans, whereas group 2 cell isolates revealed receptor specificity broader than that of their egg
counterparts. Egg isolates from group 1 showed binding specificities similar to those of cell isolates, whereas group
2 egg isolates showed a significantly reduced binding to o2-6- and «2-3-type receptors but retained substantial
binding to specific O- and N-linked o2-3 glycans, including o2-3GalNAc and fucosylated «2-3 glycans (including
sialyl Lewis x), both of which may be important receptors for H3N2 virus replication in eggs. These results revealed
an unexpected diversity in receptor binding specificities among recent H3N2 viruses, with distinct patterns of amino
acid substitution in the HA occurring upon isolation and/or propagation in eggs. These findings also suggest that
clinical specimens containing viruses with group 1-like receptor binding profiles would be less prone to undergoing
receptor binding or antigenic changes upon isolation in eggs. Screening cell isolates for appropriate receptor
binding properties might help focus efforts to isolate the most suitable viruses in eggs for production of antigenically

well-matched influenza vaccines.

Influenza A viruses are generally isolated and propagated in
embryonated chicken eggs or in cultures of cells of mammalian
origin. Human influenza viruses were previously noted to ac-
quire mutations in the hemagglutinin (HA) gene upon isola-
tion and culture in the allantoic sac of embryonated chicken
eggs (herein simply referred to as “eggs”) compared to the
sequences of those isolated in mammalian cell substrates
(herein referred to as “cells”) (29, 30, 44, 53, 58). These mu-
tations resulted in amino acid substitutions that were found to
mediate receptor specificity changes and improved viral repli-
cation efficiency in eggs (37). In general, cell-grown viruses are
assumed to be more similar than their egg-grown counterparts
to the viruses present in respiratory secretions (30, 56). Since
their emergence in 1968, influenza A (H3N2) viruses have
evolved and adapted to the human host while losing their
ability to be efficiently isolated and replicate in eggs, particu-
larly after 1992 (37, 42, 48). The rate of isolation of H3N2
clinical specimens after inoculation into eggs can be up to ~30

* Corresponding author. Mailing address: Molecular Virology and
Vaccines Branch, Influenza Division, NCIRD, CCID, Centers for
Disease Control and Prevention, 1600 Clifton Road, Mail Stop
G-16, Atlanta, GA 30333. Phone: (404) 639-4968. Fax: (404) 639-2350.
E-mail: rvd6@cdc.gov.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

i+ These authors contributed equally to this study.

¥ Published ahead of print on 2 June 2010.

8287

times lower than that in mammalian cell cultures, highlighting
the strong selective pressure for the emergence of sequence
variants (77).

Virtually all influenza vaccines for human use were li-
censed decades ago by national regulatory authorities, which
used a product manufactured from influenza viruses isolated
and propagated exclusively in eggs; therefore, cell culture isolates
have been unacceptable for this purpose (41, 71). The antigen
composition of influenza vaccines requires frequent updates (ev-
ery 2 years, on average) to closely match their antigenic properties
to the most prevalent circulating antigenic drift variant viruses
(51). The limited availability of H3N2 viruses isolated in eggs has
on one or more occasions delayed vaccine composition updates
and may have reduced the efficacy of vaccination against new
antigenically drifted viruses (3, 34, 37).

Entry of influenza viruses into host cells is mediated by HA,
which binds to sialic acid containing glycoconjugates on the
surface of epithelial cells in the upper respiratory tract (2, 13).
The nature of the linkage between sialic acid and the vicinal
sugar (usually galactose) varies in different host species and
tissues and may therefore determine whether an influenza vi-
rus binds to and infects avian or human cells (40, 46, 59, 62,
72-75). Human influenza viruses preferentially bind to a2-6-
linked sialic acids, and avian viruses predominantly bind to
a2-3-linked sialic acids (59). Previous studies with chicken em-
bryo chorioallantoic membranes revealed differential lectin
binding, suggesting that a2-3-linked but not a2-6-linked sialo-
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TABLE 1. Influenza H3N2 viruses analyzed in this study

Virus name Abbreviation Passage” Accession no.” Passage” Accession no.”
‘Wyoming/03/2003¢ WYO03 C2 EU502435 E2 EF473604
Florida/2/2006 FLO6 M2/C3 CY054272 Spfck2E4 CY 058071
Honduras/3112/2006 HOO06 X1/C3 CY054276 Spfck2E3 EPI155384
New Hampshire/3/2006 NHO06 C4 CY054271 Spfck2E4 CY 058070
New York/3/2006 NY306 M2/C3 CY054274 Spfck2E3 EF473473
New York/2/2006 NY206 M3/C3 CY054275 Spfck2E3 CY 058073
New Jersey/2/2006 NJO06 C4 CY054273 Spfck2E4 CY058072
Pennsylvania/4/2007 PAO7 C4 CY054277 Spfck2ES CY 058074
Wisconsin/3/2007 WI07 C4 EU199273 Spfck2ES EUS516105
Brisbane/10/2007 BRO7 Cx/C7 EU161828 E2/E3 CY058075
Brisbane/10/2007- X-171¢ X-171 NA“ E11/E3 EPI162188
Brisbane/10/2007-X-171A4 X-171A NA E11/E3 EPI162184
Brisbane/10/2007-X-171B X-171B NA E12/E3 EPI162186

“ Spfck, primary chicken kidney cells; M, primary monkey kidney cells; C, MDCK cells; E, embryonated eggs; X, host unknown.
® GenBank or Global Initiative on Sharing Avian Influenza Data (www.gisaid.org) database accession number.

¢ Generated by reverse genetics.
4 Reassortant containing internal protein coding genes from A/PR/8/34 virus.
¢ NA, not applicable.

sides are present on the epithelial cells (28). Human H3N2
viruses isolated in cell culture were reported to bind with a
high affinity to «2-6-linked sialosides, while viruses isolated in
eggs often had increased specificity for a2-3-linked sialosides
(19, 20, 28). The functional classification of avian and mam-
malian influenza virus receptors is further complicated since
in vitro and tissue-binding assays have led to new working
hypotheses involving glycan chain length, topology, and the
composition of the inner fragments of the carbohydrate
chain as additional receptor specificity determinants (9, 17,
65, 66, 82). However, the significance of these in vitro prop-
erties remains unknown, since the structures of the natural
sialosides on host cells that are used for infectious virus entry
are undefined.

The techniques most widely used to study the interactions of
the influenza virus with host cell receptors employ animal cells
in various assay formats (36, 57, 59, 64, 69). To overcome the
problems of cell-based techniques, new assays that rely on labeled
sialyl-glycoproteins or polymeric sialoglycans have been devel-
oped (18). However, these assays are limited by having only a
few glycans available in polymeric form and offer low through-
put. In contrast, glycan microarrays can assess virus binding to
multiple well-defined glycans simultaneously. Previous work
with influenza live or B-propiolactone (BPL)-inactivated viri-
ons as well as recombinantly produced HAs revealed a good
correlation with receptor specificity compared to that achieved
by other methods of analysis (4, 11, 57, 58, 65-68).

Here we have compared paired isolates derived in eggs or
cell cultures from the single clinical specimen to better under-
stand their receptor binding specificity and its implications for
vaccine production. We examined the differences in the se-
quences of the HAs between egg- and cell-grown isolates and
analyzed their receptor binding profiles using glycan microar-
rays. Sequence analysis of the HA and glycan binding results
revealed two distinct groups of viruses, with many egg isolates
showing unexpectedly reduced levels of binding to «2-3 and
a2-6 sialosides compared to the levels for the viruses isolated
in mammalian cells. Furthermore, these studies highlighted
that specific glycans may be important for H3N2 virus growth
in eggs.

MATERIALS AND METHODS

Viruses and cells. Clinical specimens (respiratory secretions) and virus isolates
were obtained from the WHO Global Influenza Surveillance Network. Virus
isolation in cell culture was performed by inoculation of clinical materials into
primary monkey kidney cells or Madin-Darby canine kidney (MDCK) cells
(American Type Culture Collection), cultured in Dulbecco’s modification of
Eagle’s medium with trypsin supplementation as described previously (76) (Ta-
ble 1). Isolation in eggs was performed as described previously (30, 76). Approx-
imately 10 median (50%) egg infectious doses (EIDsqs) of virus harvested from
eggs were used for subsequent inoculation; the total number of passages was
limited to the minimum required to obtain the necessary amounts of virus for
analysis. The viruses and their passage histories are listed in Table 1, along with
abbreviations. Both cell- and egg-adapted WYO03 viruses were generated by
reverse genetics (10, 16, 27, 45) on the basis of HA sequences of the cell and egg
isolates and a complete wild-type genome (GenBank accession number
EUS502435). The HA genes of all virus stocks used in this study were sequenced
to detect the emergence of sequence variants (and quasispecies) during growth
and amplification. Detection of variant sequence populations was based on the
presence of discrete overlapping peaks in the capillary sequencer chromatogram.
Subdominant viral populations with a relative abundance of =20% were de-
tected with confidence by this method. High-growth reassortant viruses with the
HA and neuraminidase genes of BR07, the M gene from A/Puerto Rico/8/34,
and the remaining genes from either parent were derived as described previously
(32).

Structure modeling. The BR07 HA cell isolate and X-171B models were
generated by homology modeling (61) using the structure of A/Aichi/2/1968
(Protein Data Bank accession number 2HMG) as the template.

Glycan microarray analyses. Viruses were grown in either MDCK cells or
embryonated chicken eggs, clarified by low-speed centrifugation, and inactivated
by treatment with BPL (0.05%) for 3 days at 4°C under conditions that did not
significantly alter the hemagglutinating titers (5). Inactivated virus-containing
supernatant liquids were concentrated as described previously (52). Virus stocks
were aliquoted and stored at —80°C. Virus concentrations were determined from
the amount of HA using 0.5% (vol/vol) turkey red blood cells, since they contain
both a2-3 and «2-6 sialoglycans (70). A pilot study was performed to determine
the impact of BPL inactivation on the profile of glycans bound by A/Brisbane/
10/2007 (H3N2) reassortant X-171B; live and inactivated viruses were analyzed
in the same experiment, as described previously (11).

Glycan microarray slides were produced specifically for influenza research at
the CDC using the Consortium for Functional Glycomics (CFG) glycan library
(see Table S1 in the supplemental material for the glycans used for analyses in
these experiments), as described previously (4). Virus preparations were thawed
and diluted in phosphate-buffered saline (PBS) with 3% (wt/vol) bovine serum
albumin (BSA) to an HA titer of 128, established to be optimal for glycan array
analyses in this study, as described below. Virus suspensions were applied to the
slides, and the slides were incubated in a closed container (at 4°C) subjected to
gentle agitation for 1 h. Unbound virus was washed off with brief sequential
rinses in PBS with 0.05% Tween 20 (PBS-T) and PBS. The slides were then
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TABLE 2. Amino acid differences for HA1 sequences of H3N2 cell and egg isolates
Amino acid at position:
Group and virus Host
25 50 79 83 86 138 140 142° 156 168 173 183 186 193 194 195" 219 223" 225" 226

Consensus sequence® I E F K L A K R H M K H G F L Y S V. N I
Group 1

HOO06 Cell L 1 L

HO06 Egg L L

FLO6 Cell MV N/D

FLO6 Egg H/L LM Y/F

NHO06 Cell E E L/P

NHO06 Egg E G! E P
Group 2

NY306 Cell 1

NY306 Egg P

NJ06 Cell V G 1

NJO6 Egg V G S Q G/V

NY206 Cell V G D

NY206 Egg V G A% Y Y

PAO7 Cell 1 N/D

PAO7 Egg 1 R v

WI07 Cell 1 E

WI07 Egg 1 E A% F

WYO03-rg’ Cell G S D \Y

WYO03-rg Egg G A% S D

“ Amino acid differences between egg and cell isolates are highlighted in boldface, whereas shared differences from the consensus sequence are shown as regular text.
b Positions not previously observed in published studies of egg-derived H3N2 viruses.
¢ This row shows the consensus amino acids of the H3 HA of Wisconsin/67/05-like viruses.

4 The mutation appeared in egg passage 9.

¢ WYO03-rg virus has additional amino acid differences compared to the sequences of the other H3N2 viruses listed in Table 1: T128A, N145K, F159Y, N189S, and

P227S.

immediately incubated with sheep serum hyperimmune to H3 HA (30 min); a
biotinylated anti-sheep IgG antibody (30 min), and a streptavidin-Alexa Fluor
488 conjugate (30 min) (Invitrogen, CA), with brief PBS-T/PBS washes being
performed after the incubations. After the final PBS-T/PBS washes, the slides
were briefly washed in deionized water, dried by a gentle steam of air, and
immediately subjected to imaging. Fluorescence intensities were detected using
a ProScanArray HT apparatus (Perkin-Elmer). Image analyses were carried out
using ImaGene 8 image analysis software (BioDiscovery, El Segundo, CA). For
a simplified graphical representation, data were processed in the Microsoft Excel
program to group similar sialoglycans together. Glycans that bound to the anti-
body-only control slide (see Fig. S1 in the supplemental material) were removed
from the results. A/Brisbane/10/2007 (H3N2) was analyzed in the glycan microar-
ray at 2-fold incremental HA titers between 16 and 128 to determine the range
of virus concentrations that would yield optimal fluorescence signals (see Fig. S3
in the supplemental material).

RESULTS

Amino acid substitutions in HAs of viruses isolated and
propagated in embryonated eggs. We analyzed paired viruses
isolated from nine clinical samples collected during 2006 and
2007 and propagated in either mammalian cells or embryo-
nated eggs. One additional virus pair from a clinical specimen
collected in 2003, WY03, was generated by reverse genetics,
based on the available sequence information (see Table 1 for
all virus abbreviations) (16, 27, 45). Sequence analysis of the
HAs from the paired isolates shows that the majority of amino

acid changes in the egg-grown virus relative to the sequence of
the cell-grown virus occur at 8 of the 16 positions that have
previously been reported to be egg isolation-associated sites in
older viruses, i.e., positions 138, 156, 168, 183, 186, 193, 194,
and 219 (Table 2) (19, 24, 26, 30, 31, 38, 43, 44, 78, 83, 84). This
study also revealed changes at an additional seven new posi-
tions (positions 86, 142, 190, 195, 198, 223 and 225) that have
not previously been associated with H3N2 virus growth in eggs,
although two of these amino acid substitutions (at positions
190 and 195) were found only as mixed populations (Fig. 1;
Tables 2 and 3). Notably, amino acid substitutions at two of
these positions (190 and 225) were previously reported in egg-
grown HINT viruses (19, 54) (Fig. 1).

Comparison of cell and egg isolates revealed no consensus
amino acid substitutions that could be used to predict how
future viruses will be affected by isolation and growth in
eggs. Indeed, the results revealed from 1 to 4 amino acid
substitutions in HA1 of each egg-grown virus. Interestingly,
the Gly186Val substitution was common to 6 of the 10 viruses
studied (N'Y206, NJ06, PA07, WI07, WY03, and BR07), while
the Leul94Pro/Met replacement was common to four viruses
(FL06, NH06, NY306, and BR07) (Tables 2 and 3). Of these
two sites, variation at position 186 has been associated with egg
propagation (19, 24, 26, 31, 38, 44, 78, 83) more frequently than
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193
NY206 (Phe—Tyr)

BRO7 (Ala—Ala/del)

198

190
BRO7 (Asp—Asp/Asn)

186
WY03 (Gly—Val)
NY206 (Gly—Val)
NJOB (Gly—Gly/Val)
PAO7 (Gly—Val)
WI07 (Gly—Val)
BRO7 (Gly—Gly/Val)

219
NY206 (Ser—Tyr)
WIO07 (Ser—Phe)

226
WYO03 (Val—lle)

225

FLO6 (Asn/Asp—Asn)
NY206 (Asp—Asn)

PA07 (Asn/Asp—Asn)

223
NY306 (lle—Val)
NJO6 (lle—Val)

194
FLO6 (Leu—Leu/Met)
NHO06 (Leu/Pro—Pro)
NY306 (Leu—Pro)
BRO7 (Leu—Leu/Pro)

156
NJ06 (His—GlIn)
PAOQ7 (His—Arg)

195
FLO6 (Tyr—Tyr/Phe)

183
FLO6 (His—His/Leu)
HOO06 (Leu in cell)

142
NHO6 (Arg—Gly)

138
NJO6 (Ala—Ser)

86
HOO06 (lle—Leu)

FIG. 1. Structural model of variable amino acid positions among H3N2 influenza viruses isolated in eggs. The structural model of the HA1 of
BRO7 HA highlights the differences noted among egg isolates from this study. Eight positions with substitutions that were previously reported in
viruses isolated in eggs have their side chains colored pale green (except for Gly186, which has no side chain). Newly identified substitutions at
seven sites have residue numbers in blue. The receptor binding site is occupied by sialic acid (orange). The viruses classified within group 1 are

listed in orange fonts and those in group 2 in black.

variation at position 194 (26, 43). The HA1 sequences of the
nine isolates from 2006 and 2007 differed from each other by 1
to 3 amino acids at six other positions not previously reported
to be associated with egg isolation and propagation: positions
25, 50, 79, 83, 140, and 173 (Table 2).

Shared receptor binding properties of viruses isolated in
mammalian cells or chicken eggs. To determine the receptor
specificity of recent H3N2 viruses isolated in mammalian cells
or in eggs, 10 paired egg and cell isolates were subjected to
glycan microarray analysis. For egg-isolated viruses, only low-
egg-passage-number viruses (i.e., passaged two to five times at
a low multiplicity) were analyzed by the glycan microarray be-

TABLE 3. Sequence variation in and around the HA receptor
binding site of BRO7 viruses

Amino acid at position:

Virus Host
186 190¢ 194 198« 219 226

H3 consensus G D L A S 1
BRO7 cell isolate”  Cell
BRO7 egg isolate® Egg G/V. D/N L/P  A/del
X-171¢ Egg V del S
X-171A Egg P
X-171B Egg V del Y

“ Positions not previously observed in published studies of H3 viruses.

® HA sequence differences for the cell- and egg-derived viruses determined in
this study.

¢ The sequences of the PR8 reassortants are deposited in the Global Initiative
on Sharing Avian Influenza Data database (www.gisaid.org). The accession num-
bers are shown in Table 1.

cause very few further changes were observed at higher passage
levels. To compare the viruses recovered in 2006 and 2007 to
earlier isolates analyzed in studies described in the published
literature (35), we included WYO03 cell- and egg-like viruses
generated from the available sequences by reverse genetics
(Table 1). Pilot studies were conducted to evaluate the impact
of inactivation with BPL and the virus concentration on glycan
binding profiles, as described previously (11) (see Fig. S2 and
S3 in the supplemental material). These studies showed that
inactivation with BPL did not affect virus binding at the con-
centration established to be optimal (HA titer of 128) (see Fig.
S2 and S3 in the supplemental material).

The glycan microarray results from this study revealed that
certain glycans were ligands for most egg- and cell-derived
H3N2 viruses analyzed. Glycan specificities shared by egg and
cell-derived viruses were most likely present in the viruses in
the original clinical specimen, since these two different host
systems would not be expected to impose identical and parallel
selective pressures. All viruses bound to a a2-6 sialylated tri-
N-acetyllactosamine glycan in which the two proximal (reduc-
ing end) lactosamines are 1-3 fucosylated (Fig. 2 to 4; glycan 57
in the figures; Table 4). This polylactosamine structure was
reported to be a terminal sequence in the N-linked glycans of
some mammalian cells (9). In addition, ~75% of the isolates
bound to a structurally related long linear «2-6 sialylated di-
N-acetyllactosamine (Fig. 2 to 4, glycan 56), although egg iso-
lates of NH06, NY306, PA07, WI07, and BRO7 did not bind.
This glycan was also detected as a terminal sequence in N-
glycans of cultured human bronchial epithelial cells (9). Sev-
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FIG. 2. Receptor specificity of group 1 human H3N2 influenza viruses. Sialoglycan binding of whole-virion preparations from viruses isolated
in egg or cell culture host systems was analyzed by glycan microarray analysis. Different categories of glycans on the array (x axis) are highlighted
in colors, the identity of each numbered glycan is provided in Table S1 in the supplemental material. The bars denote the fluorescent binding signal
intensity, and error bars indicate the standard errors. Yellow boxes highlight a1-3 fucosylated sialoglycans. The group 1 virus cluster appears to
have minimal changes in receptor specificity compared with those of both the egg- and cell-derived isolates.

eral other structurally diverse glycans were also broadly recog-
nized receptors: (i) most viruses bound «2-6 sialylated N,N'-
diacetyllactosediamine ~ (LacDiNAc) (glycan 55); the
exceptions were cell and egg isolates of WI07 and egg isolates
of NH06 and NY306; (ii) most viruses bound the a2-6 sialy-
lated-sulfated N-acetyllactosamine structure (glycan 41); the
exceptions were egg isolates of NY306, PA07, WI07, and
BRO7; and (iii) most viruses bound a sialyl Lewis x motif
(glycans 29 and 30); the exceptions were cell and egg isolates of
HOO06 and the FLO6 cell isolate. Glycans 41 and 55 have been
detected in normal or inflamed human tissues (14, 15), whereas
sialyl Lewis x glycans are present in the human respiratory tract
(1, 23). As with some H3N2 viruses analyzed previously, the
isolates in this study (except cell-derived WY03) bound poorly
or not at all to «2-6 sialylated biantennary glycans, typically
found on membrane glycoproteins (glycans 46 to 49) (35, 66).
Collectively, these findings suggest that some H3N2 viruses in
original clinical specimens may bind a more diverse set of
sialoglycans than was previously reported.

Categorization of viral isolates based on receptor binding
profile and isolation substrate. The isolate pairs analyzed sep-
arated into distinct groups on the basis of their glycan binding
profiles. The results for group 1 viruses, comprising FLO6,
HOO06, and NHO06, were characterized by the similar binding
profiles for both their cell- and egg-derived isolates (Fig. 2).
Viruses had restricted binding to a core subset of linear glycans
terminated with a2-6 sialyl N-acetyllactosamine (glycans 53 to
57), although GalNAc was tolerated in place of Gal (a2-6
sialylated LacDiNAc [glycan 55]). For the three viruses, lim-
ited a2-3 specificities were apparent, with good binding only to
the N-linked «2-3 sialylated LacDiNAc (glycan 21) occurring
(60). Comparing HA sequences between the cell and egg iso-
late pairs, HO06 revealed only one amino acid difference, an
isoleucine at position 86 of the cell isolate and a leucine in the
egg counterpart (IleS86Leu). NH06 had only a mixed sequence
population at position 194 (Pro/Leu in cell-derived virus and
Pro in egg-derived virus), while the two FL0O6 sequences
revealed mixed populations at five residues in their HA1
sequences, which may explain the minor differences in their
binding profiles.

Comparison by glycan microarray of the cell- and egg-grown
viruses for the second group (group 2), comprising NY300,
NJ06 NY206, PA07, WI07, WY03, and BRO7 viruses, revealed
a much more significant change in receptor specificity (Fig. 3
and 4). Cell-grown viruses revealed a much broader specificity
for binding to many «2-3 and «2-6 glycans, as well as the
a2-3/a2-6 disialoside and biantennary N-linked glycans (60-64)
relative to that of group 1 cell isolates (Fig. 2 and 3). Notably,
the binding of cell-derived NY206 to «2-3 glycans was rela-
tively weaker than that by the other viruses in group 2. In
addition, egg-isolated viruses generally revealed a significant
reduction in a2-6 binding, although binding to one or more of
the «2-6 sialyl N-acetyllactosamine motifs (glycans 53 to 57)
was maintained, as seen in the group 1 viruses. The most
dramatic reduction was seen for the 2007 Wisconsin egg isolate
(WI07), which bound weakly to all a2-6 sialylglycans. Binding
to a2-3 avian-type receptors was also reduced for all of these
group 2 egg-derived isolates. Only fucosylated «2-3 glycans
(glycans 28 to 33) were maintained or enhanced upon egg
isolation/propagation (Fig. 3). Despite these dramatic differ-
ences in binding profiles, comparison of the HA1 sequences
revealed that at the protein level, the egg- and cell-derived
isolate pairs differed by only 2 amino acid substitutions (WYO03,
NY306, WI07), 3 substitutions (PA07), or 4 substitutions
(NJO06, NY206, BR07) (Table 2 and 3). In five out of the six
group 2 viruses shown in Table 2, a Gly186Val substitution was
introduced during egg isolation and propagation, together with
a second substitution in or near the loop at position 220 (220
loop; NJ06, NY206, PA07, WI07, WYO03). The only egg-de-
rived virus not to conform to this observation was NY3006, in
which a Leul94Pro substitution was introduced within the al-
pha helix that sits atop the receptor binding site (RBS), and an
Ile223Val substitution was introduced in the 220 loop. In-
terestingly, in three of the previous five viruses (NY206,
NJO06, and WI07), the 220-loop substitutions introduced bulkier
and/or hydrophobic residues when they were adapted to eggs.
The remaining two viruses, WY03 and PAO7, had changes at
positions 226 and 225, respectively, positions previously iden-
tified in modifying receptor specificity in H3 and H1 viruses
(39, 48, 66, 83). The structural basis for group 1 or 2 binding
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FIG. 3. Receptor specificity of group 2 human H3N2 influenza viruses. Glycan microarray analysis reveals that viruses designated to be in group
2 have more dramatic changes in receptor specificity when both egg- and cell-derived isolates were compared. The results revealed that cell-derived
isolates possess a broad specificity for binding to many «2-3 and «2-6 sialylated glycans, while isolation in eggs resulted in a significant reduction
in «2-3 and «2-6 binding. Data are presented as described in the legend to Fig. 2.

profiles remains to be determined; these data do not allow a The WYO3 virus (also in group 2) was of particular interest
direct linkage between HA sequence and receptor function, since the sialoside binding pattern of the egg variant-derived
precluding attempts to predict receptor binding profiles on the vaccine reassortant has already been published (35). The egg-
basis of amino acid sequences. derived isolate showed binding comparable to that published
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FIG. 3—Continued.

previously. However, the paired MDCK cell culture isolate
from the same patient specimen exhibited the broad specificity
characteristic of other group 2 viruses isolated in MDCK cell
culture (Fig. 3). In addition to «2-3 and «2-6 binding, WY03
egg-derived virus also bound weakly to «2-8 glycans (glycans
75, 76, and 79; see Fig. 3 and reference 35), in contrast to the
virus from MDCK cell cultures. This specificity was also pre-
viously reported for an egg-adapted NWS-Memphis/31/1998
(H3N2) reassortant virus (81), raising the possibility that 8'-
polysialic acid receptor binding by influenza A (H3N2) viruses
may result from isolation in eggs.

Receptor binding properties of BR07 egg isolate after reas-
sortment for vaccine production. We also compared the BR07
cell isolate to the egg counterpart and to three clonal popula-
tions derived from the latter by limiting-dilution passage in
eggs to generate high-growth reassortants for vaccine production
(32) (Table 1). Compared to the cell isolate, biologically cloned
egg-derived viruses had one to three changes in the HA. X-171
had three substitutions (Glyl86Val, Alal98 deletion [del], and
Ile226Ser), X-171A had a single change (Leul94Pro), and
X-171B also had three substitutions (Gly186Val, Ala198 deletion,
and Ser219Tyr) in their HA1 (Table 3).

Sequence analysis of the uncloned egg-isolated BR07 virus
after five egg passages revealed the persistence of a heteroge-
neous virus population with variable residues at positions 186
(Gly/Val), 190 (Asp/Asn), 194 (Leu/Pro), and 198 (Ala/dele-
tion) in the HA (Table 3). In agreement with these observed
substitutions, glycan microarray analysis of the egg- and cell-
grown BRO7 viruses revealed characteristic group 2 profiles
(Fig. 4). Since the heterogeneous populations in the BRO7

egg-grown virus that was analyzed included substitutions iden-
tified in the X-171, X-171A, and X-171B reassortants, it was
not surprising to see the binding profiles for these viruses
yielding results similar to those for the uncloned original egg
isolate (Fig. 4). The most unexpected result, though, appeared
with the high-growth X-171B reassortant. Glycan microarray
analysis of X-171B revealed a highly restricted pattern of bind-
ing to only eight glycans on the microarray: N-linked «2-3
sialylated LacDiNAc (glycan 21), sialyl Lewis x motifs (glycans
29 to 33), a2-6 sialylated LacDiNAc (glycan 55), and a2-6
sialylated tri-N-acetyllactosamine (glycan 57) (Fig. 4; Table 4).
This short list of candidate sialoglycans may help identify the
receptor(s) essential for efficient virus propagation in chicken
embryos.

DISCUSSION

Successful replication of influenza viruses in eggs was first
reported in 1940 (6). The allantoic sacs of embryonated eggs
became an ideal substrate for influenza vaccines because they
supported high antigen yields. The vast majority of current
influenza vaccines are also produced in eggs from viruses prop-
agated exclusively in eggs because vaccines produced in cell
culture systems have not yet been licensed in most countries
(22, 33, 50). Although the egg allantoic sac has been used
successfully to produce influenza vaccines for 60 years, recent
human H3N2 viruses have largely lost the ability to replicate in
this host unless they acquire certain mutations in the HA (48,
80). This would not become a major problem if a vaccine virus
seed could be used for many years after its derivation in eggs.
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virus clones were analyzed. Note that the binding profile is similar to that for the viruses designated as being in group 2 (Fig. 3). Of the egg-adapted
reassortants, the high-growth X-171B virus reveals a restricted binding profile, indicating the types of sialoglycans that may be present in eggs to

support a growth rate higher than that for the parent virus.

However, rapid antigenic drift mandates frequent updates in
influenza vaccine composition, which requires derivation of
new virus seeds in eggs within a short period of time (21).

Host selection of influenza A virus mutants has been known
for over 65 years (7, 8, 12, 55), but we have not yet fully
characterized the role of egg propagation on amino acid
changes and virus receptor specificity. Cell-grown viruses have
been demonstrated to accumulate fewer mutations than vi-
ruses present in the respiratory tract (29, 30, 53, 58) and thus
are more representative of the wild-type virus circulating in the
human population.

Previous studies have identified 16 positions at which sub-
stitutions emerged in the HA of H3N2 viruses isolated in eggs.
However, the majority of these studies reported using viruses
isolated between 1986 and 1990 (19, 24, 26, 30, 31, 44, 56, 83),
while one studied a single 1997 virus (43) and two studies
looked at a A/Fujian/2002-like virus (38, 78). Our studies with
9 pairs of viruses isolated in 2006 and 2007 identified substi-
tutions at 8 of these 16 previously reported positions, and all
were close to the RBS (Fig. 1). Formal demonstration of their
role in viral replication in the egg host system would require
detailed analysis of isogenic mutant viruses. However, their



VoL. 84, 2010

RECEPTOR SPECIFICITY OF INFLUENZA ISOLATES 8295

TABLE 4. Sialoglycan ligands shared by the majority of H3N2 viruses in this study

Glycan no. Common name* Structure Exceptions”
6 B4 p3_p4 p3 _p4
57 Fucosylated a2-6 sialyl tri-/NV- o m o f None
acetyllactosamine ad ad

. . . ab_p4_p3_p4 ¢ c
56 a2-6 sialyl di-N-acetyllactosamine NY306-E, PA07-E,© WI07-E, NHO06-E, BRO7-E
55 a2-6 sialyl N,N’-diacetyllactosediamine ’(X_sn[f. NY306-E, WI07-C, WI07-E, NH06-E

6S
41 Sulfated «2-6 sialyl N-acetyllactosamine ‘aﬁcﬁ4i NY306-E, PA07-E, WI07-E, BRO7-E
a6 _p4

29,30 Sialyl Lewis x O—d—: HO06-C, HO06-E, FL06-C

“ See Table S1 in the supplemental material for complete glycan names.

® Virus isolated in the indicated host did not show significant binding to the indicated sialoside in the glycan array.
¢ The suffix denotes the host in which virus was isolated: E, chicken embryo; C, mammalian cells.

potential significance for replication in eggs can be inferred
from the nonrandom distribution of the 16 changes in the HA
(Table 2) with regard to spatial and population diversity consid-
erations. First, the majority of the variation occurred at only eight
amino acid positions, all of which are vicinal to the receptor
binding site in the HA1. Second, most changes involved the 16
amino acids previously reported to vary in relation to isolation in
eggs (19, 24, 26, 30, 31, 38, 43, 44, 56, 78, 83).

On the basis of their binding profiles to glycan microarrays,
the virus pairs studied could be divided into two groups. Group
1 HAs had only minimal differences in glycan microarray bind-
ing, and this was perhaps reflected in the somewhat reduced
number of substitutions observed between the cell- and egg-
derived HAs. Glycan array analysis of these cell isolates re-
vealed that they already possessed a restricted sialoside bind-
ing profile. This property was associated with specific amino
acids at critical positions; e.g., cell-derived NHO06 had a mixed
population at position 194 (Leu/Pro), while the HOO06 cell-
derived isolate already had a Leu at position 183, previously
reported to be egg-selected (38). Group 2 virus isolates from
eggs, however, had more dramatic changes with respect to
their glycan binding profiles; receptor recognition was re-
stricted to a smaller subset of glycans compared to the size
of the subset in their cell grown counterparts. These changes
suggested that egg isolation was frequently associated with a
Gly186Val substitution in combination with a substitution in
the 220 loop of HA. The NY306 egg isolate was the exception,
having a Leul94Pro substitution besides the 220-loop modifi-
cation.

Substitutions were also observed at seven additional sites
that had not been previously reported for H3N2 viruses iso-
lated in eggs (colored blue in Fig. 1). Five of the seven sites
(190, 195, 198, 223, and 225) are within or proximal to the
RBS. Position 190 substitutions have been associated with the
replication of HINT viruses in eggs (39, 66), while position 198
was deleted in one of the BRO7 clones (discussed below).
Residues 223 and 225 are in the 220 loop, which was previously
reported to be subject to changes during growth in eggs (44).
Collectively, changes at these five positions merit further stud-

ies to determine their role in efficient viral replication in the
egg host system.

Our results from the BR07 egg-isolated high-growth reas-
sortants can shed light on virus-host interactions in this system.
The X-171A clone had a single change (Leul94Pro), while the
X-171B clone had two amino acid substitutions and one dele-
tion (Leul86Pro, Alal98del, and Ser219Tyr) (Table 3). The
uncloned BRO07 isolated in eggs revealed heterogeneous pop-
ulations at three of the four positions (Gly/Val at position 186,
Leu/Pro at position 194, Ala/del at position 198), confirming
the presence of most of these changes prior to selection of
clonal reassortant viruses. Asp/Asn at 190 was the only change
not seen in the cloned reassortants. Interestingly, two of the
three changes observed in the high-growth reassortant (X-
171B) were present in the egg passage 5 virus and predomi-
nated in the passage 9 virus (data not shown), suggesting that
the Gly186Val/Ala198del combination is beneficial for growth
in eggs. These two changes, in combination with an additional
Ser219Tyr substitution (near the 220 loop), resulted in a dra-
matic switch in receptor specificity with a highly restricted
binding profile (Fig. 4). Furthermore, a high-growth virus with
a deletion in the HA (Ala198del) was obtained in eggs, despite
the scarcity of trinucleotide deletions relative to single base
substitutions in the original virus population, suggesting that
the Ala198del/Gly186Val combination imparted a replication
advantage in eggs. Antigenic analyses of the cell and egg iso-
lates by hemagglutination inhibition tests using a panel of
ferret antisera to A/Brisbane/10/2007 wild-type virus and each
of its reassortants failed to reveal a =8-fold and reciprocal titer
differences, although a partial (nonreciprocal) =8-fold differ-
ence was noted in these studies (data not shown).

Disruption of the helix at position 190 resulting from the
introduction of a Leu194Pro substitution in BRO7 (as well as in
NHO06 and NY306) appears to be correlated with a glycan
binding profile similar to that of the X-171B high-yield reas-
sortant (Fig. 3 and 4). The same appears to happen for the
deletion at position 198, although its true effect cannot be
determined due to the additional substitutions at positions 186,
219, and 226, which may also play a role (as seen with the other
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FIG. 5. Structural model of BRO7 X-171B HA receptor binding site
with a bound fucosylated sialoglycan. The avian receptor analog
NeuSAca2-3Galp1-4(Fucal-3)GIcNAcB (sialyl Lewis x, 29 in the mi-
croarray; see Table S1 in the supplemental material) was modeled into
the RBS of the BRO7 HA model. Putative hydrogen bond interactions
between the glycan and the HA RBS are shown as green broken lines.

group 2 viruses). Position 186 and the 220-loop substitutions all
introduce bulkier and/or hydrophobic residues to the left
side of the RBS (Fig. 1). Comparing glycan microarray bind-
ing of X-171 and X-171B, which differ only in the position of
the substitution on the 220 loop (Ile226Ser in X-171 and
Ser219Tyr in X-171B), suggests that position 219 is the critical
residue responsible for a more restrictive binding profile. Mod-
eling a sialyl Lewis x glycan (NeuSAca2-3GalB1-4(Fucal-
3)GIcNACcB) into a hypothetical BR07 binding pocket indicates
that the fucose could directly interact with the hydroxyl of the
phenolic side chain of the Tyr and might therefore selectively
stabilize these glycans (Fig. 5). In contrast, an Ile226Ser sub-
stitution introduces a potential hydrogen bond to the O-4 of
galactose, which is less selective.

The narrow receptor specificity of the high-growth X-171B
reassortant raises the possibility that these glycans might be
present and used by the virus during egg growth: a2-3 sialy-
lated LacDiNAc (glycan 21), sialyl Lewis x (glycans 29 to 33),
a2-6 sialyl LacDiNac (glycan 55), o2-6 sialyl fucosyl tri-lac-
tosamine (glycan 57), and sialylated N-glycolyl Lewis x (glycan
68). However, to date, these structures have not been identi-
fied as terminal sequences on N-linked glycans of either em-
bryonated chicken egg chorioallantoic or amniotic cells (63),
though neutral nonsialylated glycans containing LacDiNAc as
well as fucosylated N-acetyllactosamine have been described in
the N-glycan structures of a chicken eggshell protein, ovoclei-
din-116 (47), indicating that chickens have the biosynthetic
capability to make the corresponding sialylated structures.

Kumari et al. recently analyzed MDCK cell-grown viruses
isolated between 2003 and 2005 and found restricted specificity
to only a2-6 glycans (35). Except for WYO03, all the virus pairs

J. VIROL.

presented in this study are isolated from 2006 onwards and
revealed a much broader specificity. A possible reason for
this difference may be due to a Ser193Phe substitution that
emerged in 2005 and that is currently the dominant residue in
circulating strains. Analysis of the HA sequences from the
study of Kumari et al. reveals a serine at this position. Position
193 is in the alpha helix that sits atop the RBS, and the bulky
aromatic side chain is predicted to extend over the receptor
pocket. This, in conjunction with substitutions (Ser189Asn and
Ser227Pro) on the left side of the RBS in regions of impor-
tance for egg adaptation, appeared in viruses from 2004 on-
wards and may contribute to the increased «2-3 binding ob-
served in this study. Interestingly, Gulati et al. reported that
cell-derived Brisbane/10/07-like viruses bound to very few sia-
loglycans on the array, primarily a2-6 sialyl-polylactosamines
(25). The reason why their findings are so different from those
for the viruses analyzed here is unknown. An analysis of the
virus dilution of both cell- and egg-grown A/Brisbane/10/2007
(H3N2) virus at 2-fold incremental HA titers between 32 and
512 yielded an overall reduction in overall glycan signals rather
than enrichment of the single long polylactosamine reported
previously (see Fig. S3 in the supplemental material), suggest-
ing that a drastic difference in the HA titers used between
these different laboratories is not the reason. The rapid evo-
lution of the receptor binding preferences of H3N2 antigenic
variants that emerged between 2003 and 2007 (Fujian/410-like,
Wisconsin/67-like, California/7-like, and Brisbane/10-like vi-
ruses) highlights the need to reevaluate functional predictions
with any future variant viruses of interest (25, 35).

Compared to viruses isolated in MDCK cell culture, egg
isolates from 2006 and 2007 can have both modestly and dra-
matically different glycan microarray profiles. In addition, sub-
stitutions at different positions, such as 194 (X-171A) and
186/198 (X-171B), appear to produce similar binding profiles,
thus illustrating the complexity of the system that we are at-
tempting to understand. Williams and Robertson (79) reported
that substitutions in the vicinity of the RBS appear to be
responsible not only for modulating attachment to receptors
but also for triggering virus penetration into the target cells.
The mutations acquired by group 1 egg-derived isolates (and
some of those of group 2-derived egg isolates) may modulate
postbinding events mediating endocytosis and membrane fu-
sion.

Although early studies showed that the sequences of HA
genes of H3N2 viruses isolated in cell culture are generally
identical to those sequenced directly from nasal secretions of
patients, recently circulating viruses may also undergo host
selection during isolation in mammalian cells (30, 49). Isola-
tion of H3N2 viruses in MDCK cells has been progressively
more difficult in recent years (49). This obstacle has been
overcome by utilizing a transfectant MDCK cell line expressing
higher levels of «2-6 sialosides, suggesting that the paucity of
these receptors in regular MDCK cells may consequently exert
selective pressure for selection of viruses with enhanced bind-
ing of a2-3 sialylated glycans. Most group 2 viruses isolated in
cells show moderate to high levels of a2-3 sialoside specificity.
Viruses in this group with strong «2-3 binding specificity also
bind to «2-3 linked N-glycans as well as mixed 2-3/2-6 bianten-
nary glycans (glycans 60 and 61, respectively). In contrast, this
is not seen in many of the egg isolates. This raises the possi-
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bility that the «2-3 specificity seen in the MDCK cell-grown
virus could reflect selection of viruses with increased specificity
for a2-3 N-linked glycans to compensate for the low level of
a2-6 N-linked glycans. Thus, the differences in glycan specific-
ity seen between the egg- and cell-grown viruses could result
from selective pressures exerted by both laboratory hosts.

These results also provide a snapshot of the receptor spec-
ificity of human H3N2 influenza viruses circulating in 2006 and
2007. Two long a2-6 sialylated glycans (glycans 56 and 57) were
the ligands preferred by most viruses, a finding consistent with
that from a previous report of a study that used recombinant
HA (66). Three trisaccharides less frequently considered
influenza virus receptors were the ligands widely used by these
viruses. Two were a2-6 sialylated LacDiNAc and sulfated N-
acetyllactosamine (glycans 55 and 41, respectively). Interest-
ingly, the sialyl Lewis x glycan, whose presence in airway epi-
thelial cells has been well documented (1, 23), was also an
excellent ligand for many of the viruses in this panel, suggest-
ing that o2-3-linked sialic acids should not be excluded as
potential receptors for human influenza viruses. The consensus
glycans for the 2006 and 2007 viruses includes the three previously
reported ligands for the recombinant HA of A/Moscow/10/1999
(H3N2) virus (66): sulfated a2-6 sialyl N-acetyllactosamine (gly-
can 41), a2-6 sialyl di-N-acetyllactosamine (glycan 56), and a2-6
sialyl fucosylated tri-N-acetyllactosamine (glycan 57), indicating
substantial conservation of receptor specificity (Table 4). The
use of glycan arrays to analyze the receptor specificity of
influenza viruses promises to advance our understanding of
a very complex and dynamic virus-host interface. However,
the body of information on influenza virus receptor speci-
ficity derived from glycan array analyses is still insufficient to
interpret the general significance of the data.

Eggs will remain the most economical and practical vaccine
production substrate until a cell-based alternative is fully es-
tablished. Understanding how receptor binding is evolving in
human H3N2 viruses circulating globally may explain the basis
of poor replication in eggs and the significance of more radical
structural changes, such as the Ala198 deletion or Leul94Pro
substitution by BRO7. Such changes may affect secondary
structures in the HA and thus could impact the antigenicity of
site B. Structural analysis of these changes will help to clarify
their effects in both regards. Further studies will establish the
feasibility of analyzing the receptor binding profiles of cell
isolates to identify those that match a previously determined
glycan binding profile correlated with permissive growth in
eggs. As shown with group 1 viruses, the original sequences in
certain clinical specimens may be less prone to the type of
changes acquired by the HA1 of BRO7 (group 2) to generate
the high-growth reassortant in eggs. Such viruses would reduce
the risk of potential antigenic changes in seed viruses selected
for vaccine production.
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