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Abstract

The hemagglutinin (HA) of A/H3N2 pandemic influenza viruses (IAVs) of 1968 differed from
its inferred avian precursor by eight amino acid substitutions. To determine their phenotypic
effects, we studied recombinant variants of A/Hong Kong/1/1968 virus containing either
human-type or avian-type amino acids in the corresponding positions of HA. The precursor
HA displayed receptor binding profile and high conformational stability typical for duck IAVs.
Substitutions Q226L and G228S, in addition to their known effects on receptor specificity
and replication, marginally decreased HA stability. Substitutions R62I, D63N, D81N and
N193S reduced HA binding avidity. Substitutions R62I, D81N and A144G promoted viral
replication in human airway epithelial cultures. Analysis of HA sequences revealed that sub-
stitutions D63N and D81N accompanied by the addition of N-glycans represent common
markers of avian H3 HA adaptation to mammals. Our results advance understanding of
genotypic and phenotypic changes in IAV HA required for avian-to-human adaptation and
pandemic emergence.
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Author summary

Pandemic influenza A viruses (IAVs) originate from animal IAVs and always contain the
envelope protein hemagglutinin (HA) of the animal parent. Molecular changes essential
for the animal-to-human adaptation of the HA are not well defined. To address this prob-
lem, we studied phenotypic effects of eight amino acid substitutions that accompanied
evolution of the HA of the 1968 pandemic IAV from its inferred avian precursor. We also
analysed patterns of evolution of these HA positions of IAVs in birds and mammals. Our
results predict that the 1968 pandemic IAV acquired its HA from a wild duck virus. We
showed that two substitutions were primarily responsible for increased HA binding to
human-type receptors and, in addition, marginally decreased stability of the HA, whereas
three other substitutions reduced binding avidity of the HA. We demonstrated that substi-
tutions accompanied by the addition of N-glycan at either position 63 or 81 represent a
previously unrecognized common marker of avian-to-mammalian adaptation of IAVs.
Our findings highlight the importance of the studies on previous pandemic IAVs for the
influenza risk assessment and pandemic preparedness.

Introduction

Wild aquatic birds represent the major natural reservoir of IAVs, which occasionally transmit,
adapt and circulate for prolonged periods of time in domestic birds and mammals [1,2].
Because animal IAVs do not replicate efficiently in humans, zoonotic transmissions of IAV's
are typically restricted to isolated cases of infection (for a recent review, see [3]). If a zoonotic
IAV against which people have no protective immunity acquires the ability to transmit effi-
ciently in humans, it may initiate an influenza pandemic. Genetic and virological data available
for the four last pandemic IAVs (HIN1/1918, H2N2/1957, H3N2/1968, and HIN1/2009) indi-
cate that they all contained antigenically novel hemagglutinin (HA) gene segments derived
from animal IAVs; the other gene segments originated from either animal or contemporary
human IAVs (for reviews, see [4,5]). Thus, it is particularly important to understand which
adaptive changes in the HA were required for the emergence of previous pandemic viruses
from their animal precursors.

The HA mediates attachment of IAVs to sialic acid-containing glycan receptors on cells.
Tropism, replication efficiency and pathogenicity of IAVs in different host species strongly
depend on the optimal interplay between viral receptor-binding properties and spectra of sia-
loglycans expressed in target tissues of these species (for reviews, see [6-8]). HAs of the previ-
ous pandemic IAVs differed from avian HAs by one or two amino acid substitutions in the
conserved positions of the receptor-binding site (RBS). These substitutions were found to be
essential for the switch of the HA receptor specificity from preferential binding to Neu5Aco.2-
3Gal-terminated glycans (avian-type receptors) to preferential binding to Neu5Aco2-6Gal-ter-
minated glycans (human-type receptors). In the case of H2N2/1957 and H3N2/1968 IAVs,
substitutions Q226L and G228S were responsible for this switch in receptor specificity. In the
case of HIN1/1918 and H1N1/2009 IAVs, this role was played by substitutions E190D and
G225D/E (for recent reviews, see [9,10]). It remains unexplored whether other substitutions in
the HA of pandemic IAVs were required for adaptation to receptors in humans, for example,
by adjusting HA interactions with sub-terminal oligosaccharide parts of the receptors and/or
modulating binding avidity.

After endocytosis and acidification of endosomes, the HA of IAVs undergoes a low-pH-
triggered conformational transition that mediates fusion between the viral and endosomal
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membranes. The conformational stability of the HA determines both the pH range of viral-
endosomal fusion and stability of the virus in the environment. There is growing evidence that
the pH optimum of fusion and stability of the HA differ between IAV's from different host spe-
cies and that these differences may affect viral host range, pathogenicity, airborne transmission
and pandemic potential (for reviews, see [11,12]). Human IAVs typically have a lower fusion
pH optimum (from 5.0 to 5.4) than swine IAVs and zoonotic poultry IAVs of the H5 and H7
subtypes (pH from 5.6 to 6.2). By contrast with IAVs in poultry, IAVs of wild aquatic birds
with different HA subtypes including H3 HA often display high conformational stability [13-
15]. The HAs of the HIN1/1918, H2N2/1957 and H3N2/1968 pandemic IAVs had a pH opti-
mum of fusion typical for human viruses (5.1-5.4) [15,16]. The earliest isolates of the HIN1/
2009 had a less stable HA (pH optimum of fusion 5.4-5.5), but more stable variants were
selected during a few months of viral circulation in humans [17,18]. The fusion pH and stabil-
ity of the immediate HA precursors of the pandemic viruses were not studied, and it remains
obscure whether alterations of these properties played a role in pandemic emergence.

We previously studied adaptive changes in the HA of the pandemic IAV A/Hong Kong/1/
1968 (H3N2), which differed from the inferred avian ancestor HA by eight amino acid substi-
tutions. Introduction of avian-virus-like amino acids at positions 226 and 228 of the HA
altered cell tropism, reduced replication efficiency in cultures of human airway epithelial cells
and abolished transmission of the virus in experimentally infected pigs [19,20]. A combination
of avian-type amino acid reversions at five other HA positions impeded replication in human
airway cultures and markedly impaired transmissibility in pigs [21]. These results confirmed
the critical role of substitutions Q226L and G228S in the avian-to-human transmission of the
H3 HA and suggested that at least some of the other substitutions contributed to the emer-
gence of the H3N2 pandemic virus.

In this study, we wished to further characterize changes in the HA that accompanied its
avian-to-human adaptation during generation of the 1968 pandemic IAVs. We also wished to
identify which substitutions, in addition to substitutions Q226L and G228S, played a role in
the adaptation to humans. To address these questions, we prepared a panel of 18 recombinant
variants of A/Hong Kong/1/1968 (H3N2) containing either human-type or avian-type amino
acids at HA positions that separated the H3N2/1968 viruses from their inferred avian ancestor.
We compared these IAVs for their membrane fusion activity and stability, receptor-binding
properties, replication efficiency in MDCK cells and cultures of human airway epithelial cells.
We also analyzed patterns of evolution of H3 HA codons in question in IAVs from different
host species.

Results

Preparation of recombinant variants of A/Hong Kong/1/1968-PR8 (H3N2)
with substitutions in the HA

The 1968 pandemic IAV HA differed from the avian precursor by 8 amino acid substitutions
[21,22] (Figs 1 and S1, S5, and S6). Seven substitutions were shared by all viral strains isolated
in the first year of the pandemic. One of these substitutions, F(-2)L, was located in the cleav-
able signal peptide and six substitutions were located in the HA1 subunit of the mature HA
protein, with G228S and Q226L in the RBS, A144G and N193S at the rim of the RBS and R62I
and N92K in the vestigial esterase subdomain. The eighth substitution from D to N occurred
at either position 63 or position 81 in the vestigial esterase subdomain of the HA and generated
anew glycosylation site, Ng3-Cgy-Tgs or Ngi-Eg,-Tgs, respectively. Either site was glycosylated
with attached N-glycans detectable by X-ray analysis (see, for example, structures 4058.pdb
and 2YPG.pdb). Pandemic IAVs with these two HA variants differing solely by the location of
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Fig 1. HA sequences and designations of 2:6 recombinant IAVs used in this study. (a) Amino acid differences
between HAs of two 1968 pandemic virus lineages, their putative avian ancestor and 2:6 recombinant PR8-based
viruses. Dots depict sequence identity with the HA of A/Hong Kong/1/1968. Numbering of amino acid positions starts
from the N-terminus of the mature protein. Green background marks asparagine residues of glycosylation sites 63-65
and 81-83. (b) Location of amino acid substitutions shown as yellow space-filling models on the X-ray structure of the
H3 HA complex with human receptor analogue LSTc (2YPG.pdb) [23]. Two HA monomers are colored gray, and the
third monomer is colored green (HA1) and blue (HA2). LSTc is shown as red stick model, N-linked glycans are shown
as dotted space-filling models. Cyan spheres show location of Ng; present in the HA of A/Memphis/1/1968 lineage.
The model was generated using PYMOL 2.0.6 (Schrodinger, LLC).

https://doi.org/10.1371/journal.ppat.1009566.g001

new N-linked glycan co-circulated during 1968 and a few years afterwards. The A/Memphis/
1/1968-like IAVs containing an N-glycan at position 63 (NGg3) became extinct after 3 years of
circulation; the A/Hong Kong/1/1968-like IAVs (NGg;) continued to cause seasonal influenza
outbreaks until 1976 and were substituted by a drift lineage that lost NGg; and gained NGg;
(for the evolution of HA glycosylation sites 63 and 81 in human H3N2 viruses, see S2 Fig).

To study phenotypic effects of the substitutions, we generated a panel of 2:6 recombinant
IAVs that contained HA and NA of A/Hong Kong/1/1968 (H3N2) and the remaining 6 gene
segments of the laboratory strain PR8. The panel included the virus with wild type HA (HK)
and its HA variants with either human-type or avian-type amino acids at corresponding HA
positions (Fig la). The R7 variant carried all seven avian-type substitutions in the mature HA,
and thus mimicked the HA structure of the avian precursor of the 1968 pandemic IAVs. Two
viruses were made to represent combined effects of substitutions at either positions 226 and
228 (variant R2) or at five other positions (variant R5). Single-point mutants of HK served to
determine effects of reversions from human-type to avian-type amino acid at individual HA
positions. The double mutant HK-81-63 represented the sequence of A/Memphis/1/1968 and
was used to study the effect of the NGg;. The point mutants of R5 were made to study effects of
individual reversions from avian-type to human-type amino acids in the context of the avian
HA with human-type L;,¢ and S,,g. Finally, variants HK-2 and R5-2 were prepared to charac-
terize the phenotype of the amino acid substitution in the signal peptide.
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Effects of substitutions on HA conformational stability and membrane
fusion activity

We first compared stability and fusion properties of HK, its avian precursor R7 and the inter-
mediate variants R2 and R5 (Fig 2). As these characteristics critically depend on the low-pH-
triggered conformational transition of the HA, we determined the pH at which the virus HA
changed its conformation by studying pH-induced alteration of HA sensitivity to protease
digestion (Fig 2a). R7 and R2 underwent conformational transition at a slightly lower pH than
did HK and R5. In agreement with this finding, R7 and R2 initiated syncytia formation in
MDCK cells at about 0.1 units of pH lower than did HK and R5 (Fig 2b). To corroborate
observed differences in viral fusion pH, we compared inhibition of viral infection in MDCK
cells by ammonium chloride which counteracts endosomal acidification (Fig 2¢). R2 and R7
were more sensitive than HK and R5 to inhibition by NH,Cl, confirming that R2 and R7
require a lower pH in endosomes for fusion and cell entry.

Acid stability of the HA correlates, at least partially, with HA resistance to heat and denatur-
ing agents. To test effects of the latter two factors of environmental stability we studied
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Fig 2. Conformational stability and membrane fusion properties of HK, R5, R2 and R?7. (a) pH of acid-induced
conformational transition of HA. Solid-phase adsorbed viruses were incubated in acidic buffers and treated with
proteinase K. Viral binding of fet-HRP was assayed, and pH values that corresponded to 50% reduction of HA binding
activity (pHso) were determined from binding-versus-pH curves. (b) pH threshold of polykaryon formation.
Inoculated MDCK cells were cultured for 16 h, treated with trypsin and exposed to different pH buffers. After
returning to neutral medium and incubation for 3 h, the cells were fixed, stained and analysed under the microscope.
The data show highest pH values at which polykaryon formation was detected. (c) Inhibition of viral infection by
ammonium chloride. MDCK cells were inoculated in the presence of various concentrations of NH4Cl, incubated
overnight, fixed, and immunostained for NP. Concentrations of NH,CI that reduced numbers of infected cells by 50%
(ICs0) were determined from dose-response curves. (d) HA stability at elevated temperature. Solid-phase adsorbed
viruses were incubated in PBS at 65°C for different time periods and assayed for their binding to fet-HRP to determine
incubation time required for 50% reduction of the binding activity (tso). (¢) HA stability in chaotropic buffer. Solid-
phase adsorbed viruses were incubated in buffers containing GnHCI for 60 min at 4°C washed with PBS and assayed
for binding to fet-HRP. Data show concentrations of GnHCI that reduced viral binding activity by 50%. (f) Reduction
of infectivity after incubation of the viruses for 2 h at 45°C determined by focus assay in MDCK cells. All panels show
data points, mean values and SDs from 1 to 4 independent experiments performed with 2 to 7 replicates. P values for
the differences between the viruses were determined with Tukey’s multiple comparison procedure.

https://doi.org/10.1371/journal.ppat.1009566.9002
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inactivation of the HA receptor-binding activity by the chaotropic agent guanidinium chloride
(GnHCI) (Fig 2e) and heat treatment (Fig 2d) as well as the effect of heat treatment on viral
infectivity (Fig 2f). In general, the stability of the viruses in all three assays correlated with their
acid stability. R7 was the most stable variant, HK was least stable, whereas R2 and R5 displayed
intermediate stability.

We next studied the effects of non-226/228 single-point HA substitutions in HK and R5
using three assays (S3 Fig). None of the substitutions affected pH optimum of the HA confor-
mational transition in the protease sensitivity assay. Four point mutants differed from the cor-
responding parental viruses by their sensitivity to ammonium chloride. Among them, mutants
R5-63 and R5-81 containing N-linked glycan NGg; and NGg;, respectively, were less sensitive
than R5, whereas the mutant HK-81 lacking NGg; was more sensitive than HK. We concluded
that N-glycan-containing variants entered the cells from less acidic endosomal compartment.
This finding agrees with the study in which the presence of N-glycans in the globular head of
HIN1 IAVs reduced receptor-binding avidity and facilitated HA-mediated fusion [24]. In the
polykaryon formation assay, the avian-type amino acid in the signal peptide of the variants
HK-2 and R5-2 correlated with a minor (ApH, +0.1) but reproducible elevation of their pH
threshold of fusion (S3b Fig). This effect, albeit small, was unexpected given that the signal
peptide is not present in the mature HA and that HK-2 and R5-2 did not differ from their
parents, HK and R5, in the conformational transition assay and in any other assays used (see
below). Alteration of the signal peptide could potentially affect intracellular maturation, secre-
tion and incorporation of the HA into viral particles, and recent bioinformatics analysis
revealed that passaging of human IAVs in cell culture was occasionally accompanied by muta-
tions in the signal peptide [25]. These notions prompt further work on potential effects of the
HA signal peptide on replication and interspecies adaptation of IAVs.

Collectively, this part of the study revealed that a combination of substitutions Q226L and
(G228S increased the pH of the conformational transition of the pandemic virus HA by about
0.15 pH units and as a consequence marginally decreased its environmental stability. The
effects of other avian-to-human point substitutions and of their combination on conforma-
tional stability and membrane fusion activity were either smaller or below the detection limit
of the assays.

Receptor-binding profile of the avian precursor of the 1968 pandemic
viruses and effect of amino acid substitutions on the HA preference for the
type of Neu5Ac-Gal linkage

To characterize receptor-binding properties of the viruses we determined their binding to sol-
uble synthetic sialoglycopolymers (SGPs) carrying multiple copies of sialyloligosaccharide
moieties attached to a hydrophilic polymeric carrier. The structures of the sialyloligosacchar-
ide parts and designations of SGPs are shown in the Materials and Methods section. The high
molecular mass (1 MDa) SGPs contained about 50 times more copies of the sialoligand per
macromolecule and bound to IAVs with much higher avidity than structurally identical
20-kDa SGPs. As a result, utilization of the 1-MDa SGPs was instrumental for comparison of
IAVs with large differences in binding avidity, such as avian and human IAVs, whereas the
20-kDa SGPs were more useful than 1-MDa SGPs for characterization of IAVs with minor dif-
ferences in the binding avidity [26,27].

Although most avian IAVs use Neu5Aco2-3Gal-terminated glycans as their cellular recep-
tors, viruses adapted to species of the orders Anseriformes, Charadriiformes and Galliformes
typically differ by their ability to recognize sub-terminal parts of the receptor glycans ([28] and
references therein). We assumed that analysis of the fine receptor binding specificity of R7
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Fig 3. Binding of IAVs to biotinylated SGPs. The solid-phase adsorbed viruses were allowed to bind biotinylated SGPs from solution, and
association constants of viral complexes with SGPs (K,;) were determined as described in Materials and Methods. Higher values of K, reflect
stronger binding. (a) Binding to six low molecular mass Neu5Aca2-3Gal-containing SGPs differing by structure of penultimate sugar moieties.
Wild type IAVs A/mallard/Alberta/279/1998 (H3N8) and A/ruddy turnstone/ Delaware/2378/1988 (H7N7) were tested in parallel with R7 and
R2. Two to 4 experiments were performed on different days with one replicate for each virus-SGP pair per experiment. (b) Binding to high
molecular mass SGPs 3’SLN and 6'SLN. Two experiments were performed on different days with two replicates per each virus-SGP pair per
experiment. All panels show the individual values adjusted for day as described in Materials and Methods with geometric mean (bars) and SDs. P
values for the differences between Kass presented in the panel 3a are shown in S3 Table.

https://doi.org/10.1371/journal.ppat.1009566.9003

may predict which avian species perpetuated the precursor of the 1968 pandemic virus. To this
end, we determined binding of R7 and R2 to a panel of Neu5Aco2-3Gal-containing 20-kDa
SGPs. Two representative wild-type viruses, A/mallard/Alberta/279/1998 (H3N8) (mal-H3N8)
and A/ruddy turnstone/ Delaware/2378/1988 (H7N7) (rt-H7N7), were used for a comparison
(Fig 3a). R7 shared the binding profile with mal-H3N8 which represented typical receptor-
binding properties of IAVs in ducks. Similar to other duck viruses [28], R7 and mal-H3N8
bound to fucosylated receptors SLe* and 6-Su-SLe™ significantly less efficiently than to non-
fucosylated receptors and bound to 3’SLN and its sulfated counterpart 6-Su-3’SLN with similar
efficiency. A second control virus, rt-H7N7, displayed receptor-binding characteristics which
are often shared by IAVs of Charadriiformes and Galliformes [28,29]. Namely, this virus dis-
played the highest binding avidity for fucosylated receptors SLe™ and 6-Su-SLe™ and bound to
6-Su-3’SLN significantly better than to 3’SLN and SLe®. R7 did not display these features, thus
showing no signs of adaptation of the R7 HA to gulls, shorebirds or gallinaceous poultry. The
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binding profile of the variant R2 did not significantly differ from that of R7, suggesting that
five human-type amino acid substitutions separating R2 from R7 had minor (if any) effect on
HA binding to Neu5Aco:2-3Gal-terminated receptors.

Substitutions L226Q and G228S in the HAs of pandemic H3N2/1968 viruses switched the
viral recognition of the type of Neu5Ac-Gal linkage [8,10]. To determine whether and to what
extent the other five substitutions in the mature HA contributed to this switch, we compared
binding of HK, R5, R2 and R7 to 6’'SLN and 3’SLN. High molecular mass SGPs were used to
ensure measurable binding of each virus to both SGPs (Fig 3b). As expected, comparison of R7
with R5 and comparison of R2 with HK showed that a combination of substitutions Q226L
and G228S strongly reduced HA binding to 3’SLN and increased HA binding to 6°SLN; the
magnitude of the second effect was noticeably smaller. No significant differences in the viral
binding profiles were observed in pairs R7/R2 and HK/R5. These results indicated that a com-
bination of substitutions at positions 62, 81, 92, 193 and 144 of the pandemic virus HA had
much lower (if any) effect than substitutions Q226L/G228S on viral recognition of the
Neu5Ac-Gal linkage type.

Effects of non-226/228 substitutions on binding avidity of the HA

As limited experiments with 1-MDa SGPs (Fig 3b) did not reveal significant differences in
their binding to HK and R5, we employed more sensitive receptor-binding assays to assess
effects of amino acid substitutions separating these viruses. Fig 4a shows data on binding of
HK, R5 and their point mutants to low molecular mass 6’SLN. HK bound to 6'SLN about
2-fold weaker than R5 indicating that a combination of 5 human-type amino acids decreased
binding avidity. Three single-point HK mutants, HK-62, HK-81 and HK-193 displayed ele-
vated binding avidity. Three other HK mutants, HK-92, HK-144 and HK-2, did not differ
from the parental HK. Remarkably, the double mutant HK-81-63 bound to 6’SLN significantly
weaker than HK-81 and showed binding avidity that was comparable to that of HK. Thus,
whereas substitution N81D and loss of NGg, increased HA binding to 6’SLN, the substitution
D63N and attachment of NGg; fully compensated for this effect. The effects of single human-
type substitutions in R5 HA on viral binding to 6’SLN well correlated with the effects of corre-
sponding avian-type substitutions in HK HA (Fig 4a). Namely, substitutions at positions 62,
81, 193 and 63 in R5 decreased binding avidity, whereas substitutions at positions -2, 92 and
144 had no significant effect. This correlation indicated that the effects of individual non-226/
228 substitutions on HA binding to 6’SLN do not depend on the identity of the other 4 amino
acids separating HK from R5. We therefore conclude that non-226/228 amino acids studied
are not involved in substantial epistatic interactions.

Because of the relatively weak binding of HK, R5 and point mutants to Neu5Aco2-3Gal-
containing receptors we could not reliably quantify binding of these IAVs to corresponding
20-kDa SGPs. Using more sensitive but less discriminative 1-MDa SGPs, we found that R5
bound stronger than HK to both 3°SLN and SLe® and that most single-point mutants did not
significantly differ in this respect from the parental IAVs (Fig 4b and 4c). The effects were only
observed in the case of HK-193 (elevated binding to 3°SLN), R5-62 (reduced binding to SLe®)
and R5-81 (reduced binding to both SGPs); these effects directly correlated with the effects of
corresponding substitutions on viral binding to 6’SLN. These results suggested that single-
point substitutions had a weaker effect than their combination on HA binding to 3’SLN and
SLe".

To further characterize receptor-binding properties of the HA mutants, we studied inhibi-
tion of viral single-cycle infection in MDCK cells in the presence of Vibrio cholerae sialidase
which reduced levels of sialic acids on the cell surface (Fig 4d). A higher value of 50%
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Fig 4. Receptor-binding properties of HA point mutants of HK and R5. (a-c) Association constants of viral complexes with biotinylated SGPs 6’SLN (20 kDa),
3’SLN and SLe® (both 1 MDa) were determined as described in Materials and Methods. Data represent combined results from 4 to 11 experiments performed on
different days with 1 replicate for each virus-SGP pair per experiment. (d) Inhibition of viral cell entry by Vibrio cholerae sialidase. MDCK cells were incubated
with solutions of gradually diluted sialidase for 30 min, inoculated with 200 FFU of the viruses without removing sialidase, fixed after one cycle of replication and
immunostained for viral NP. The figure shows concentrations of sialidase that reduced numbers of infected cells by 50% (ICs). From 2 to 9 experiments were
performed on different days using 3 to 4 replicates per virus. All panels show the individual values adjusted for day as described in Materials and Methods with
geometric mean (bars) and SDs. Vertical dotted line separates point mutants of HK and point mutants of R5. Asterisks depict P values for the differences between

single-point mutants and the corresponding parental virus, either HK or R5 (dark gray bars). Asterisks over horizontal lines depict differences between HK and
R5 and between HK-81 and HK-81-63.

https://doi.org/10.1371/journal.ppat.1009566.9004

inhibitory concentration of sialidase (ICs) suggested that the virus can infect cells expressing
lower amounts of sialic acid; this effect was interpreted as an indication of a higher binding
avidity. The avidity of the viruses for receptors on MDCK cells correlated to a large extent with
viral binding to 6’'SLN (compare Fig 4a and 4d). Thus, in both assays, i) R5, HK-81 and HK-
193 bound to the cells stronger than HK, ii) HK-81-63 bound weaker than HK-81, iii) R5-81,
R5-193 and R5-63 bound weaker than R5, iv) substitution at position -2 of the signal peptide
affected binding of neither R5, nor HK. In contrast with a significant effect of substitutions at
position 62 on binding to 6’SLN (Fig 4a), these substitutions showed no apparent effect on
binding to MDCK cells. As another distinction from the 6’'SLN binding data, R5-92 and R5-
144 bound to MDCK cells somewhat stronger than R5 and HK-144 bound weaker than HK.
The following conclusions could be made from the binding data. A combination of human-
type substitutions separating HK from R5 reduced HA binding to both Neu5Aco2-6Gal- and
Neu5Aco2-3Gal-containing receptors. Three of these substitutions, namely, R621, N193S and
either D81N or D63N, were primarily responsible for the reduction of binding avidity. The
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other three substitutions either had a weak binding-enhancing effect (N92K and A144G) or no
effect [F(-2)L].

The observed reduction of the avidity for human-type receptors during HA evolution from
its avian precursor was unexpected. Since this result was obtained in experiments with
MDCK-grown IAVs and with non-natural receptor analogues, we performed additional
experiments using more natural experimental models. As shown previously, the relatively
large N-glycans attached to the HA in MDCK cells could alter viral receptor-binding proper-
ties as compared to the same virus grown in another cell system [30,31]. To address this possi-
bility, we re-grew a representative group of viruses in the human cell line Calu-3 and in
differentiated cultures of primary human tracheal-bronchial epithelial cells (HTBE cultures).
The Calu-3-grown HK, R5 and single-point mutants of HK displayed the same patterns of
binding to 6’'SLN and sialidase-treated cells (S4a and S4b Fig) as did their MDCK-grown coun-
terparts (Fig 4a and 4d). The HTBE-grown HK, R5 and two glycosylation mutants R5-81 and
R5-63 also showed the same relative binding avidity (S4c Fig) as did corresponding MDCK-
grown variants (Fig 4d). These results indicated that studied MDCK-grown IAVs correctly
represented relative receptor-binding avidity, which the viruses would have during their repli-
cation (and glycosylation) in human epithelial cells.

To test whether differences in binding avidity of R5 and HK for SGPs and MDCK cells cor-
relate with viral binding to biologically relevant receptors in humans, we studied attachment
of R5 and HK to the apical surface of HTBE cultures which closely mimic structure and func-
tions of human target cells in vivo [32,33]. R5 attached to HTBE cells more efficiently than HK
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Fig 5. Attachment of HK and R5 to cells in HTBE cultures. (a) The apical sides of live HTBE cultures were washed
with PBS+ to remove accumulated mucins and inoculated with 0.2 ml of DMEM-BSA containing 1.3x10° FFU of HK
and R5. Control cultures were inoculated with DMEM-BSA. After 1-h incubation at 4°C the cultures were washed,
fixed and immune-stained using anti-HK primary antibodies and HRP-labelled secondary antibodies. The mean
absorbance in the control cultures was subtracted, and the results were expressed as the relative absorbance at 450 nm
(A4s0) in R5-treated and HK-treated cultures with respect to the mean absorbance in the latter. Open circles, closed
circles and crosses depict individual data points from three experiments performed on different days. Mean, SD and P
values were calculated using within-day averages. (b) Control of the concentrations of physical viral particles in
suspensions of HK and R5 used for the HTBE attachment experiments. Suspensions were serially diluted in PBS and
adsorbed in the wells of ELISA microplates. The wells were washed, fixed and immuno-stained as described above.
Shown are the results of one experiment with 5 replicates per condition. The absorbance (A4s,) reflects non-specific
binding of HK and R5 to the plastic. Overlap of the A,sq vs dilution curves indicate that suspensions used in the Fig 5a
contained equal amounts of viral particles.

https://doi.org/10.1371/journal.ppat.1009566.9005
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Fig 6. Diameter of plaques formed by viruses in MDCK cells. Cells in six-well plates were inoculated, incubated under semi-solid overlay medium
for 48 h at 37°C, fixed and immunostained. Two panels represent two groups of viruses tested separately. Data were analysed after log-transformation
using a general mixed model including a random intercept term accounting for day-to-day variation between experiments as described in Materials
and Methods. Each panel shows diameters of individual plaques adjusted for day, geometric mean (bars) and geometric SDs from 1 to 4 experiments
performed on different days. Asterisks depict P values for the differences between the mutants and the corresponding parental virus (HK in the left
panel and R5 in the right panel).

https://doi.org/10.1371/journal.ppat.1009566.9006

(Fig 5) in agreement with relative binding efficiency of these viruses to soluble 6 SLN and to
MDCK cells. These results confirmed that non-226/228 human-type amino acid substitutions
in the precursor avian HA reduced efficiency of viral binding to receptors on airway epithelial
cells in humans.

Effects of non-226/228 substitutions in the HA on viral infection in MDCK
cells

In MDCK cells, R5 formed smaller plaques than did HK indicative of a less efficient multicycle
replication of the former virus (Fig 6). The effects of point substitutions in the HA on plaque
size was studied separately for HK mutants and R5 mutants (Fig 6). Although the resolving
power of the assay was limited by substantial heterogeneity of the plaques formed by the same
virus, we noticed reproducible effects of some of the point substitutions. Thus, HK-62, HK-81
and HK-193 formed smaller plaques in comparison with HK, whereas R5-92 and R5-144
formed smaller plaques in comparison with R5. For these five mutants, the reduced size of the
plaques correlated with the elevated avidity of the virus for either 6 SLN (HK-62), MDCK cells
(R5-92, R5-144), or both substrates (HK-81, HK-193) (compare Fig 6 and Fig 4). We previ-
ously studied dependence of replication efficiency of IAVs on their binding avidity and dem-
onstrated that excessive avidity slowed down the release of viral progeny from infected cells
and spread of the infection [34]. We assume that the same mechanism explains, at least in part,
the smaller plaque size of the mutants of HK and R5 containing avidity-enhancing
substitutions.
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Effects of non-226/228 substitutions on viral infection in HTBE cultures

Paulson and colleagues postulated that changes in receptor-binding properties of avian IAV's
during their adaptation to humans may serve to increase viral binding to and infection of
human airway epithelial cells and to minimize its binding to and neutralization by respiratory
mucus [35,36]. To determine whether non-226/228 substitutions in the HA contributed to
these effects, we inoculated differentiated HTBE cultures with either R5 or HK and determined
the numbers of infected cells 8 h post-infection. To focus on the role of viral interaction with
receptors on cells, the cultures were extensively washed prior to infection to remove accumu-
lated mucins. In parallel, replicate cultures were infected in the presence of the endogenous
mucins. Fewer cells were infected with HK than with R5 in the mucus-deprived cultures (Fig
7a), this effect agreed with the higher binding avidity of R5 for receptor analogues and HTBE
cells (Figs 4 and 5). As expected, the presence of HTBE mucins reduced infectivity of both
viruses, with HK still infecting fewer cells than R5. The mean percentages of cells infected in
the presence of mucins with respect to the infection without mucins were 15.1% for HK and
17.2% for R5, and the difference was not statistically significant. Thus, our results suggested
that substitutions separating HK from R5 reduced efficiency of entry of HK into human airway
epithelial cells and that these substitutions did not make HK less sensitive than R5 to neutrali-
zation by human airway mucins.

Reduced infectivity of HK compared to R5 in HTBE cultures was in apparent inconsistency
with our previous observation of more efficient multicycle replication of HK in this cell system
[21]. We therefore compared single- and multicycle replication of HK and R5 in the same
experiment (Fig 7b). This experiment confirmed that R5 infected more cells in the first round
of infection in HTBE cultures, whereas HK produced more viral progeny after multiple infec-
tion cycles. To infer which of the substitutions separating HK from R5 contributed to more
efficient multicycle replication of HK in HTBE cultures, we compared replication of HK and
its six single-point HA mutants (HK-2, HK-62, HK-81, HK-92, HK-144, and HK-193) under
competitive conditions. Equivalent amounts of plaque-forming units of the viruses were
mixed, and three different dilutions of this mixture were inoculated into the replicate HTBE
cultures. The first group of cultures (group L) received 5 PFU of each of the seven viruses per
culture, two other groups received 20 and 320 PFU per culture (groups M and H, respectively).
The viral progeny was harvested 3 days post inoculation, and the proportions of each HA
mutant in the inoculum and in the harvests were analysed by next generation sequencing
(NGS) (Fig 8). HA segments of all 6 mutants were present in the harvests from all cultures in
the group H. By contrast, the harvests in the group M and, especially, group L were highly het-
erogeneous, with proportions of the mutants varying between 0.00 and 1.00. No statistically
significant changes with respect to the inoculum were observed in the case of HK-92 and HK-
193. The proportions of HK-62, HK-81, and HK-144 were significantly reduced in the harvests
in the group L as compared to their proportions in the inoculated mixture. The mutants HK-
81 and HK-144 also displayed reduced frequencies in the group H. By contrast, the proportion
of HK-2 was higher in the harvests than in the inoculum for all three infection doses used.
These results indicated that HK-62, HK-81, and HK-144 replicated less efficiently than HK-2
and the other viruses in the mixture.

Whereas the point mutants of HK were readily quantified in the mixtures by NGS analysis
of the single nucleotide polymorphisms in corresponding positions, the amount of the parent
HK could not be directly quantified by sequencing. We therefore inferred proportions of HK
in the mixtures by subtracting proportions of the mutants from the theoretical value of 1.
Because of the high errors of such inference, the data could not be analyzed for statistical sig-
nificance. One can see, however, that the proportion of HK in the harvests increased with
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Fig 7. Infectivity and multicycle replication of HK and R5 in HTBE cultures. (a) The apical sides of HTBE cultures were washed with PBS+ to remove
mucins and inoculated with 2x10* FFU of HK (closed circles) and R5 (open circles) with and without addition of mucins using 6 replicate cultures per
condition. The inoculum was removed after 1 h. The cultures were incubated for 7 h under ALI conditions, fixed, immuno-stained for viral NP, and numbers
of infected cells were counted. (b) The apical sides of washed HTBE cultures were inoculated with 7x10* FFU of the viruses without addition of mucins and
processed as described above. Six cultures per virus were fixed 8 h post infection for immuno-staining and counting of infected cells. Viral progeny was
periodically harvested by washing the apical sides of the remaining cultures, and the harvests were titrated simultaneously at the end of the experiment. P values
were determined using Student’s t-test.

https://doi.org/10.1371/journal.ppat.1009566.9007

respect to the inoculum (Fig 8). Remarkably, this pattern of HK resembled the pattern shown
by HK-2 and differed from the patterns displayed by the other mutants, suggesting that HK
and HK-2 have comparable high fitness and replicate more efficiently than the other 5 viruses
studied. This conclusion is in keeping with the fact that HK-2 did not differ from HK in most
other phenotypic assays. It is worth noting that the differences between viral proportions in
the harvests vs inoculum increased with decreasing the multiplicity of infection, that is, from
group H to group L. We assume that this pattern reflects a higher number of viral replication
cycles and hence a more efficient selection of the best-fit viruses in group L compared to
groups M and H.

Collectively, we conclude from the replication experiment in HTBE cultures that the avian-
type substitutions at positions 62, 81 and 144 decrease in-vitro fitness of the pandemic virus,
substitution at position -2 has no effect on fitness, and that effects of substitutions 92 and 193
(if any) were not statistically significant under assay conditions.

Airborne transmission of HK and R5 in ferrets

Transmission through the air is essential for the pandemic spread of IAVs in humans. To eval-
uate effects of non-226/228 substitutions in the HA of the 1968 pandemic viruses on
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https://doi.org/10.1371/journal.ppat.1009566.9008

transmissibility, we employed the ferret airborne transmission model. To avoid potential
undesirable effects of the PR8-derived gene segments on viral fitness in ferrets, recombinant
HK and R5 containing all 8 gene segments of A/Hong Kong/1/1968 were used in the transmis-
sion experiments. All directly inoculated ferrets shed the viruses from the nose and throat
starting from day 1 after infection, the duration of shedding and peak titers did not signifi-
cantly differ between HK and R5 (Fig 9). Two of the airborne contact ferrets in the HK group
became infected and shed the virus in high titers starting from the day 3 after the contact, the
third contact ferret produced one virus-positive swab on the day 3. All four contact animals in
the HK group seroconverted. In the R5 group, only one of four contact animals shed the virus
and seroconverted. We sequenced the HA of the transmitted HK and R5 viruses present in the
throat swabs of all positive indirect contact animals at 3 days post exposure and found no sub-
stitutions. Although only small numbers of animals were used in the transmission studies, a
careful interpretation of these results indicated that R5 transmitted less efficiently than HK,
although not significant, suggesting that substitutions other than those at the RBS were
required for efficient transmission of HK virus. Although it was tempting to study effects of
individual substitutions separating HK and R5 on viral transmissibility, these studies were not
pursued for ethical reasons given the small differences in transmissibility of parental viruses
and, hence, necessity to use large groups of animals for statistically significant detection of
even smaller effects.
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Fig 9. Comparison of airborne transmission of HK and R5 in ferrets. Groups of two ferrets were inoculated intranasally with 10° TCIDs, of recombinant
viruses HK (top panels) and R5 (bottom panels) containing all eight gene segments of A/Hong Kong/1/1968. One naive ferret was co-housed with each
inoculated ferret in a separate transmission cage starting from one day after inoculation. Data show results of two replicate experiments performed on different
days. Lines depict viral titers in nasal swabs (empty circles) and throat swabs (closed circles) collected from inoculated ferrets. White and black bars depict viral
titers in nasal and throat swabs, respectively, of the indirect contact ferrets. Numbers show titers of hemagglutination inhibiting antibodies in the blood collected
from the indirect contact animals 2 weeks post exposure.

https://doi.org/10.1371/journal.ppat.1009566.9009

Analysis of H3 HA sequences in different viral host species

The H3 HA sequences available from the GISAID EpiFlu database include sequences of avian
IAVs (predominantly from wild aquatic birds) and of several stable mammalian-adapted virus
lineages that emerged from the avian reservoir via interspecies transmission (Figs 10a and S5).
Among them, the H3N8 equine IAVs were first recognized in 1963 [37]; they continuously cir-
culate and evolve in horses until now. The IAVs of an independent H3N8 equine lineage
caused epizootic in China in 1989, circulated in horses for a few years and became extinct [38].
Only one virus of this lineage, A/equine/Jilin/1/1989, was sequenced. The first of two canine
H3 lineages originated from a contemporary equine H3N8 virus in Florida around 2003; the
second canine lineage (H3N2) emerged from an avian precursor in Asia and was first recog-
nized in 2006 (for reviews, see [2,39]). In addition to stable mammalian-adapted lineages, the
database contains a small number of IAVs isolated from mammals which cluster with avian
viruses and do not form persistent mammalian lineages (S5 Fig). The human H3N2 lineage
includes H3N2/1968 pandemic viruses and their permanently evolving descendants that cause
seasonal influenza epidemics. Finally, multiple lineages of H3N2 swine IAVs all originated
from independent human-to-swine transmissions of seasonal IAVs followed by evolution in
pigs [40].

We analysed prevalence of specific amino acids at nine HA positions in question in avian
IAVs and IAVs of different mammalian lineages (Figs 10b, S5 and S6 and S1 Table). We also
estimated selective pressures on these positions in different hosts using codon-based likelihood
methods FEL, Contrast-FEL and MEME, which compare rates of synonymous and non-syn-
onymous substitutions [41-43], and DEPS/FADE to identify directional evolution along
human internal branches [44] (Table 1). Finally, we compared HA sequences of the earliest
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Fig 10. Host-specific lineages of IAVs with H3 HA and variation of amino acids at selected HA positions. (a) Phylogenetic tree for the H3 HA nucleotide sequences
of representative sequences of human and swine viruses and all unique sequences of other mammalian and avian viruses available from GISAID EpiFlu database. The
numbers of analysed sequences are shown in panel 10b below the lineage name. S5 Fig shows the same tree with strain names, accession numbers and amino acids at 9
HA positions under study. (b) Protein logos for indicated HA positions of the viral lineages shown in panel 10a. The overall height of each stack of letters depicts
sequence conservation measured in bits. The height of each letter is proportional to the frequency of the corresponding amino acid in the alignment, the letters are
ordered from most to least frequent. Only one sequence was available for the Eq/Jilin/1989 lineage.

https://doi.org/10.1371/journal.ppat.1009566.9010

equine and canine isolates with sequences of their closest avian counterparts to identify poten-
tial amino acid substitutions at 9 HA positions and their correlation with substitutions in the
H3N2/1968 pandemic viruses (Table 2 and S5 Fig). Human-origin swine viruses were not
included in the latter two analyses as we were interested in the avian-to-mammalian shifts.
The results of these studies are summarized below.

Position -2. FEL predicts that this position is under pervasive negative selection (dN/
dS = 0.49) in avian IAVs; the site exhibits a large number of substitutions (both synonymous
and non-synonymous) on avian branches (see 56 Fig). No significant selection effects were
detected by other likelihood methods (Table 1). Amino acids F and L are typically present at
this position in the HAs of avian, human and swine IAVs (Figs 10b, S5 and S6). The earliest
isolates of the A/equine/Miami/1963-like (H3N8) IAVs had H in position -2, whereas closest
avian IAVs carry F, L and Y (Table 2 and S5 and S6 Figs). However, given a significant diver-
gence of this equine lineage from other IAVs, the identities of amino acids at HA position -2 of
an avian precursor and first equine-adapted variants remain unclear. No changes at this posi-
tion occurred during emergence of other mammalian lineages. Collectively, these analyses
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Table 1. Selection pressure analysis of 9 sites of the HA of avian, mammalian and human IAVs ®,

Site Substitutions Pervasive selection Episodic positive selection Directional selection | Comparative selection f
(Syn: Non-Syn) b dN/dS, FEL significance number of branches, MEME (targetin H,
for AN#dS © significance 4 empirical
Bayes factor) °
A M H A M H A M H

-2|13:14 0:1 2:5 0.491* 0.354 1.89 0 0 0

62 | 18:1 1:2 2:5 0.0237 *** | 0.548 1.57 0 0 0 H>A ***, overall ***

63 | 4:5 1:2 1:2 0.145*** | 0.767 0.782 0 0 0 N (37)

81 | 3.7 0:0 0:1 0.378 * 0 0.675 5 0 0 overall *

92 | 10:16 1:2 0:2 0.504 * 0.616 0.734 0 0 0 T (41)
144 | 13:24 0:3 1:8 0.807 1.05 3.04* 0 0 0* H>A"
193 | 16:42 0:3 0:7 0.679 0.464 1.01 0 3 0
226 | 14:0 0:0 3:15 0 *** 0~ 6.98*** |0 0 7 H>A***, H>M ***, overall
228 | 17:0 1:1 2:0 0 *** 0.23 0** 0 0 0

# Groups A, M and H contained, respectively, 1492 sequences of avian IAVs, 406 sequences of equine, canine, feline and seal IAVs and 803 sequences of human IAVs
isolated in the years from 1968 to the end of 1999 (set H). We restricted analyses only to internal branches (see Materials and Methods). Asterisks depict significance
levels for the tests as follows: *, P< 0.05; **, P < 0.01; ***, P < 0.001.

® The number of synonymous and non-synonymous substitutions inferred to have occurred on internal branches in the corresponding group set with the SLAC
method.

© Site-level dN/dS estimate along internal branches in the corresponding group inferred using the FEL method. Asterisks show significance levels for the test that
dN#dS. When significant result is obtained, negative selection is inferred if dN/dS < 1, otherwise diversifying positive selection is inferred.

4 Site-level characterization of episodic positive selection in the corresponding group inferred using the MEME method. Asterisks show significance levels for the test
that dAN>dS for some fraction of branches. The number of individual branches where episodic selection may have acted is indicated as well (empirical Bayes

factor > 100)

¢ Site-level characterization of directional selection using the DEPS/FADE method. The residue that is the putative target of directional selection is indicated, with
empirical Bayes factor supporting directional selection shown.

fSite-level characterization of differences in selective pressures between branch groups using the Contrast-FEL method. Asterisks show significance levels for the test
that dN/dS differ between pairs of branch groups, or among all branch groups (overall). Notation like H>A means that dN/dS for “human” branches is greater than dN/

dS for “avian” branches. Only significant results are listed.

https://doi.org/10.1371/journal.ppat.1009566.t001

provided no indications of the association of the substitution F(-2)L with viral host range and
interspecies transmission.

Position 62. The codon is negatively selected in birds overall (FEL) with 99.3% of analysed
avian HAs containing R, (S1 Table). Contrast-FEL detects a higher dN/dS in human IAVs
compared to avian IAVs; the point estimate of dN/dS in humans is 1.57, but this is not signifi-
cantly different from 1. This finding is consistent with the location of the amino acid in the
antibody-binding site E of the H3 HA [45] and its evolution under immune selection pressure
in humans. In fact, all positions analysed here, with the exclusion of position -2, are also
located in the antibody-binding sites A (residue 144), B (193), D (226, 228) and E
(62,63,81,92). Avian-type R, is conserved among canine and most equine IAVs, with conser-
vative substitution R to K in equine viruses isolated after 2008 (Figs 10b, S5 and S6). The
H3N2/1968 pandemic viruses acquired non-conservative substitution R62I. Another indepen-
dent host switch event, transmission of an avian IAV to horses in Asia in 1989, was also
accompanied by non-conservative substitution R62G (Table 2). Two independent non-conser-
vative substitutions of conserved avian-type residue Rq, suggest potential adaptive role of these
substitutions during avian-to-mammalian transmission.
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Table 2. Alteration of amino acids at 9 positions of the H3 HA during host shifts *.

Host-specific virus lineage and the earliest isolate Position
-2 62 63 81 92 144 193 226 228
Human/swine F=L R=1 N=->K A-G N=-S Q=L G=S
Hong Kong/1/1968 DN~
Memphis/1/1968 D-N*
Equine F/L/Y=>H D-N* D=Y N-K
Equine/Miami/1/1963 (H3N8)
Canine H3N2 D->N*
Canine/Guangdong/1/2006
Eq/Jilin/1989 R2G D-N* D=Y N/D=E
Equine/Jilin/1/1989 (H3N8)
Sporadic isolates of avian-like IAVs from mammals® N-$ N-S

* Table shows substitutions at the indicated positions that separate the earliest isolates of stable mammalian lineages from the phylogenetically closest avian viruses.
Empty cells indicate a lack of changes. Asterisk next to N indicates that substitution generates glycosylation site. The analysis was performed using 2489 HA sequences
depicted in the Figs 10, S5 and S6.

® The HAs of 10 swine, canine and seal IAVs which clustered with HAs of avian viruses but did not form stable lineages. Substitutions were observed in two viruses, A/
harbour seal/New Hampshire/179629/2011 (H3N8) (N92S) and A/seal/Massachusetts/3911/1992 (H3N3) (N193S).

https://doi.org/10.1371/journal.ppat.1009566.t002

Positions 63 and 81. Avian HAs contained Dg; and Dy, in 98.3% and 98.6% of analysed
sequences, respectively (Fig 10b and S1 Table). Both codons are negatively selected in birds
overall (FEL). The substitution from D to N at either position 63 or position 81 of two co-cir-

culating pandemic virus lineages generated glycosylation sites. Remarkably, the substitution
D63N and acquisition of glycosylation site accompanied emergence of both equine IAV line-
ages, whereas substitution D81N with new glycosylation site occurred during transmission of
an avian H3N2 virus to dogs (Table 1). The glycosylation sites became fixed in H3N8 equine
and H3N2 canine lineages, moreover, the equine-origin H3N8 canine and human-origin
H3N2 swine IAVs inherited and preserved the glycosylation sites of their mammalian precur-
sors. As a result, all known mammalian IAVs with H3 HA differ from H3 avian IAVs by the
presence of N-glycan at either position 63 or position 81 (Figs 10b, S2, S5 and S6). Observed
parallel evolution of amino acids at positions 63 and 81 during avian-to-mammalian adapta-
tion represents a strong indication of their adaptive role in H3N2/1968 pandemic IAVs. There
is evidence of directional evolution towards N on the human branches at site 63. Furthermore,
substitution D81Y occurred in both H3N8 equine lineages. Thus, alteration of the properties
of amino acid in position 81 may play an adaptive role in interspecies transmission irrespec-
tively from and/or in addition to the effect of the substitution on HA glycosylation.

Position 92. Avian IAVs contain either Ng, or So,. The codon is negatively selected in birds
overall (FEL, dN/dS = 0.504) (Table 1). Whereas none of the avian HA sequences contained
Ko,, non-conservative substitution N92K altering change of the amino acid side chain accom-
panied emergence of the pandemic IAVs. Of note, this substitution is located in the close prox-
imity of another charged human-type substitution R62I (see Fig 1b) and could compensate for
the effect of the latter substitution on the net surface charge of the protein in this area. No sub-
stitutions in position 92 occurred during emergence of other stable mammalian lineages, how-
ever, conservative substitution N92S was present in H3N8 IAVs that caused epizootic with
cases of fatal pneumonia in New England harbour seals in 2011 [46] (Table 2 and S5 Fig).
Along the human branches, there is evidence of directional selection towards T, with two
clades showing N=>T substitutions which were then maintained.

Position 144. In accord with location of the amino acid in the antigenic site, codon 144 is
under positive selection in humans (FEL dN/dS = 3.04 and MEME). dN/dS on human
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branches is significantly higher than on the avian branches (Contrast-FEL). Avian IAVs typi-
cally contain A, I, or V but never G. By contrast, the H3N2/1968 pandemic IAVs carried a
non-conservative substitution A144G, which could affect the structure of polypeptide loop
140-145 located in the vicinity of the RBS. These notions suggest potential functional signifi-
cance of this substitution for the avian-to-human adaptation. There is no evidence of parallel
evolution at this site in other instances of avian-to-mammalian transmissions (Table 2).

Position 193. This amino acid is located at the upper rim of the RBS. The codon is predicted
to be under negative selective pressure in horses and dogs, but not in other species (Table 1).
Avian HAs contain N and, less frequently, S or D. Unique substitutions to K;93 and E ;93
occurred during independent transmissions of avian precursors to horses (A/equine/Miami/
1963-like lineage and A/equine/Jilin/1/1989-like lineage); conservative substitution N-to-S was
found in H3N3 avian-like IAVs isolated from seals in 1992 (Table 2 and S5 Fig). These findings
suggest a potential functional role of the substitution in position 193 during interspecies
transmission.

Amino acids Q,56 and G,z are critical for the avian HA binding to avian-type receptor
motif Neu5Aco2-3Gal [8,9,47]. Both codons are under purifying selection in birds, horses and
dogs, which share binding preference for Neu5Aco2-3Gal-terminated receptors. By contrast,
the codon 226 is under pervasive and episodic positive selection in humans (FEL dN/
dS = 6.98, MEME), and significantly higher dN/dS in humans compared to both avian and
mammalian lineages.

Discussion

Unavailability of immediate animal precursors of pandemic IAVs hampers understanding of
genetic and phenotypic changes in the HA that were essential for the viral animal-to-human
adaptation and pandemic spread. To mitigate this problem, we generated and characterized
the recombinant IAV R7 containing the HA of the hypothetical most recent common ancestor
of H3 avian and H3N2/1968 pandemic IAVs. R7 displayed receptor-binding profile typical for
duck viruses and differed in this respect from IAV's perpetuated by gulls, shorebirds and galli-
naceous land-based poultry ([28,29] and references therein). The HA of R7 showed high con-
formational stability and low pH optimum of fusion compatible with the aquatic bird origin of
the H3N2/1968 HA [13-15]. These properties of R7 agreed with the hypothesis that the
H3N2/1968 pandemic IAVs originated from a duck virus [22,48]. IAVs with the HA sequences
highly similar to R7 were isolated from both wild migratory ducks captured on a Pacific flyway
in Japan and domestic ducks in Southern China [48,49] (S1b Fig). It seems likely that the pre-
cursor wild duck virus was transmitted to humans via domestic ducks either with or without
additional intermediate host species.

The HAs of all four characterized pandemic IAVs (HIN1/1918, H2N2/1957, H3N2/1968
and HI1N1/2009) were relatively stable, whereas swine IAVs, highly pathogenic H5 and H7
IAVs from gallinaceous poultry and some IAVs of aquatic birds display low conformational
stability [11,15,16]. These observations suggested that adaptation of animal IAVs to humans
may require stabilizing substitutions in the HA [11,18], however, it remained unclear whether
this mechanism contributed to the emergence and initial pandemic spread of any known pan-
demic virus. We found that the HA of HK was in fact slightly less stable than the precursor HA
of R7 with a pHs, of conformational transition of 5.4 and 5.25, respectively (Fig 2). Reduced
HA stability of HK was primarily associated with substitutions at positions 226 and 228; substi-
tutions at other HA positions had lower if any effects. Thus, the duck precursor of the H3N2/
1968 TAVs had a sufficiently stable HA and was able to adapt to humans without elevation of
its conformational stability.
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Analysis of the receptor-binding specificity of HK and its HA variants (Fig 3b) confirmed
the concept that preferential binding of the H3N2/1968 viruses to Neu5Aco2-6Gal-terminated
receptors is primarily determined by substitutions Q226L and G228S [50,51]. The combina-
tion of other human-type substitutions in the HA decreased binding of HK to both
Neu5Aca2-6Gal- and Neu5Aco2-3Gal-terminated receptor analogues, reduced its attachment
to apical surfaces of HTBE cultures and lowered infectivity for HTBE cells without affecting
efficiency of viral neutralization by human airway mucus (Figs 4, 5 and 7). These results indi-
cated that non-226/228 substitutions lowered the avidity of HA binding to receptors on
human target cells. Although HK infected fewer cells than R5 during initial inoculation into
the HTBE cultures, HK produced more infectious viral particles after multicycle replication
(Fig 7), suggesting that it outperforms R5 during post-entry replication stage(s). The reduced
binding avidity can increase fitness of HK by facilitating release of viral progeny from cells and
preventing its receptor-mediated self-aggregation [34,52]. In addition, some of the non-226/
228 substitutions could, in principle, promote replication of HK relative to R5 by avidity-inde-
pendent mechanisms, such as facilitation of synthesis and intracellular processing of the HA
protein or assembly of viral particles. Further studies are needed to clarify potential roles of
these mechanisms.

Our observation of reduced HA avidity of H3N2/1968 IAVs is in line with the observed
lower avidity of the HA of swine-origin HIN1/2009 pandemic IAV as compared to its closest
available swine counterparts [53,54]. The NA catalytic activity of HIN1/2009 was also lower
than that of swine IAV NAs [54], in agreement with the concept that a functional balance
between HA and NA is essential for efficient replication and transmission of IAVs [55,56]. The
H3N2/1968 pandemic virus was a reassortant containing the H3 HA of an avian parent and
the N2 NA of a human parent. This NA differed from typical avian N2 NAs by substrate speci-
ficity [57,58] and by substitutions in the second sialic acid binding site that reduced catalytic
activity [59,60]. We speculate that the reduction of binding avidity of the avian-origin HA of
the H3N2/1968 IAVs could have simplified its functional match with the human-origin NA.

Reduced avidity of the HK HA was primarily associated with the avian-to-human substitu-
tions R62I, N193S and either D81N or D63N (Fig 4). The substitution R621 is located relatively
far from the receptor binding site and decreases the local and the net positive charges of the
HA. The negative effect of this substitution on binding avidity could be partially associated
with the reduction of electrostatic attraction of IAV particles to negatively charged soluble sia-
loglycans and cell membranes [34,61]. Amino acid 193 is located at the upper rim of the recep-
tor-binding site. Charged substitutions at this position, such as N/S =» K/D, were shown to
affect receptor-binding properties of avian and equine viruses with different HA subtypes
[28,29,51,62,63]. In the crystal structures of the avian H5 HA and canine H3 HA complexed
with avian-type receptor glycans 6-Su-3’SLN and 6-Su-SLe", the side chain of K, 93 interacts
with the sulfogroup attached to GIcNAc-3 [64,65]. In the H3N2/1968 HA complexes with
human-type receptor analogues LSTc and 6SLN-LN, the side chain of S;3 contacts the Gal-4
residue of the glycan [66,67]. These observations suggest that substitution N193S affects bind-
ing avidity of HK by altering HA interactions with sub-terminal saccharide residues of both
avian-type and human-type receptor glycans. The N-glycans on the HA globular head typically
decrease binding avidity with the effect being dependent on glycan structure and location with
respect to the receptor-binding site (for review, see [8]). Substitutions D81N and D63N are
located in the same area of the HA and result in addition of structurally similar complex type
N-linked glycans containing up to 4 antennae [68]. We assume that bulky NGg; and NGg;
either reach the lower rim of the RBS and directly interfere with HA-receptor interactions or
have some yet undefined allosteric negative effect on binding.
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The essential role of HA substitutions Q226L and G228S in the emergence of H2N2/1957
and H3N2/1968 pandemic IAVs is well established. To test whether other substitutions sepa-
rating the HA of HK from its avian precursor were at all required for the avian-to-human
adaptation, we compared transmission of HK and R5 via airborne droplets in ferrets, the cur-
rently preferred animal model for prediction of IAV replication and transmissibility in
humans [69]. R5 transmitted less efficiently than HK (Fig 9) supporting the concept that some
of the non-226/228 substitutions in the HA contributed to the human adaptation and pan-
demic spread of H3N2/1968 IAVs [21]. Unfortunately, the low statistical power of the current
ferret transmission model with small group sizes did not allow us to study effects of individual
substitutions on viral fitness and transmissibility. Additional experiments are needed to
address this question, for example, analyses of viral replication and transmission in ferrets
assisted by deep mutational scanning of the positions of interest [70]. Alternatively, improved
methods to assess viral transmissibility need to be developed.

To rank the substitutions in the order of their potential importance for the avian-to-human
adaptation of the H3N2/1968 HA we took into account various adaptation-related characteris-
tics, such as significant effect of the substitution on the HA phenotype, its location in the func-
tional region of the HA, and dissimilar patterns of evolution of corresponding positions in
birds and mammals (Table 3).

The substitutions Q226L/G228S displayed the maximal total score in such combined analy-
sis, supporting the validity of this approach. Among the non-226/228 substitutions, D81N and
D63N showed the highest score. Moreover, these HA positions were characterized by a
remarkable parallel evolution during interspecies transmission events (Table 2 and Figs 10, S5
and S6). In the context of HK HA, either substitution reduced the binding avidity and slightly
elevated the pH optimum of viral fusion within endosomes (Figs 4 and S3). However, it seems
unlikely that these effects alone could explain addition of a novel N-glycan in all independent
cases of avian H3 HA adaptation to such distinctive hosts as humans, dogs and horses. It is
also unlikely that NGg3/NGg; served to mask HA antigenic epitopes, given a lack of herd
immunity in mammals during emergence and initial epidemic spread of a novel IAV. The HA
of the HK-like strains A/X31 and A/Aichi/2/1968 containing NGg; was often used as a model
in the general research on the role of N-glycans in protein folding, quality control and intracel-
lular transport [72-74]. These studies showed that folding, formation of disulfide bonds and
quality control of the nascent HA chain in the ER is largely regulated by concerted interactions
of N-glycans attached in critical HA regions with lectin chaperones calnexin and calreticulin.
NGg; was found to engage calreticulin, and point mutants lacking NGg, displayed delay in
folding due to a less efficient formation of the critical intrachain disulfide bond C64-C76
located in vicinity of this glycan [73,74]. We therefore hypothesize that the addition of either
NGg; or the structurally equivalent NGg; increases fitness of avian-origin HA in mammals by
ensuring its interactions with mammalian chaperones. Of note, two other pandemic viruses,
HIN1 from 1918 and 2009, contained NGy, in the same area of the HA. Although fitness-
enhancing mechanisms of substitutions D63N/D81IN remain to be fully characterized, we con-
clude that these substitutions represent a previously unrecognized important marker of avian-
to-mammalian adaptation and pandemic potential of IAVs.

The relative importance of the other substitutions for the adaptation is less clear. R621
shows a high score (Table 3) and represents particular interest because it reduces HA avidity,
increases viral replicative fitness in MDCK cells and HTBE cultures and because codon 62 dis-
plays distinctive evolution in avian and mammalian IAVs. Substitutions N193S and A144G
are located in the functionally important region on the opposite rims of the RBS, show pheno-
types in receptor-binding assays and could serve to fine-tune HA interactions with receptors
in humans. The substitution F(-2)L in the signal peptide was neutral in most phenotypic and
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Table 3. Characteristics of avian-to-human amino acid substitutions in pandemic H3N2/1968 viruses.

F(-2)L R62I D63N DSIN N92K A144G N193S 226+228
Phenotypical effects®
Preference for Neu5Ac2-6Gal-terminated receptors
Binding avidity + + + + + +

pH of conformational transition

+ [+ |+ |+

Fusion activity (polykarion/NH4ClI) + +
Replication in MDCK + + + + + b
Replication in HTBE + NT

Structural features

+ |+

Location in the functional region of the HA + + +

+

Alteration of charge/non-conservative substitution + + + +
Addition of N-glycan
Variation of the codon in H3 HAs

+
+

Purifying selection in avian IAV's +

Conserved amino acid in avian IAVs

+ [+ |+

Human-type amino acid is not found in avian IAVs

+ [+ |+ |+

Parallel evolution in mammalian IAV's
Total® 3

o |+ [+ |+ |+
® |+ [+ |+ |+
+
+

10 5 6 4 12

? Plus indicates that point substitution in corresponding position affects properties of either HK, R5 or both viruses in one or more phenotypical assays used. Empty cells
depict a lack of statistically significant effect. N'T, not tested.
" These characteristics were described in the literature [19,50,71]

¢ Total number of plusses in the column. This number reflects probability of the adaptive role of the substitution during the avian-to-human transmission of the HA.

https://doi.org/10.1371/journal.ppat.1009566.t003

genotypic analyses performed, however, this substitution showed weak effect on viral mem-
brane fusion activity, thus deserving attention in the future studies.

The research on mammalian adaptation of avian IAV's was strongly stimulated and
advanced by two independent reports on HA substitutions that allowed airborne transmission
of avian H5N1 IAVs in ferrets [75,76]. In each study, two substitutions in the RBS changed
HA binding preference from Neu5Aco2-3Gal motif to Neu5Aco2-6Gal motif, one substitu-
tion removed N-glycan from the tip of the HA thus increasing binding avidity and one substi-
tution increased HA conformational stability. Remarkably, apart from the alteration of the
Neu5Ac-Gal linkage specificity, other ferret-adaptation changes in the H5N1 HA (alterations
of HA avidity, stability and N-glycosylation) are discordant with the changes that accompanied
emergence of the pandemic H3N2/1968. This discrepancy can be explained, at least in part, by
the differences between properties of poultry-adapted H5N1 IAVs and duck-origin precursor
of H3N2/1968 and between factors required for airborne transmission in ferrets and pandemic
spread in humans. In any case, our results highlight the importance of the studies on previous
pandemic IAVs for the influenza risk assessment and preparedness.

Materials and methods
Ethics statement

Animal experiments were conducted at Erasmus MC, in strict compliance with European
guidelines (EU directive on animal testing 2010/63/EU) and Dutch legislation (Experiments
on Animals Act, 1997). The study protocol was approved by Stichting Dier Experimenten
Commissie Consult (DEC Consult, permit number EMC3381), a Dutch independent animal
experimentation ethics review board.
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Cells and wild type IAVs

Cultivation of all non-infected and virus-infected cell cultures was performed at 37°C in 5% CO,.
MDCK cells, human embryonic kidney 293T cells, and human bronchial adenocarcinoma Calu-3
cells were propagated using Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented
with 10% fetal calf serum (FCS; Gibco), 100 IU/ml penicillin and 100 pug/ml streptomycin (pen-
strep), and 2 mM glutamine. DMEM containing pen-strep, 2 mM glutamine and 0.1% bovine
serum albumin (PAA Laboratories) (DMEM-BSA) was used for the viral infections.

Differentiated cultures of primary human tracheobronchial cells (HTBE) were prepared as
described previously [32]. In brief, primary HTBE cells (Lonza) were expanded on plastic in
BEGM growth medium (Lonza) and stored in aliquots in liquid nitrogen. Thawed passage-1 cells
were grown on membrane supports (12-mm Transwell-Clear; pore size, 0.4 um; Corning) in a 1:1
mixture of BEGM with DMEM. After 1 week, the medium was removed from the upper compart-
ment and cells were maintained in BEGM/DMEM mixture under air-liquid interface (ALI) con-
ditions. Fully differentiated 5- to 8-week-old cultures were used for the experiments.

A/Hong Kong/1/1968 (H3N2) was provided by Earl Brown, University of Ottawa, Ottawa,
Ontario, Canada and grown in MDCK cells. A/Mallard/Alberta/279/1998 (H3N8) and A/
Ruddy turnstone/Delaware/2378/1988 (H7N7) were provided by Robert Webster, St. Jude
Children’s Research Hospital, Memphis, TN, USA. The avian viruses were grown in 11-days-
old embryonated hen’s eggs.

Plasmids and recombinant IAVs

Reverse genetics plasmid pHW2000 and pHW2000 plasmids containing gene segments of A/
Puerto Rico/8/1934 (HIN1) (PR8) were provided by Richard Webby and Robert Webster,

St. Jude Children’s Research Hospital, Memphis, TN, USA. The eight pHW2000 plasmids con-
taining gene segments of HK/68, modified HA plasmids R2 and R5 and corresponding recom-
binant viruses were prepared previously [19,20].

Mutations were introduced into the HA plasmid of A/Hong Kong/1/1968 using a site-
directed mutagenesis kit (QuikChange; Stratagene). 2:6 recombinant IAVs containing wt and
modified HA of A/Hong Kong/1/1968, NA of A/Hong Kong/1/1968 and the remaining six
gene segments of PR8 were generated by reverse genetics [77] as described before [78]. These
viruses and their designations are listed in the Fig 1a. They were amplified in MDCK cells
using DMEM-BSA medium containing 1 ug/ml of TPCK-treated trypsin (Sigma), clarified by
low-speed centrifugation, and stored in aliquots at -80°C. The identities of the HA- and NA-
encoding genes of all viruses were confirmed by sequencing.

Virus titration and plaque size

Viruses were titrated in MDCK cells using single-cycle focus formation assay in 96-well plates
[19] and plaque formation assay under Avicel RC/CL overlay medium in 6-well plates [79].
Infected cells were detected by immunostaining for viral nucleoprotein (NP). The viral con-
centrations were expressed in focus forming units (FFU) and plaque forming units (PFU) per
ml, respectively. To determine the size of the plaques, plate wells containing from 5 to 50 pla-
ques were scanned with a flat-bed scanner. The plaque diameters were measured with the
Ruler Tool of Adobe Photoshop CS3 software version 10.0.1.

Low-pH-induced conformational transition of HA

Alteration of the HA sensitivity to protease digestion that accompany acid-induced conforma-
tional transition was determined using a solid-phase receptor binding assay as described
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previously [21,26]. In brief, viruses were adsorbed in the wells of fetuin-coated microtiter
plates and incubated with buffers containing 25 mM 2-(N-morpholino)ethanesulfonic acid
(MES), 150 mM NaCl, 0.9 mM CaCl, and 0.5 mM MgCl, (MES-NaCl). The pH of the buffers
varied from 4.8 to 6.0 in 0.1 steps. After incubation with MES-NaCl buffers for 15 min at 37°C,
the plates were washed with 25 mM phosphate buffered saline pH 7.2 (PBS) and incubated
with 0.1 mg/ml of proteinase K in PBS for 1 h at 37°C. After washing with PBS containing
0.01% tween 80, binding of peroxidase-labelled fetuin (fet-HRP) was determined and
expressed in percentages of binding to low-pH-exposed virus with respect to that of the virus
exposed to pH 7. Binding-versus-pH curves were plotted, and pH values that corresponded to
HA inactivation by 50% (pHs,) were determined by linear interpolation.

Inactivation of HA by chaotropic agent and heat treatment

The effects of guanidinium hydrochloride (GnHCI) and elevated temperature on HA inactiva-
tion were quantified using the solid phase receptor binding assay described above. Viruses
absorbed in the wells of fetuin-coated microtiter plates were either incubated for 1 hat4°C
with PBS containing variable concentrations of GnHCI (6.0, 4.6, 3.6, 2.7, 2.1, 1.6 and 0 M) or
incubated with PBS for different time periods at 65°C. After washing, the binding of fet-HRP
to GnHCl-treated and heat-treated viruses were determined and expressed in percentages with
respect to the binding to control viruses incubated at 4°C with PBS. Concentration of GnHCI
and incubation time at 65°C that reduced fet-HRP binding by 50% (ICs, and tsq, respectively)
were determined by linear interpolation.

Reduction of viral infectivity after 2-h incubation at 45 °C

Viral stocks were diluted in DMEM-BSA to a concentration of 4000 FFU per ml. Replicate
0.7-ml aliquots were incubated in closed Eppendorf tubes for 2 h either in a water bath at 45°C
or on ice (control). All samples were next titrated using single-cycle focus formation assay in
MDCK cells. Five technical replicates were used for the titration of each sample, and the results
were averaged. The titers of heat-treated viruses were expressed as percentages of the corre-
sponding control titers.

Low pH-induced polykaryon formation in virus-infected cells

pH-dependence of virus-induced cell-cell fusion was assayed as described [80] using MDCK
cells instead of VERO cells. In brief, MDCK cultures in 96-well plates were inoculated with 1
FFU of the virus per cell in DMEM-BSA and incubated overnight. The medium was discarded,
and the cultures were incubated for 15 min at 37°C with the DMEM-BSA containing 1 pg/ml
of TPCK trypsin. The trypsin-containing medium was substituted by pre-warmed MES-NaCl
pH-buffers (pH range from 5.3 to 7.0 in 0.1 steps), incubated for 10 min at 37°C and washed
once with PBS containing 0.9 mM CaCl, and 0.5 mM MgCl, (PBS+). After 3-h incubation
with DMEM-BSA at 37°C, the cells were fixed with 70% ethanol, stained with Giemsa stain
(Sigma) and analysed under the microscope. The highest pH at which more than 10 syncytia
with more than 5 nuclei/syncytium were observed was taken as the pH threshold of polykar-
yon formation.

Infection inhibition by ammonium chloride

The assay determined viral dependence on endosomal acidification during infection as
described previously [15]. In brief, MDCK cells in 96-well plates were inoculated with 200
FFU of the virus in either 0.1 ml DMEM-BSA containing various concentrations of NH,Cl
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(from 2 to 0.063 mM in 2-fold steps) or DMEM-BSA alone. The cells were incubated over-
night, fixed and immuno-stained for viral NP. Concentrations of NH,Cl that reduced num-
bers of infected cells by 50% (ICs,) were determined from dose-response curves by linear
interpolation. Absolute values of ICs, could vary depending on the lot of cultures, lot and pH
of culture medium, and other minor variations in the assay conditions, however, the relative
sensitivities to NH,Cl of the viruses tested in the same experiment were reproducible.

Infection inhibition by Vibrio cholerae sialidase

Binding avidity of the viruses for receptors on MDCK cells was compared using gradual desia-
lylation of receptors with bacterial sialidase as described previously [21]. In brief, MDCK cells
in 96-well plates were incubated with 0.05 ml per well of either serial two-fold dilutions of siali-
dase in DMEM-BSA (from 11.4 to 0.36 mU/ml) or DMEM-BSA alone for 30 min at 37°C.
Two hundred FFU of the viruses in 0.05 ml of DMEM-BSA were added per well without
removing sialidase. No trypsin was added to the medium to avoid multicycle replication. The
cultures were incubated overnight, fixed and immuno-stained for viral NP. Concentrations of
sialidase that reduced numbers of infected cells by 50% (ICs) were determined from dose-
response curves by linear interpolation.

Viral binding to sialoglycopolymers

Receptor-binding specificity of the viruses was characterized using soluble synthetic sialogly-

copolymers (SGPs) (GlycoNZ, Auckland, New Zealand) [27]. The SGPs contained 20 mol% of

sialyloligosaccharide moieties and 5 mol% of biotin attached to either the low-molecular-mass

(20-kDa) or high-molecular-mass (1000-kDA) poly-N-(2-hydroxyethyl)acrylamide backbone.
The structures of the sialyloligosaccharide moieties and designations of SGPs are shown

below.

Neu5Aco2-3Galp1-4GIcNACB 3’SLN
Neu5Aco2-3GalB1-4(6-Su)GIcNACB 6-Su-3’SLN
Neu5Aco2-3Galpl-4(Fucal-3)GlcNAcB SLe*
Neu5Aco2-3GalP1-4(Fucol-3)(6-Su)GIcNAcB 6-Su-SLe®
Neu5Aco2-3GalB1-3GIcNAcB SLe®
Neu5Aco2-3GalB1-3GalNAco 3’STF
Neu5Aco2-6Galp1-4GIcNACB 6’SLN

The binding of the viruses to SGPs was determined in a direct solid-phase binding assay as
described previously [26]. In brief, viruses adsorbed in the wells of fetuin-coated 96-well plates
were allowed to interact with serially diluted SGPs followed by incubation with peroxidase-
labelled streptavidin and tetramethylbenzidine (TMB) substrate solution. The association con-
stants of viral complexes with SGPs (K,s) were determined from the slopes of A45,/C versus
Ayso plots, where C is the concentration of the sialic acid in solution and Ays is the absorbance
in the corresponding well.

Viral attachment and single-cycle infection in differentiated HTBE cultures

One day before the experiments, apical sides of the cultures were incubated with 0.15 ml of
DMEM for 1 h at 37°C to collect secreted mucus. The mucus suspension was clarified by
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centrifugation at 6000xg for 5 min and stored at 4°C. Immediately before the experiments, the
cultures were washed 10 times with PBS+.

To study viral attachment, the cultures were incubated with viral suspensions in
DMEM-BSA (1.3x10° FFU per culture) for 1 h at 4°C. Control cultures were incubated with
DMEM-BSA. The cultures were washed with PBS+ and fixed with 4% paraformaldehyde for
30 min at 4°C. Attached viruses were quantified by immunostaining of the apical sides of the
cultures directly on Transwell-Clear supports. The cultures were blocked with 5% normal don-
key serum (NDS, Dianova) at 4°C overnight, followed by sequential 1-h incubation at room
temperature with in-house made rabbit polyclonal antibodies against HK and peroxidase-
labelled donkey anti-rabbit antibodies (Dianova). Both antibodies were diluted in PBS buffer
containing 10% normal horse serum (Dianova), 1% BSA, 1% NDS, 2% of the HTBE mucus
suspension and 0.05% tween 80. After washing with 0.05% tween 80 in PBS, peroxidase activity
was determined using TMB substrate. The mean substrate absorbency at 450 nm in the control
cultures was subtracted from the absorbencies in virus-treated cultures.

To confirm that suspensions used in HTBE attachment experiments contained equal
amounts of physical viral particles, non-specific viral binding to plastic was measured in con-
trol experiments [30]. Viral stocks were serially diluted in PBS and incubated in the wells of
the immunoassay 96-well microplate (Greiner) overnight at 4°C (0.05 ml/well). The wells were
washed, fixed and immuno-stained with anti-HK antibodies and TMB substrate as described
above for the HTBE experiments.

To study ability of the virus to enter into cell and initiate the first round of infection, repli-
cate HTBE cultures were inoculated with 2x10* FFU of the viruses in 0.2 ml of either
DMEM-BSA or DMEM-BSA mixture with the mucus suspension collected the day before
(3:1, vol/vol). The inoculum was removed 1 h post inoculation. The cultures were incubated
for an additional 7 h at 37°C under ALI conditions, fixed, immuno-stained for viral NP, and
infected cells were counted under an inverted microscope as described elsewhere [78].

Competitive replication in HTBE cultures

Simultaneous competition between HK and 6 single-point HA mutants (HK-2, HK-62, HK-
81, HK-92, HK-144, HK-193) was studied by inoculating HTBE cultures with a mixture con-
taining equivalent amounts of these seven viruses based on infectious titers. Three different
dilutions of this mixture were inoculated into HTBE cultures using 5 PFU of each virus per
culture (low dose, L, 12 replicate cultures), 20 PFU per culture (medium dose, M, 12 cultures),
and 320 PFU per culture (high dose, H, 6 cultures). After 1-h incubation at 37°C, the inocula
were removed, and the cultures were incubated under ALI conditions. At 72 h post-inocula-
tion, 0.3 ml DMEM was added to the apical sides of the cultures for 30 min. The apical
medium was collected, stored at —80°C, and analysed together with the stored aliquot of the
original inoculated viral mixture. The RNA was extracted from the virus-containing samples,
processed and analysed by next generation sequencing as described previously [81]. Propor-
tions of each mutant HA were calculated as the ratio of the number of reads coding for a spe-
cific mutation and the total number of reads covering the corresponding nucleotide position.
To cope with the overdispersion of the values of proportions, they were assumed to follow a
beta binomial distribution and analysed using a generalized linear model for location (mean),
scale (variance) and shape (skeweness of distribution). For details of model construction see
S1 Method. P values reflecting differences between the harvest and the inoculum were adjusted
according to Dunnett’s method [82]. Whereas each of the 6 HA mutants were unambiguously
identified and quantified in the mixture via corresponding unique single nucleotide polymor-
phisms, the parent HK lacked a mutation that could serve as unique identifier for this virus.
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We therefore inferred proportions of HK in the mixtures by subtracting experimentally deter-
mined proportions of all mutants from a theoretical value of 1 (for details see S1 Method).

Airborne transmission between ferrets

Respiratory droplet transmission experiments were performed as described previously [83]. In
brief, groups of two seronegative female adult ferrets were inoculated intranasally with 10°
TCIDs, of each virus by applying 0.25 ml of viral suspension to each nostril. One day after
inoculation, one naive ferret was placed opposite to each inoculated ferret in a transmission
cage that prevented direct contact but allowed airflow from the inoculated to the naive ferret.
The distance between the stainless steel grids of the ferret cages was 10 cm, and a directional
airflow was present from the donor to the recipient cage of approximately 100 /min. Nose and
throat swabs were collected from inoculated and contact ferrets on days 1, 3, 5, and 7 post-
inoculation and days 1, 3, 5, 7 and 9 post-exposure, respectively. Viral titers in swabs were
determined by end-point titration in MDCK cells. Blood was collected from all ferrets on day
14 post exposure, and the presence of antibodies against the tested viruses was analysed by
hemagglutination inhibition assay using standard procedures [84]. All animals were humanely
killed at the end of the in-vivo phase of the study.

HA sequences and phylogenetic analyses

Full-length nucleotide sequences of the H3 HAs were downloaded from the GISAID EpiFlu
database [85] accessed on March 11, 2020. Sequences were aligned using the MAFFT multiple
alignment program implemented in the Unipro UGENE package [86], version 35. Sequences
containing gaps and ambiguities, non-unique sequences and sequences of laboratory-derived
IAVs were removed manually using Bio-Edit version 7.1.11 [87]. Jalview version 2.11 [88] was
used to select representative sequences of swine IAVs by discarding all but one sequences with
identity >99% (redundancy threshold 99%). The evolutionary history was inferred using
IQ-TREE 2 with ModelFinder [89,90], the tree was plotted using MEGA7 [91]. Protein logos
were generated using web-based application WebLogo (Crooks et al., 2004).

Selection pressure analyses

Three groups of host-specific HA sequences were analyzed, which included 1492 sequences of
avian IAVs, 406 sequences of equine, canine, feline and seal IAVs and 803 sequences of
human IAVs isolated in the years from 1968 to 1999. We partitioned the maximum likelihood
tree into three groups of internal branches: human (801 branches), avian (1496 branches) and
mammalian (394 branches). Our analyses used dN/dS techniques (for a review, see [92]).
Because internal branches encompass at least one transmission event, we can assume that
changes occurring along these branches have been “seen” by selection. Not including changes
occurring along terminal branches we reduce the biasing effect of intra-host variation, which
may be maladaptive on the population level [92], and tends to inflate dN/dS estimates [93].
For each site in the HA alignment, we addressed the following four questions based on tests
available in the HyPhy 2.5 package [94].

1. What is the mean dN/dS at a site along the branches of interest? Does the site evolve subject
to pervasive negative (dN/dS < 1) or positive diversifying (dN/dS > 1) selection? This test
uses the Fixed Effects Likelihood (FEL) method [41], and significance was established using
a likelihood ratio test (LRT), at p < 0.05. In addition, we inferred the number of synony-
mous and non-synonymous changes and the most likely character at each internal node of
the tree using the SLAC method.
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2. Does the site evolve subject episodic positive diversifying selection (dN/dS > 1 along some
fraction of the tree)? This test used the Mixed Effects Model of Evolution (MEME) method
[42], and significance was established using LRT, at p < 0.05.

3. Does the site evolve under different selective pressures between groups of branches (dAN/dS
differ between some or all of the four sets of branches)? This test used the Contrast Fixed
Effects Likelihood (Contrast-FEL) method [43], and significance was established using a
collection of seven LRT (one for each pair of branch sets, and an omnibus test), with cor-
rected p < 0.01.

4. Is there evidence of directional evolution on “human” branches, where specific amino-
acids are being selected for? This is based on an improved version of the Directional Evolu-
tion of Protein Sequences (DEPS) test [44], and uses empirical Bayes Factors > 100 to iden-
tify, which, if any residues at a given site are being selected for / against. This test is not
based on dN/dS and is more suited to detect “sweeping” changes which involve only a few
substitutions.

Multiple sequence alignments, trees, and machine readable analysis results files are available
at https://github.com/spond/IAV-H3N2-analysis.

Statistics

Statistical tests were performed using Graphpad Prism 8.4 and R 3.6.0 (www.r-project.org).
Unless stated otherwise, figures show data from individual biological replicates. The bars or
horizontal lines indicate the group means, the length of the error bars is one standard devia-
tion. The details are explained in the table footnotes and figure legends. Student’s t test was
used to compare two groups. Dunnett’s or Tukey’s multiple comparison tests were performed
to compare more than two groups. More sophisticated statistical models were fitted by gener-
alized linear models in R. If not stated otherwise, strictly positive variables were log-trans-
formed before analysis, and percentage data were analyzed using quasi-binomial models with
logit link. If the data consisted of experiments made on different days, day was included as a
random intercept. Multiple tests of coefficients or contrasts within these models were done
using simultaneous tests for general linear hypotheses, and P values were adjusted using the
single step method [95] (comparable to Dunnett’s and Tukey’s procedure for multiple-to-one
and all-pairwise comparisons). If mixed models were used to account for day-to-day variations
between experiments, figures show data adjusted for day (that is, the variance attributed to
day-to-day variation is removed from the data to better show how the values depend on the
fixed factor). Details are explained in the methods sections of the respective experiments.
Observed statistical significance is indicated in the figures as follows: *, P <0,05; **, P <0,01;
***, P <0,001.

Supporting information

S1 Method. Construction of a GAMLSS model to analyse the frequency of observation of
the HA mutants in the competitive replication assay.
(DOCX)

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data
for Fig panels 2a, 2b, 2c, 2d, 2e, 2f, 3a, 3b, 3e, 4a, 4b, 4c, 4d, 5a, 5b, 6-HK, 6-R5, 8, 9, S3a,
S3b, S3c¢, S4a, S4b, S4c.

(XLSX)
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S1 Table. Prevalence of amino acids at indicated positions of the H3 HA of avian IAVs.
(DOCX)

S2 Table. Originating and submitting laboratories of the sequences from GISAID’s EpiFlu
Database on which this research is based.
(XLSX)

S3 Table. P values for the differences between Kass of viral complexes with SGPs presented
in the Fig 3A.
(PDF)

S1 Fig. Inference of amino acid substitutions separating HAs of H3N2/1968 pandemic
IAVs from their avian ancestor. (a) Phylogenetic relationships between H3N2/1968 and
avian IAVs. All full-length HA sequences of avian H3 IAVs and of pandemic IAVs isolated in
1968-1969 were downloaded from the GISAID EpiFlu database and processed as described in
Materials and Methods. The final dataset contained sequences of 1494 avian and 36 human
IAV HAs. The evolutionary history was inferred using MEGA7 with the maximum likelihood
method based on the Kimura 2-parameter model. The tree is drawn to scale, with branch
lengths measured in the number of nucleotide substitutions per site. Colours depict avian
IAVs from North America (blue), Eurasia and Oceania (black), and H3N2/1968 pandemic
viruses (red). (b) Detailed view of the branch, which includes pandemic and the closest avian
IAVs marked by the dashed box in the panel Sla. Subtypes of avian IAVs and accession num-
bers of all sequences are shown next to the strain names. HA amino acid sequence of the com-
mon avian-human ancestor (node A) was inferred using the Ancestors program of MEGA?7.
The ancestral sequence together with the sequences of representative avian and human IAVs
depicted by green diamonds are shown in the panel Slc. (¢) HA amino acid sequences of
H3N2 pandemic IAVs viruses isolated in 1968, the closest avian IAVs and the inferred com-
mon avian-human ancestor. Numbering starts from the N-terminus of mature HA protein,
the signal peptide is numbered from -15 to 0. Dots depict identity with the sequence of the
avian ancestor. Glycosylation sites at HA positions 63-65 and 81-83 are highlighted by yellow.
Arrow depicts virus strain A/Hong Kong/1/1968 (H3N2) used to make recombinant viruses in
this study. The figure was generated using Bio-Edit.

(PDF)

S2 Fig. Evolution of glycosylation sites in HA positions 63 and 81 of human H3N2 IAVs.
(a) Phylogenetic relationships between the HA of IAVs isolated from 1968 to 1995 were
inferred using MEGA7 with the maximum likelihood method. GISAID EpiFlu accession num-
bers and amino acids in positions 63-65 and 81-83 are shown next to the strain names. Col-
oured circles depict presence of glycosylation sites 63-65 (blue) and 81-83 (red). One virus
strain (A/Port Chalmers/1/1973) contained glycosylation sites at both positions (magenta).
The branch containing sequences of the viruses isolated after 1975 is collapsed for clarity (blue
triangle). Prototype strains used to define two glycosylation lineages of pandemic viruses are
highlighted by yellow. (b) Protein logos show frequencies of amino acids at positions 63-65
and 81-83 of the HA. Years of virus isolation and numbers of analysed sequences (in parenthe-
ses) are shown on the left. The figure was generated using Phylo-mLogo software (Shih ACC,
Lee DT, Peng CL, Wu YW. Phylo-mLogo: an interactive and hierarchical multiple-logo visual-
ization tool for alignment of many sequences. BMC bioinformatics. 2007; 8: 63).

(PDF)

S3 Fig. Conformational stability and membrane-fusion properties of the point HA
mutants of HK and R5. pH of acid-induced conformational transition (a), pH threshold of
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polykarion formation (b), and inhibition of viral infection by ammonium chloride (c) were
assayed as described in Materials and Methods. Panels show data points, geometric mean and
SDs from 2 to 8 experiments performed on different days with 2 to 6 replicates each. Data in
panels S3a and S3c were analysed using general linear mixed models in R 3.6.0. Concentration
was log-transformed before analysis. Day was included as a random intercept. Figures show
data adjusted for day. In panel S3b, due to the low resolution of the assay (with only 3 distinct
pH values), pH was analysed as an ordinal variable using an ordered logistic regression model.
Multiple tests of contrasts within these models were done using simultaneous tests for general
linear hypotheses, and P values were adjusted using the single step method. In all panels, verti-
cal dotted line separates point mutants of HK and point mutants of R5. Red asterisks depict
point mutants that were significantly different from their parental viruses, either HK or R5.
No significant difference was observed between HK and R5 in these assays.

(PDF)

$4 Fig. Receptor-binding properties of HK, R5 and their mutants grown in Calu-3

cells and HTBE cultures. (a) Association constants of viral complexes with 6’SLN (20
kDa). (b,c) Virus avidity for receptors on MDCK cells expressed as concentrations of the
Vibrio cholerae sialidase that reduced numbers of infected cells by 50% (ICsg). The higher
ICsy, the higher binding avidity. All panels show replicates, mean values (bars) and SDs.
Asterisks in panels S4a and S4b show P values for the differences with HK (dark grey bars)
determined by one-way Anova with Dunnett’s multiple comparisons test. Asterisks in
panel S4c depict differences between individual viruses determined by one-way Anova with
Tukey’s test.

(PDF)

S5 Fig. Variation of amino acids in selected positions of H3 HA during evolution in differ-
ent host species (scalable vector graphics). The figure shows maximum likelihood tree for
the nucleotide sequences of H3 HA inferred using IQ-TREE 2 and plotted using Mega 7.
Taxon labels (for example, A/equine/Miami/1/1963-A/H3N8-129722-H-R-NCT-YEN-
S-A-K-QSG) include virus name, subtype, GISAID EpiFlu accession number and amino acids
in HA positions -2, 62, 63-65, 81-83, 92, 144, 193, 226-228. Colours depict the following stable
host-specific lineages. Black, avian; red, human; green, swine; blue, equine; cyan, equine/Jilin/
1/1989; orange, canine H3NS8; magenta, canine H3N2. The earliest virus isolates from mamma-
lian lineages are highlighted with yellow. Green dots depict 10 sporadic avian-like mammalian
isolates. The tree includes the following full-length non-redundant sequences available from
GISAID EpiFlu database: 106 representative sequences of human IAVs isolated from 1968 to
2020 (2 sequences per year); 456 representative sequences of swine IAVs selected from the
total 2663 sequences using JalView; all 402 sequences of other mammalian IAVs (mainly
equine and canine); all 1494 sequences of avian IAVs; 31 sequences of avian, swine and human
IAVs sporadically isolated from a heterologous host species.

(PDF)

S6 Fig. Amino acid composition at the nine sites of H3 HA (scalable vector graphics). The
tree is based on HA sequences used for selection pressure analyses and includes 1492
sequences of avian IAVs, 406 sequences of equine, canine, feline and seal IAVs and 803
sequences of human IAVs isolated in the years from 1968 to 1999. Unobserved ancestral
codons were inferred using the SLAC method. Host-specific clades are depicted in the tree dis-
play for the site -2.

(PDF)
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