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Abstract

Although H5N1 influenza viruses have been responsible for hundreds of human infections, these
avian influenza viruses have not fully adapted to the human host. The lack of sustained
transmission in humans may be due, in part, to their avian-like receptor preference. Here, we have
introduced receptor binding domain mutations within the hemagglutinin (HA) gene of two H5N1
viruses and evaluated changes in receptor binding specificity by glycan microarray analysis. The
impact of these mutations on replication efficiency was assessed /in vitroand in vivo. Although
certain mutations switched the receptor binding preference of the H5 HA, the rescued mutant
viruses displayed reduced replication /n vitro and delayed peak virus shedding in ferrets. An
improvement in transmission efficiency was not observed with any of the mutants compared to the
parental viruses, indicating that alternative molecular changes are required for HSN1 viruses to
fully adapt to humans and to acquire pandemic capability.
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Introduction

Highly pathogenic avian influenza H5N1 viruses have caused not only catastrophic
outbreaks in poultry and wild birds in many countries in Asia, the Middle East, Europe and
Africa, but have also resulted in over 500 human infections with approximately 60% of
those being fatal (http://www.who.int/en). Human H5N1 virus infections have mainly
resulted from direct avian-to-human transmission of this virus, but despite repeated exposure
of humans to infected birds during these outbreaks, HSN1 viruses have not adapted to the
human host and developed the ability to transmit efficiently in a sustained manner from
person to person, an essential property of a pandemic strain. The genetic changes necessary
for H5N1 influenza viruses to adapt to humans and acquire efficient and sustained
transmissibility are poorly understood. Due to the ongoing occurrence of H5SN1 outbreaks
and a continuing genetic evolution of these viruses in avian species, there is an urgent public
health need to address this question.

To initiate influenza virus infection, the hemagglutinin (HA), which is the major surface
glycoprotein of influenza viruses, binds to host cell surface complex glycans via a terminal
sialic acid (SA). The preference of HA for particular SA moieties on host cells is a key
determinant of host range and tissue tropism (Connor et al., 1994; Ito et al., 1998;
Matrosovich et al., 2000). Avian influenza viruses preferentially bind SA in a2-3 linkage
with the vicinal galactose (a.2-3 SA), which predominate in the intestinal tracts of
waterfowl, the natural reservoir of influenza viruses. In contrast, human-adapted influenza
viruses preferentially bind to SA in a2-6 linkage (a.2-6 SA), the major linkage of human
respiratory epithelia (Shinya et al., 2006). Of the 16 HA subtypes known to exist in
waterfowl, only H1, H2 and H3 subtypes have adapted to humans, causing the pandemics of
1918, 1957 and 1968, respectively. Each of them acquired a preferential a2—-6 SA binding
specificity (Matrosovich et al., 2000) that most likely contributed to the ability of these
viruses to transmit efficiently among humans. While the origins of the 1918 H1IN1 pandemic
virus remain unclear, the H2N2 and H3N2 pandemic viruses were avian-human influenza
reassortant viruses that acquired the PB1, HA and NA genes from an avian virus, in the case
of H2N2, and PB1 and HA avian virus genes in the case of the H3N2 pandemic strain. The
particular mutations within the HA that contributed to the adaptation of avian influenza
viruses to human hosts have been elucidated for the previous pandemic subtypes. H2 and H3
glycoproteins were able to switch between a2-3 SA and a2-6 SA binding with two changes
(Q226L and G228S) (Connor et al., 1994; Naeve et al., 1984) while two different mutations
(E190D, G225D) in the H1 of the 1918 pandemic virus resulted in a switch from a2-3 SA
to a2—6 SA binding preference (Glaser et al., 2005). When these sets of mutations were
introduced into the H5 HA from A/Vietnam/1203/ 2004, H1 mutations (E190D and G225D)
abolished binding to all glycans tested while the H2/H3 mutations (Q226L and G228S)
caused a moderate shift in binding yet an equivalent, complete shift from a2-3 SA to a2-6
SA binding preference, similar to the shift observed with previous pandemic strains, was not
observed (Stevens et al., 2006). These results indicate that a different combination of
mutations in HA would be required for this H5N1 virus to shift from avian-like to human-
like receptor binding preference.
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The binding preference of H5N1 viruses for a2—3 SA receptors and the predominance of
a2-6 SA receptors on the upper respiratory tract (URT) epithelium of humans has been
suggested as a reason for the lack of efficient spread of avian influenza viruses among
humans (Shinya et al., 2006). However, more recently it was demonstrated that HSN1 virus
is able to replicate in human URT tissues ex vivo (Nicholls et al., 2007). In addition, we
observed that an avian influenza H5N1 virus isolated from a human in 2004 displayed a
high-growth phenotype in polarized oropharyngeal cells derived from the human upper
respiratory tract (Zeng et al., 2007). We have observed similar efficient H5N1 virus
replication in the URT tissues of ferrets (Maines et al., 2006; Maines et al., 2005), which like
humans, have a predominance of a2—6 SA receptors in their airway epithelia (Leigh et al.,
1995) and exhibit similar H5N1 virus attachment patterns within their respiratory tracts as
those observed for human respiratory tissue (van Riel et al., 2006). Characterizing the
impact of receptor binding preference on the efficiency of replication and transmission of
H5N1 viruses is an important step in understanding the pandemic risk posed by H5N1
viruses. In the present investigation, we identified amino acid changes in the H5 HA that
caused a shift in the receptor binding specificity. These receptor binding domain mutations
were introduced into the HA of two H5N1 viruses [A/ Hong Kong/486/97 (HK486) and A/
Vietnam/1203/04 (VN1203)] in order to examine the role of H5 HA receptor binding
specificity on replication, pathogenicity, and transmissibility of this avian virus subtype in
mammalian systems.

Receptor binding preference of parental and mutant H5N1 viruses

Different sets of mutations in glycan receptor-binding site (RBS) of H5N1 HA were
designed based on analyses of RBS of human-adapted HIN1 (PDB ID: 2WRG), H2N2
(PDB ID: 2WR7) and H3N2 (PDB IDs: IMQN, 1IHGG) HAs complexed with a2-6 SA
receptors. The common feature of RBS of H2N2 and H3N2 HAs was the presence of
residues Leu at 226 position and Ser at 228 position. Therefore the first set of mutations of
H5 HA RBS included Q226L and G228S. In the context of the more recent genetic clades of
H5 HA, a characteristic, natural change in the RBS is substitution of K193—R. This change
was shown to increase a.2,6 glycan binding of VN1203 virus (Stevens et al., 2008). To
accommodate this substitution, the second set of mutations included K193R in addition to
the Q226L/G228S mutations.

One of the characteristic differences between RBS of avian-adapted and human-adapted
H1IN1 HAs is the substitution of E190—D and G225—D. In human-adapted HIN1 HA,
D225 is positioned to interact with penultimate Gal sugar of a2-6 SA receptor while D190
is positioned to interact with sugars beyond (at the reducing end) the penultimate Gal sugar.
Therefore in the context of Q226L and G228S mutations in the H5 HA, it is preferable to
have E190D substitution since L226 and S228 already provide sufficient contacts with
SAa2-6Gal-motif. Unlike any of the other human-adapted HAs (H1, H2 and H3) which
have Ser or Thr or Ala at 193, the RBS of H5 HA has a Lys at 193 (or Arg in the more
recent genetic clades). The bulkier side chains of Arg or Lys at 193 in H5 HA in comparison
to Ser/Thr/Ala in H1, H2 and H3 HAs could potentially have unfavorable steric contacts
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with the sugars beyond (at the reducing end) the penultimate Gal sugar of the a.2—6 SA
receptor. Based on this analysis, the third set of mutations included E190D/K193S in
addition to Q226L/G228S mutations.

H5 HA mutant viruses, rHK486-LS (HA: Q226L, G228S), rHK486-DSLS (HA: E190D,
K193S, Q226L, G228S), rHK486-GDSLS (HA: D187G, E190D, K193S, Q226L, G228S),
rVN1203-DSLS (HA: E190D, K193S, Q226L, G228S) and rVN1203-RLS (HA: K193R,
Q226L, G228S) were generated by site-directed mutagenesis and the influenza virus reverse
genetics system (Table 1). rHK486-DSLS and rVN1203-DSLS viruses propagated in
MDCK cells also contained a mixed population (D and N) at amino acid 151 in the NA
protein. Mutant virus rHK486-GDSLS was a natural variant that arose in cell culture while
generating the rHK486-DSLS mutant. Interestingly, when the DSLS and GDSLS mutant
viruses were passaged in eggs, a reversion of the E190D HA mutation was detected. To
avoid this reversion, experimental virus stocks for these mutants were generated in MDCK
cells, while all others were grown in eggs (Table 1). Both parental and mutant viruses were
assessed for their ability to agglutinate horse (HRBC) or turkey red blood cells (TRBC),
which have been demonstrated to be agglutinated by viruses that recognize a.2-3 SA
receptors and viruses that recognize both a2-3 SA and a2—6 SA receptors, respectively (Ito
et al., 1997). HA titers of the mutant HK486 viruses were reduced by 32-fold when titers
were measured with HRBC versus TRBC. In contrast, the HA titers of the parental HK486
virus were identical regardless of the species of red blood cells used for detection (Table 1).
HA titers measured with HRBC were reduced by 64-fold and 4-fold for riYN1203-DSLS and
rVN1203-RLS, respectively, and the parental r'VN1203 virus binding was reduced by 2-fold
compared to TRBC. Compared to parental viruses, rHK486-LS, rHK486-GDSLS and
rVVN1203-RLS viruses exhibited increased binding to red blood cells re-sialylated with a.2,6
SA (Table 1). Together these results indicate a change in receptor binding preference of the
mutant viruses.

Receptor binding preference was more precisely assessed for each virus using glycan
microarray analysis (Blixt et al., 2004; Stevens et al., 2008). The a.2-3 and a.2—6 SA binding
preference of whole, inactivated parental (rHK486 and rVVN1203) and mutant (rHK486-LS,
rHK486-DSLS, rHK486-GDSLS, rVN1203-RLS and rVN1203-DSLS) viruses was
determined (Fig. 1). The parental virus, rHK486, consistently bound to all of the a.2-3
sialosides included in the array except for the a2-3 internal sialosides and bound none of the
a2-6 sialosides (Fig. 1A). The rVN1203 parental virus bound all a2-3 glycan categories
plus a few a.2-6 sialosides (#45, 46 and 56; Fig. 1E). In contrast, the mutant viruses
exhibited very different binding patterns. Mutant virus rHK486-LS bound nearly all of the
a2-6 glycans included in the panel at varying degrees and reduced binding was observed
with several of the linear and sulfated a.2-3 glycans (Fig. 1B). r¥VN1203-RLS virus bound
all categories of a2-3 and a2-6 SA glycans, except a2-3 internal sialosides, although
overall binding intensity was reduced with the mutant virus compared to the rVN1203
parental virus (Figs. 1E and F). Binding to almost all of the a2-3 and a.2-6 sialosides was
substantially reduced with rHK486-DSLS and nearly eliminated with rVN1203-DSLS
viruses (Figs. 1C and G). However, with the additional N187G spontaneously derived
mutation present in the rHK486-GDSLS virus, binding was restored with four of the a.2-6
sialoside glycans (#46-48 and 56-58; Table 2) and binding was only detected with two of
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the a.2-3 sialosides (#4, 34; Fig. 1D). Influenza viruses that have flourished in the human
population not only have increased binding preference for a2-6 SA glycans but also have
reduced binding preference for a2-3 SA glycans (Matrosovich and Klenk, 2003).

Replication of parental and mutant H5N1 viruses in cell culture

The effects of the introduced HA mutations on the replication efficiencies of HK486 and
VN1203 viruses were evaluated in Calu-3 cells, a polarized cell line derived from human
bronchial epithelium that express both a2,3 and a2,6 SA receptors (Zeng et al., 2007).
Calu-3 cells were grown to confluency on transwell membrane inserts, infected with
parental or mutant viruses at an MOI of 0.01 and maintained in either the presence or
absence of trypsin. Virus titers in apical supernatants collected 2 to 48 h post inoculation
(p.i.) were measured by standard plaque assays using MDCK cells. All viruses replicated
with similar kinetics and to similar titers in Calu-3 cells with (not shown) or without (Fig. 2)
the addition of exogeneous trypsin. At 12 and 24 h p.i., titers of the HK486 and rHK486-LS
viruses were at least 14-fold higher than those of rHK486-DSLS and rHK486-GDSLS
(0<0.05) (Fig. 2A). However, by 48 h p.i., all HK486 viruses had reached titers of greater
than 107 PFU/ml. Similarly, titers of VN1203 virus were at least 25-fold higher than that of
the mutant rVN1203-DSLS virus at 12 and 24 h p.i. (p<0.001), and by 48 h p.i. the mutant
virus titers were still significantly reduced compared to the parental virus (p<0.05; Fig. 2B).
However, rVN1203-RLS virus replicated on par with parental VN1203 virus up to 12 h p.i.
and was reduced only by 2- and 3-fold at 24 and 48 h, respectively. Therefore, only the LS
mutations introduced into the HK486 HA and the RLS mutation introduced into the VN1203
HA did not significantly reduce replication efficiency in the human bronchial epithelial cell
line.

Replication and transmission of parental and mutant H5N1 viruses in ferrets

Replication efficiencies of these mutant H5N1 viruses were evaluated /n7 vivo using the ferret
model. A 10°% 50% egg infectious dose (EIDsp) or plaque forming unit (PFU) dose of each
virus was administered intranasally (i.n.) to at least six ferrets and virus shedding was
monitored in nasal washes collected on alternating days for 9 days p.i. and 3 days p.i. three
ferrets were sacrificed for virus titration in ferret respiratory tract tissues. Consistent with the
replication efficiencies observed in Calu-3 cells, HK486 and rHK486-LS viruses replicated
to similar titers and with similar kinetics over the course of infection in ferrets, maintaining
titers in nasal washes of greater than 10° EIDsg/ml for the first 5 days p.i. with clearance by
day 9 p.i. (Fig. 3A). Similar levels of virulence were also observed between this virus pair.
Ferrets exhibited a maximum mean weight loss of >10%, substantial lethargy and mortality
reached approximately 30% (data not shown). In contrast, rHK486-DSLS and rHK486-
GDSLS viruses exhibited delayed replication kinetics and did not reach comparable titers
until day 5 p.i. when peak mean titers of 10%-1 or 10*7 EIDsg/ml, respectively were attained
(Fig. 3A). Lethargy and weight loss were minimal in rHK486-DSLS- and rHK486-GDSLS-
infected ferrets and all ferrets survived infection (data not shown). Mean virus titers in lung
tissues of ferrets inoculated with HK486 or rHK486-LS were similar, at least 1049 E1Dsg/g,
25 times greater than rHK486-DSLS or rHK486-GDSLS and no significant increase in virus
titers in the upper respiratory tract of ferrets was detected with any of the HK486 mutant
viruses (Table 3). Replication of mutant virus, rVN1203-DSLS, was significantly reduced
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compared to VN1203 with titers in nasal washes that were 18-12,000 fold lower through
day 7 p. i.; a peak mean titer of 1028 EIDgg/ml was detected in nasal washes 5 days p.i.
(p<0.001) and virus was cleared by 7 days p.i. (Fig. 3B). In contrast, rVN1203-RLS virus
replicated to titers similar to VN1203 by 5 days but was cleared in 5 of 6 animals by 7 days
p.i. No notable clinical signs were observed in r'VN1203-DSLS-infected ferrets, and only
modest lethargy and weight loss were observed in a single animal infected with rvVN1203-
RLS virus, whereas VN1203-infected ferrets exhibited severe lethargy, weight loss and
100% mortality by day 9 p.i. (data not shown). Lung titers were similar for all of the
VN1203 viruses while virus titers in nasal turbinates were similar for wild-type VN1203 and
rVN1203-RLS but none was detected for rVN1203-DSLS virus (Table 3). These data
indicate that the DSLS and GDSLS but not the LS HA mutations attenuated HK486 virus
and that despite similar virus titers in lung tissues at 3 days p.i., the DSLS and RLS HA
mutations attenuated VN1203 virus virulence in ferrets.

To assess the impact of these HA mutations on the transmission efficiencies of the HSN1
viruses, both respiratory droplet and direct contact transmission experiments using the ferret
transmission model were performed as previously described (Maines et al., 2006) (Table 3).
Four or six ferrets each were inoculated i.n. with 10% EIDsq or PFU of virus. A day later, two
or three of the inoculated ferrets were each co-housed with a naive ferret and the remaining
inoculated ferrets were each housed in modified cages with a perforated side wall adjacent to
a naive ferret so that there was no direct contact between the ferrets or indirect contact with
food and bedding, such that any transfer of virus occurred through the air. Transmission was
assessed by virus detection in nasal washes of contact ferrets collected 2-10 days post
exposure to infected animals, and seroconversion against the homologous virus detected by
hemagglutination inhibition assay in sera collected 16 or more days post exposure.
Transmission of parental HK486 virus was detected by seroconversion in 2 out of 2 ferrets
co-housed with infected ferrets and 2 out of 3 ferrets in adjacent respiratory droplet cages
(Table 3). However, during the course of infection, virus was detected in the nasal washes of
only 1 ferret from the contact experiment and none from the respiratory droplet experiment.
This level of transmissibility is similar to all previously reported results for this virus and is
considered to be inefficient compared to the efficient transmission of human influenza H3N2
viruses in this model (Maines et al., 2006) in which all H3N2 virus contact ferrets
seroconverted and shed virus regardless of the type of exposure to infected animals.
Transmission of parental VN1203 virus was essentially undetectable with only 1 ferret from
the contact transmission experiment seroconverting and no virus detected in any of the nasal
washes of contact animals despite exposure to infected animals shedding as much as 108
EIDgo/ml at the peak of infection (Fig. 3B). None of the mutant viruses (rHK486-LS,
rHK486-DSLS, rHK486-GDSLS, rVN1203-DSLS or rVN1203-RLS) transmitted more
efficiently than their parental counterparts indicating that the introduced mutations did not
confer properties that enhance either contact or respiratory droplet transmission in the ferret
model.

Discussion

Efficient transmission of influenza viruses among humans is determined by multiple factors
that are not well understood, but the ability to infect and replicate efficiently in the cells of
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the human respiratory tract is undoubtedly a prerequisite for transmission. In addition, the
receptor binding preference of influenza viruses for receptors on cells of the airway
epithelium is likely a contributing determinant. Here we describe HA mutations that, when
introduced into H5N1 viruses, impacted receptor binding preference but that almost always
attenuated the replication efficiency /n vitroand in vivo. Compared to parental HSN1
viruses, the LS, RLS and GDSLS mutations resulted in increased binding to a2-6 SA
glycans and reduced binding to some of the a2-3 SA glycans included in the microarray.
This was most evident with the rHK486-GDSLS virus. The DSLS mutations resulted in
reduced binding to both a2-6 and a2-3 SA glycans, a finding also observed by others
(Yang et al., 2007). The greater binding of a2—6 and a.2-3 SA glycans by rHK486-DSLS as
compared to r'VN1203-DSLS could be mediated by a subpopulation of viruses with the
N187G substitution. Although it was not detected by consensus sequencing, it was
previously detected in MDCK-grown stocks of rHK486-DSLS. Virus replication in human
bronchial epithelial cells was significantly reduced by the DSLS and GDSLS HA mutations
while the LS and RLS mutations had little impact on replication efficiency /n vitro. In
ferrets, peak replication of mutant viruses was delayed compared to parental strains, except
for the LS mutation in HK486. None of the mutant viruses replicated to significantly higher
titers in the ferret upper respiratory tract and most importantly, none of the introduced
mutations improved the transmission efficiency of the H5SN1 viruses.

Previous studies showed that the earliest isolates of the H2 and H3 pandemic strains already
exhibited an a.2-6 SA binding preference, but additional adaptive changes in the HA
increased the affinity for a2—6 SA binding, a change that is proposed to have engendered
efficient replication and transmission among humans (Matrosovich et al., 2000).
Furthermore, when the HIN1 1918 pandemic virus was mutated to change receptor binding
preference from a2—-6 SA to the avian-like a2-3 SA, transmission in ferrets was abolished
(Tumpey et al., 2007). Some H5N1 viruses isolated from humans have acquired changes in
their HAs that increase their avidity for binding to a2-6 SA receptors while maintaining a
moderate avidity for a2-3 SA glycans. A/HK/213/03 and A/Turkey/65-596/06 have an
S227N HA change and were shown to bind both a2-6 SA and a2-3 SA glycans
(Gambaryan et al., 2006; Yen et al., 2007) but efficient transmission of these viruses was not
observed in ferrets (Maines et al., 2006; Yen et al., 2007). Furthermore, when two mutations
(N182K, and Q192R) identified in H5N1 human isolates were introduced into an avian
virus, again a moderate degree of binding to both a2-3 SA and a2-6 SA was observed
(Yamada et al., 2006) and when mutations N182K, Q22L, and G224S were introduced into
A/Indonesia/5/05 virus, binding patterns to ferret and human respiratory tract tissues
resembled those of a human seasonal influenza virus (Chutinimitkul et al., 2010) but the
transmissibility of these viruses were not tested. The human airway epithelium is a dynamic
environment, rich in secreted sialic acid-containing mucins that act as a barrier between
pathogens and epithelial cells (Lamblin et al., 2001). These mucins primarily contain a2-3
glycans and can bind virus and prevent them from reaching the cell surface (Couceiro et al.,
1993). Thus, one consideration is that in order for an H5N1 virus to gain pandemic
capability, it will likely need to not only gain an increased avidity for a2—-6 SA glycans but
also reduce its avidity for a2-3 SA glycans to avoid becoming trapped in mucin. It is
possible that the reduced binding to a.2,3 SA of the mutant viruses account for the observed
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reduced virulence and the subtle increase in a2,6 SA binding observed with some of the
mutants was not sufficient to facilitate efficient replication, thereby affecting infectivity and
ultimately transmission.

The NA protein also plays an important role by cleaving sialic acid inhibitors in the
respiratory tract allowing the virus to reach the cell surface (reviewed in (Matrosovich and
Klenk, 2003)). When a single mutation (R292K) was introduced into the NA of H3N2
viruses, reduced enzymatic activity was observed (Yen et al., 2005) as well as reduced
infectivity and transmissibility in ferrets (Herlocher et al., 2002). The HA and NA must
work in concert to establish a balance between cleavage of SA in the respiratory tract and
binding to airway cell surface SA receptors. Not surprisingly when mutations are introduced
into one protein, compensatory changes can occur in the other protein to maintain a balance
in receptor binding and cleaving. Here we introduced mutations into the HA of H5N1
viruses that shift virus binding preference toward a.2—6 SA receptors. When the DSLS
mutations were introduced into the HA of HK486 and VN1203, a spontaneous D151N
change was acquired in the NA of both viruses during propagation in the laboratory, but
whether or not this is a compensatory change affecting NA activity is currently not known.
Moreover, DSLS and GDSLS mutations attenuated replication and none of the introduced
mutations were sufficient to enhance transmission among ferrets. It is possible that this
change in specificity failed to provide robust binding to receptors on ferret airway cells, or
impaired the balance between the HA and NA. However, other factors unrelated to the HA
and NA may also play a role. As a case in point, we reported that a reassortant virus
possessing the HA and NA from a highly transmissible, human H3N2 virus and the internal
genes from an avian H5N1 virus, replicated efficiently but that transmission was not
observed (Maines et al., 2006).

Recent studies have highlighted increased complexity of the structural topology among a.2—
3 and a.2-6 SA and suggest that conformational features that go beyond linkage specificity
contribute to virus binding and could play a role in virus transmissibility. In particular, as
exemplified by glycan analysis of a human epithelial cell line (Chandrasekaran et al., 2008),
the human upper airway appears to express a diversity of a2-6 SA structures including
expression of long oligosaccharides. Human adapted H1 and H3 HA demonstrate increased
binding affinity and high specificity for long a2-6 glycans, and it has been postulated that
HA specificity for a2—6 glycan receptors with distinct topology is the critical determinant
for human adaptation of HA (Chandrasekaran et al., 2008). The diversity of oligosaccharide
lengths in the ferret respiratory tract is currently not known but diversity of sialic acid
receptors could in part contribute to the inefficient transmission observed here with the
HSN1 mutants.

Collectively, these results demonstrate that although the introduction of receptor binding
domain mutations to the H5 HA resulted in viruses that bound to human influenza virus type
receptors, the mutant viruses were generally attenuated and were unable to spread to naive
contact animals. The data suggest that additional or alternative receptor binding domain
mutations in the H5 HA are needed in order to confer efficient replication and transmission
of this potentially pandemic strain. Additional molecular changes in one or more of the
remaining seven viral gene segments are likely needed for H5N1 viruses to transmit
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efficiently and acquire pandemic capability. Identifying these determinants will lead to a
better understanding of mechanisms involved in influenza virus transmission and will assist
in pandemic preparedness.

Materials and methods

Viruses

Plasmid-based, reverse genetics derived H5N1 avian influenza viruses were used in this
study. Mutations were introduced into the HA plasmid of each parental virus by site-directed
mutagenesis (Stratagene, Cedar Creek, TX) to generate mutant viruses, rHK486-LS,
rHK486-DSLS, rHK486-GDSLS, rVN1203-DSLS and rVN1203-RLS. Virus stocks were
prepared in 10-day-old embryonated eggs as previously described (Maines et al., 2006). The
rHK486-DSLS, rHK486-GDSLS and rVVN1203-DSLS mutant viruses were propagated in
Madin-Darby Canine Kidney (MDCK) cells (ATCC, Manassas, VA) containing Dulbecco’s
modified Eagle medium (DMEM), 0.025 M HEPES, 0.3% BSA (Gibco Invitrogen,
Carlsbad, CA). The genetic makeup of each virus was confirmed by sequencing as
previously described (Maines et al., 2005). All research with HSN1 mutant and wildtype
viruses was conducted under biosafety level 3 (BSL-3) containment, including
enhancements required by the U.S. Department of Agriculture and the Select Agent Program
(Richmond and McKinney, 2007).

Glycan microarray analysis

All of the VN1203 viruses used with the glycan microarrays were generated with internal
genes from PR8/34 virus and the multi-basic cleavage site changed to a standard HA
cleavage site. All of the HK486 viruses were generated with HK486 internal genes and the
multi-basic cleavage site was not modified from the wildtype version. Influenza viruses were
concentrated by centrifugation and inactivated by overnight treatment with p-propiolactone
at 4°C. Confirmation of inactivation was obtained by two passages in eggs and one in
MDCK cells. Glycan microarray slides were produced specifically for influenza research at
the CDC using the Consortium for Functional Glycomics (CFG) glycan library (see Table 2
for a list of glycans). Receptor specificity of influenza viruses was conducted as previously
described (Stevens et al., 2008). Calculations to determine dilutions used for microarray
analysis were based on titers determined using turkey erythrocytes.

Cell culture infections

A human bronchial epithelial cell line (Calu-3) was cultured to confluency on transwell
inserts as previously described (Zeng et al., 2007). In triplicate, Calu-3 monolayers were
inoculated apically with wildtype or mutant virus at an MOI of 0.01 for 1 h at 37°C.
Unbound virus was removed by washing three times and cells were cultured in DMEM
supplemented with 0.3% BSA and in the presence or absence of trypsin (1 pg/ml; Sigma, St.
Louis, MO). Virus titers in apical supernatants collected at designated time pointswere
determined in MDCK cells using a standard plaque assay described previously (Zeng et al.,
2007).
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Ferret infections and transmission experiments

Male Fitch ferrets, 6-8 months of age (Triple F Farms, Sayre, PA), that were serologically
negative by HI assay for currently circulating influenza viruses were used in this study.
Throughout each experiment ferrets were housed in cages within a Duo-Flo Bioclean mobile
clean room (Lab Products, Seaford, DE). Baseline serum, temperature, and weight
measurements were obtained prior to infection. Temperatures were measured with a
subcutaneous implantable temperature transponder (BioMedic Data Systems, Seaford, DE).
Respiratory droplet and contact transmission experiments were conducted for each virus
included in the study as previously described (Maines et al., 2006). Briefly, for the
respiratory droplet transmission experiments, ferrets were housed in adjacent cages each
with a perforated side wall to facilitate transfer of respiratory droplets through the air but
prevent direct contact between the animals or indirect contact with bedding or food of
neighboring ferrets. Six ferrets were used for each experiment. Three of these ferrets were
inoculated with 108 EIDsq or PFU, for egg-grown or cell-grown viruses, respectively, and
each placed in a separate cage. Twenty-four hours later a naive ferret was placed in each of
three cages adjacent to the inoculated ferrets. Contact transmission experiments were
conducted similarly except that unmodified, solid-wall cages were used and 24 h after
inoculation, a naive ferret was placed in each cage containing an inoculated animal. Clinical
signs were monitored daily for at least 16 days while nasal washes were collected and
analyzed on alternating days for 9 days as previously described (Maines et al., 2005). Three
additional ferrets each were inoculated with the same dose of virus and sacrificed 3 days p.i.
for determination of virus titers in lung and nasal turbinate tissues. All animal procedures
were conducted with the approval of the CDC Institutional Animal Care and Use Committee
(IACUC).

Hemagglutination and hemagglutination inhibition assays

Hemagglutination assays using resialylated turkey red blood cells were performed as
previously described (Pappas et al., 2010). Assays were performed by using both 4 and 8
hemagglutination units of virus yielding identical results. Convalescent sera were collected
from ferrets 16—20 days post exposure and analyzed for the presence of H5-specific
antibodies by HI using homologous virus and 1% turkey erythrocytes as previously
described (Maines et al., 2006).

Statistical analysis

Student’s ttest was performed on virus titration data. A p value of <0.05 was considered
significant.
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10 20 0 90

Comparison of parental and mutant H5N1 receptor binding preference using a glycan
microarray. Glycan specificity was assessed for H5N1 viruses; rHK486 (A), rHK486-LS
(B), rHK486-DSLS (C), rHK486-GDSLS (D), rVN1203 (E), r¥N1203-RLS (F) and
rVN1203-DSLS (G) using glycan microarrays. Viruses, rHK486, rHK486-LS, rHK486-
DSLS, rVN1203 and rVN1203-RLS were assessed using 256 HA units while rHK486-
GDSLS was assessed using 128 HA units and VN1203-DSLS was assessed using 309 HA
units. Due to different imprinting between the chips used for these glycan microarray
studies, glycans # 10, 11, 26, 27, 42-45, 48, 49, 60-62, 79-81, 84, and 99 are absent for
VN1203 and VN1203-DSLS. Colored bars highlight glycans that contain a2—-3 SA (blue)
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and a2-6 SA (red), a2-6/a2-3 mixed SA (purple), N-glycolyl SA (green), a2-8 SA
(brown), p2-6 and 9-O-acetyl SA, and non-SA (gray). Error bars reflect the standard error in
the signal for six independent replicates on the array. Structures of each of the numbered
glycans are listed in Table 2.
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Fig. 2.

Rgplication of parental and mutant H5N1 viruses in Calu-3 cells. Calu-3 cells were grown to
confluency on transwell inserts. Cells were infected with wild-type or mutant H5SN1 viruses
at an MOI of 0.01 for 1 h at 37°C. Unbound virus was removed by washing the cells 3 times
and infected cells were cultured in DMEM medium supplemented with 0.3% bovine serum
albumin. Calu-3 cells and virus were cultured in the presence (not shown) or absence of
trypsin (1 pg/ml; Sigma, St. Louis, MO). Apical supernatants were collected at the indicated
times and virus content was determined in a standard plaque assay using MDCK cells. The
values shown represent the mean virus titer of fluids from three replicate infected cultures.
A. HK486 parental and mutant viruses are shown. B. VN1203 parental and mutant viruses
are shown. Error bars represent the standard deviation of three independent wells.
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Fig. 3.
Rgplication of parental and mutant H5N1 viruses in ferrets. At least 3 ferrets each were
inoculated i.n. with a 108 E1Dsq or PFU dose of virus. Virus titers in nasal washes collected
every other day for 9 days were measured in eggs. A. Mean titers for HK486 parental (solid
bar) and mutant (dotted bar) viruses are shown. B. Mean titers for VN1203 parental (solid
bar) and mutant (dotted bar) viruses are shown. The limit of detection was 101> EIDsp/ml
and is indicated by a dotted line.
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Table 2

Sialic acid linked glycans represented on the glycan microarray.

Chart number

© 00 N oo g A~ W N P

W W W W W W W W WWNNDNDNDNDND NN NN PR R R R R R R R R
© 00 N o o B~ W N P O © 00 N O O b~ W DN kP O ©W 0o N o g b~ W N - o

Chart color

Structure

a-Neu5Ac-Sp8

a-Neu5Ac-Spll

b-Neu5Ac-Sp8

Neu5Aca2-3(6-O-Su)Gal p1-4(Fucal-3)GIcNACB-Sp8
Neu5Aca2-3Galp1-3[60SO3]GalNAca-Sp8
NeuSAca2-3Galp1-4[60S03]GIcNAC B-Sp8
Neu5Aca2-3Galpl-4(Fucal-3)(60SO3)GIcNACB-Sp8
Neu5Aca2-3Galp1-3(60SO3)GIcNAC-Sp8
Neu5Aca2-3Galp1-3(Neu5Aca2-3Galpl-4)GIcNACB-Sp8
Neu5Aca2-3Galp1-3(NeusAca2-3Galpl-4GIcNACB1-6)GalNAc-Spl4
Neu5Aca2-3Galpl-4GIcNAcB1-2Mana1-3(NeuSAca 2-3GalB1-4GIcNAcB1-2Mana 1-6)ManB1-4GIcNAcB1-4GIcNACB-Spl12
Neu5Aca2-3Galp1-Sp8

NeubSAca2-3GalNAca-Sp8

Neu5Aca2-3Galp1-3GalNAca-Sp8
Neu5Aca2-3Galp1-3GIcNACB-SpO
Neu5Aca2-3Galp1-3GIcNACB-Sp8

Neu5Aca2-3Galp1-4GlcB-Spo

Neu5Aca2-3Galp1-4GlcB-Sp8

Neu5Aca2-3Galp1-4GIcNACB-Spo
Neu5Aca2-3Galp1-4GIcNACB-Sp8
NeuS5Aca2-3GalNAcB1-4GIcNACB-Sp0
Neu5Aca2-3Galpl-4GIcNACB1-3Galp1-4GIcNACB-Sp0
Neu5Aca2-3Galp1-3GIcNACB1-3Galp1-3GIcNACB-Sp0
Neu5Aca2-3Galp1-4GIcNAcB1-3Galp1-4GIcNACB1-3GalB1-4GIcNACB-SpO
NeuS5Aca2-3Galpl-4GIcNAcC B1-3Galp1-3GIcNAC B-Sp0
Neu5Aca2-3Galpl-3GalNAc-Spl4

Galp1-3(NeuSAc a2-3Galp1-4(Fucal-3)GIcNAc p1-6)GalNAc-Spl4
Neu5Aca2-3Galp1-3(Fucal-4)GIcNACB-Sp8
Neu5Aca2-3Galpl-4(Fucal-3)GIcNACB-Sp0
Neu5Aca2-3Galp1-4(Fucal-3)GIcNAcB-Sp8
Neu5Aca2-3Galpl-4(Fucal-3)GIcNAcB1-3GalB-Sp8
Neu5Aca2-3Galpl-4(Fucal-3)GIcNAcB1-3Galp1-4GIcNACB-Sp8
Neu5Aca2-3Galpl-4(Fucal-3)GlcNAcB1-3Galpl-4(Fucal-3)GlcNAcB1-3Galpl-4(Fucal-3)GIcNACB-SpO
Neu5Aca2-3GalB1-4GIcNAcB1-3GalBl-4(Fucal-3)GIcNAc-Sp0
Neu5Aca2-3(GalNAcB1-4)Galp1-4GIcNACB-Sp0
NeuS5Aca2-3(GalNAcB1-4)GalB1-4GIcNACB-Sp8
Neu5Aca2-3(GalNAcB1-4)GalB1-4Glcp-Sp0
Galp1-3GalNAcB1-4(NeuSAca2-3)Galp1-4GIcB-Spo
Fucal-2Galp1-3GalNAcp1-4(Neu5Aca2-3)Galp1-4Glcp-Sp0
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Chart number  Chart color
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

Structure

Fuca1-2Galp1-3GalNAcB1-4(NeuSAca2-3)Galp1-4GlcB-Sp9

Neu5Aca2-6Galp1-4[60SO3]GIcNACB-Sp8

Galp1-4GIcNAcB1-2Mana1-3(NeuSAca2-6Galp1-4GIcNAcB1-2Mana 1l-6)Manp1-4GIcNAcB1-4GIcNACB-Spl2
GlcNAcB1-2Mana 1-3(NeuSAca2-6Galpl-4GIcNAcB1-2Mana1-6)Manp1-4GIcNACB1-4GIcNACB-Spl2
Galp1-4GIlcNAcB1-2Mana 1-3(NeuSAca2-6GalB1-4GlcNAcB1-2Mana 1-6)ManB1-4GIcNAcB1-4GIcNACB-Sp21
Neu5Aca2-6Galp1-4GIcNAcB1-2Mana1l-3(GlcNAcB1-2Manal-6)ManBl-4GIcNAcB1-4GIcNACB-Spl2
Neu5Aca2-6Galp1-4GIcNAcB1-2Mana1-3(Neu5Aca2-6Galpl-4GIcNAcB1-2Mana 1-6)ManB1-4GIcNACB1-4GIcNACB-Sp13
NeuSAca2-6Galp1-4GIcNAcB1-2Mana 1-3(NeuSAca2-6Galp1-4GlcNAcB1-2Mana 1-6)ManB1-4GIcNAcB1-4GIcNACB-Sp8
Neu5Aca2-6Galp1-4GIcNAcB1-2Manal-3(NeuSAca2-6Galpl-4GIcNAcB1-2Mana1-6)ManB1-4GIcNACB1-4GIcNACB-Spl12
Neu5Aca2-6Galp1-4GIcNAcB1-2Mana 1-3(Galp1l-4GlcNAcB1-2Mana 1-6)Manp1-4GIcNAcB1-4GIcNAcB-Spl2
Neu5Aca2-6GalNAca-Sp8

Neu5Aca2-6Galp-Sp8

Neu5Aca2-6Galp1-4Glcp-Sp8

NeuSAca2-6Galp1-4GIcNACB-Sp0

Neu5Aca2-6Galp1-4GIcNAcB-Sp8

Neu5Aca2-6GalNACB1-4GIcNACB-Spo

NeuSAca2-6Galp1-4GIcNAcB1-3GalB1-4GIcNACB-SpO
Neu5Aca2-6Galp1-4GIcNAcB1-3Galpl-4(Fucal-3)GIcNAcB1-3Galpl-4(Fucal-3)GIcNACB-Spo
Galp1-3(NeuSAca.2-6)GIcNACB1-3Galp1-4GIcB-Spl0

Galp1-3(NeuSAca2-6)GalNAca-Sp8
Neu5Aca2-3Galp1-4GIcNAcB1-2Manal-3(NeuSAca2-6Galpl-4GIcNAcB1-2Mana1-6)ManB1-4GIcNACB1-4GIcNACB-Spl2
Neu5Aca2-6Galp1-4GIcNAcB1-2Mana 1-3(Neu5Aca2-3Galpl-4GIcNAcB1-2Mana 1-6)ManB1-4GIcNACB1-4GIcNACB-Spl12
Neu5Aca2-3Galp1-3(Neu5Aca2-6)GalNAc-Spl4

Neu5Aca2-3Galp1-3(NeuSAca2-6)GalNAca-Sp8

NeuS5Aca2-3(NeubAca2-6)GalNAca—Sp8

Neu5Gca-Sp8

Neu5Gca2-3Galp1-3(Fucal-4)GIcNAcB-Sp0

Neu5Gca2-3Galp1-3GIcNACB-Sp0

Neu5Gca2-3Galpl-4(Fucal-3)GIcNACB-SpO

Neu5Gca2-3Galp1-4GIcNACB-Sp0

Neu5Gca2-3GalB1-4Glcf-Sp0a2-6GalNAca—Spo

Neu5Gca2-6GalNAca-Sp0

Neu5Gca2-6Galp1-4GIctNACB-Sp0 a2—-8NeuSAca-Sp8

Neu5Aca2-8Neu5Aca-Sp8

NeuS5Aca2-8NeuSAca2-8Neu5Aca-Sp8

Neu5Aca2-8NeuSAca2-3(GalNAcB1-4)Galp1-4Glcp-Sp0

Neu5Aca2-8NeuSAca2-3Galp1-4Glcf-Spo

NeuSAca2-8Neu5Aca2-8NeuSAca2-3(GalNAcB1-4)Galp1-4Glcp-Spo
Neu5Aca2-8NeuSAca2-8NeubAca2-3Galpl-4Glcp-Sp0

Neu5Aca2-8Neu5Aca-Sp8

NeuS5Aca2-8NeuSAcB-Spl7

Neu5Aca2-8NeuSAca2-8NeubAcB-Sp8
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Chart number  Chart color

Structure

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

Neu5Acp2-6GalNAca—Sp8

Neu5AcB2-6Galpl-4GIcNACB-Sp8
Neu5Gcp2-6Galp1-4GIcNAc-Sp8
Galp1-3(Neu5Acp2-6)GalNAca-Sp8

9NAcNeu5Aca-Sp8

9NAcCNeu5Aca2-6Galp1-4GIcNACB-Sp8
Galp1-4GIcNACB1-3Galp1-4GIcNACB1-3Galp1-4GIcNACB-SpO
Galp1-3GIcNACcB1-3Galp1-3GIcNACB-Spo
Fucal-2Galp1-3GIcNACB1-3Galp1-4Glcp-Sps
Fucal-2Galpl-4(Fucal-3)GIcNAcB1-3Galpl-4(Fucal-3)GIcNACB-Spo
GalNAca1-3(Fucal-2)Galp1-3GIcNAcB-Spo
GalNAcal-3(Fucal-2)Galp1-4GIcNACB-Sp8
Gala1-3(Fucal-2)GalB1-3GIcNACB-Sp0
Gala1-3(Fucal-2)Galpl-4(Fucal-3)GIcNAcB-Spo
Galp1-3GalNAc-Sp14
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