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Human antibody responses against the 2009 pandemic H1N1 (pH1N1) virus are predomi-
nantly directed against conserved epitopes in the stalk and receptor-binding domain of the
hemagglutinin (HA) protein. This is in stark contrast to pH1N1 antibody responses gener-
ated in ferrets, which are focused on the variable Sa antigenic site of HA. Here, we show
that most humans born between 1983 and 1996 elicited pH1N1 antibody responses that
are directed against an epitope near the HA receptor-binding domain. Importantly, most
individuals born before 1983 or after 1996 did not elicit pH1N1 antibodies to this HA
epitope. The HAs of most seasonal HIN1 (sH1N1) viruses that circulated between 1983
and 1996 possess a critical K133 amino acid in this HA epitope, whereas this amino acid is
either mutated or deleted in most sH1N1 viruses circulating before 1983 or after 1996.
We sequentially infected ferrets with a 1991 sH1N1 virus and then a pH1N1 virus. Sera
isolated from these animals were directed against the HA epitope involving amino acid
K133. These data suggest that the specificity of pH1N1 antibody responses can be shifted
to epitopes near the HA receptor-binding domain after sequential infections with sH1N1
and pH1N1 viruses that share homology in this region.

Most influenza pandemics occur when a new
subtype of virus enters the human population.
Once introduced into the human population,
influenza viruses typically accumulate mutations
in the hemagglutinin (HA) and neuraminidase
(NA) glycoproteins, a process called antigenic
drift. An HIN1 influenza virus strain caused
a pandemic in 2009 (Smith et al., 2009) even
though HINT1 viruses have circulated in humans
from 1918 to 1957 and then again from 1977 to
2009.The 2009 pandemic HIN1 (pH1N1) strain
is antigenically distinct from recently circulat-
ing seasonal HIN1 (sH1N1) strains and is more
closely related to older sHINT strains (Garten
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et al., 2009; Manicassamy et al., 2010; Skountzou
et al., 2010).

Sera isolated from influenza-infected ferrets
are currently used for surveillance of antigeni-
cally drifted influenza strains (Stohr et al., 2012).
Anti-pHIN1 antibody responses elicited in fer-
rets are focused on the highly variable Sa anti-
genic site of HA (Chen et al., 2010). Conversely,
the majority of monoclonal antibodies derived
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from humans infected or vaccinated with pH1NT1 are directed
against conserved regions of the HA stalk and receptor bind-
ing domain (Li et al.,2012; O’Donnell et al., 2012; Wrammert
et al., 2011). Most of these monoclonal antibodies possess many
somatic mutations and bind to sHINT viruses efficiently,
which is consistent with the idea that these antibody responses
were likely originally primed by sH1NT1 infection and were
later recalled during pH1N1 infection/vaccination (Settembre
et al.,2011; Wrammert et al., 2011; Li et al., 2012; O’Donnell
etal.,2012; Qiu et al.,2012). Understanding the precise events
that promote the development of these cross-reactive antibody
repertoires will aid in developing a universal influenza vaccine
that targets conserved areas of HA.

Here, we compared the specificity of pHINT1 antibody
responses elicited in different aged humans. We find that most
individuals born between 1983 and 1996 elicit pHIN1 anti-
body responses that are dominated against an epitope near the
HA receptor—binding domain. Most sH1N1 viruses that cir-
culated between 1983 and 1996 share homology with the
pHINT1 virus in this region of HA. Antibody responses domi-
nated against this HA epitope were induced after sequential
infection of ferrets with a 1991 sH1NT1 virus and a pH1N1
virus. Most humans born before 1983 or after 1996 did not
mount anti-pH1NT1 antibody responses against this HA re-
gion. Importantly, most sHIN1 viruses that circulated before
1983 or after 1996 have an amino acid mutation or deletion
in this HA epitope.

RESULTS AND DISCUSSION

Anti-pH1N1 sera produced in previously naive ferrets

are dominated against the Sa antigenic site of HA

Since entering the human population in 2009, pH1NT1 viruses
have remained antigenically stable, and ~99% of pH1N1 iso-
lates characterized by the CDC in 2012-2013 were anti-
genically similar to the A/California/07/2009 vaccine strain
(www.cde.gov/flu/weekly). We obtained three rare viral strains
from the CDC that efficiently escape anti-pH1N1 ferret sera
in hemagglutination inhibition (HAI) assays (Table S1). Each
of these strains possesses a mutation at amino acid residues
158 or 159 in the Sa antigenic site of HA (Table S2). Atomis-
tic modeling and electrostatic calculations suggest that the
G158E HA mutation locally alters the electrostatic properties
and shape of the Sa antigenic site (Fig. 1). Reverse-genetics
experiments revealed that a single G158E HA mutation was
sufficient to promote escape from sera isolated from ferrets
infected with the A/California/07/2009 pHIN1 vaccine
strain (Fig. 2 A; P = 0.016 using paired Student’s ¢ test). These
findings are consistent with previous studies that demon-
strated that anti-pH1N1 ferret sera are dominated against an
epitope involving aa 156,157, and 158 of the Sa HA antigenic
site (Chen et al., 2010).

Unlike ferret anti-sera, most human anti-pH1N1 mono-
clonal antibodies are dominated against conserved regions
of the HA stalk and receptor-binding domains (Wrammert
et al.,, 2011; Li et al., 2012). HA aa 133, which is located near
the receptor-binding domain, is a critical contact residue for
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several broadly neutralizing human monoclonal antibodies
(Krause et al., 2011;Tsibane et al., 2012). Most pH1N1 strains
have a lysine at HA aa 133.We completed additional HAI as-
says with a pHIN1 virus possessing a K133N HA mutation,
which is predicted to broadly alter the electrostatic potential
on the surface surrounding the receptor-binding domain
(Fig. 1). Unlike pH1NT1 viruses with a G158E Sa mutation,
pHINT viruses with a K133N HA mutation were efficiently
recognized by anti-pH1N1 sera produced in ferrets (Fig. 2 A).
HAI titers using pH1N1 viruses with a K133N HA mutation
were slightly higher compared with HAI titers using wild-type
pHINT1.The K133N HA mutation decreases receptor bind-
ing avidity (unpublished data), and our previous studies dem-
onstrated that viruses with lower receptor binding avidity can
be more easily inhibited in HAI assays (Hensley et al., 2009). For
this reason, we completed additional direct antibody-binding
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Figure 1. Modeling and electrostatics of pHTN1 HA mutants.
The structures and electrostatic potentials of pH1N1 HAs with G158E or
K133N mutants were modeled. Shown are pH1N1-WT (A) and computa-
tionally modeled pH1N1 HAs with G158E (B) or K133N (C) mutations.
Sialic acid is shown as a stick structure. Surface coloring indicates
electrostatic potential in units of kT/e where k is Boltzmann's constant,
Tis temperature, and e is the elementary charge.
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assays, which are not affected by variations in viral receptor
binding avidities. These assays confirmed that anti-pH1NT1 sera
produced in ferrets reacts strongly to wild-type pH1NT1 virus
and pHINT1 virus with a K133N HA mutation, but not to
pH1NT1 virus with a G158E HA mutation (Fig. 2 B).
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Figure 2. pH1NT1 antibody responses in previously naive ferrets are
dominated against Sa antigenic site of HA. (A) HAI assays were com-
pleted using viruses possessing either wild-type A/California/07/2009 HA
or A/California/07/2009 HA with G158E or K133N mutations. HAI assays
were performed with sera isolated from ferrets 14 d after infection with
the A/California/07/2009 pH1N1 strain. Fold change for each mutant virus
(WT HAI titer/mutant HAI titer) is shown here. Each triangle represents an
individual sera sample, and the mean is indicated with a line. HAI titers
using the G158E mutant virus are lower compared with HAI titers using
the WT virus, as determined using a paired Student's t test on log, trans-
formed data (*, P = 0.016). Data are representative of three independent
experiments. (B) Direct flow cytometry-based antibody (Ab) binding
assays were completed using pooled anti-sera. pH1N1-infected MDCK
cells were incubated with ferret anti-sera, and antibody binding was
determined after addition of a FITC anti-ferret antibody. Data are repre-
sentative of three independent experiments.
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Humans of different ages mount vastly

different pH1N1 antibody responses

Next, we completed HAI assays with sera isolated from
pHI1N1-infected humans (Fig. 3, A-C; and Table S3). Only
11 of 54 human sera samples had reduced HALI titers (at least
a twofold change) to pHIN1 viruses with the G158E Sa
mutation. Of these 11 Sa-specific sera samples, 8 (73%) were
from individuals with no evidence of sHIN1 preexposure,
as determined by HAI assays using sH1NT1 strains from 1957
(A/Denver/1/1957), 1991 (A/Texas/36/1991), and 2007
(A/Brisbane/59/2007; Table S3). The three Sa-specific sam-
ples that exhibited sHIN1 cross-reactivity were from indi-
viduals born before 1971 (Table S3). Strikingly, 7 of 8 samples
from individuals born between 1983 and 1996 were highly
specific to the pH1IN1 HA epitope involving K133 (Fig. 3 B
and Table S3; Fisher’s exact test P < 0.001 comparing 1983—
1996 sera to sera from other time periods). This time period
is noteworthy, as the HAs of most sH1N1 strains circulating
from 1983-1996 possessed a K133, whereas the HAs of most
sH1IN1 strains circulating before 1983 and after 1996 had a
mutation or deletion at this critical amino acid (Fig. 3 D). The
A/Texas/36/1991 strain possesses K133, whereas A/Denver/
1/1957 and A/Brisbane/59/2007 strains have a deletion at
this amino acid. Notably, eight of nine of the K133-specific
sera isolated from pH1NT1-infected humans had high titers
against the A/Texas/36/1991 strain (Table S3). Previous stud-
ies have documented that most humans have high HAI titers
against strains that circulated early in each individual’s child-
hood (Carter et al., 2012). Therefore, individuals born be-
tween 1983 and 1996 were likely exposed to a sHINT strain
similar to A/Texas/36/1991. One individual born in 1979
possessed K133-specific sera (Table S3). This individual’s first
HI1N1 exposure likely involved a K133-possessing sH1NT1, as
sHIN1 did not widely circulate between 1979 and 1982
(Ferguson et al., 2003).

Monoclonal antibodies derived from pH1N1-infected
humans bind to a sH1N1 virus possessing K133

Because our sera samples were collected from humans natu-
rally infected with pH1N1, we were unable to obtain sera be-
fore pHINT1 infection. To determine if antibody-secreting
cells specific for the K133 HA epitope were actively recruited
during pH1NT1 exposure, we analyzed the specificity of mono-
clonal antibodies derived from plasmablasts transiently ex-
panded in the blood of human adults infected with pH1N1.
‘We analyzed four monoclonal antibodies that were previously
shown to efficiently recognize pHI1N1 in HAI, ELISA, and
in vitro neutralization assays (Wrammert et al., 2011).

Three of four antibodies failed to react with pH1N1 virus
expressing the K133N HA mutation in HAI assays (Fig. 4).
All three of the K133-specific antibodies reacted strongly
with the A/Texas/36/1991 seasonal HINT1 strain, which pos-
sesses K133. Only the EM-4C04 monoclonal antibody had
reduced reactivity to pH1NT1 viruses expressing a G158E HA
mutation in the Sa antigenic site (Fig. 4), which is consistent
with previous mapping studies showing that this antibody is
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Figure 3.

pH1N1 antibody responses in humans born between 1983-1996 are dominated against region of HA involving K133. (A-C) HAI

assays were completed using viruses possessing either wild-type A/California/07/2009 HA or A/California/07/2009 HA with G158E or K133N mutations.
HAI assays were performed with sera isolated from humans 9-31 d after onset of pHTN1 symptoms. Humans were naturally infected with pH1N1
(PCR-verified). HAI titers are shown in Table S3. Fold change for each mutant virus (WT HAI titer/mutant HAI titer) is shown here. Each triangle represents
an individual sera sample, and the mean is indicated with a line. Individuals are separated based on year of birth. 7 of 8 sera samples from individuals
born between 1983 and 1996 had reduced titers to the K133N mutant, whereas only 2 sera samples from the other time periods (n = 46) had reduced
titers to the K133N mutant (K133-specificity of sera from 1983-1996 is significantly different compared with sera from other time periods; Fisher's exact
test; *, P < 0.001). HAI data are representative of three independent experiments. (D) Timeline depicting the percentage of sHIN1 isolates possessing Lys
(solid line) or a mutation/deletion (dotted line) at position 133 of HA based on sequences contained in the NCBI database. In total, 7,045 sequences
resulting from unique isolates were aligned using the program MUSCLE to yield K133 prevalence on a yearly basis. Isolates from 1918-1957 were grouped
due to low number of sequences from these years. sHTN1 viruses did not circulate between 1958 and 1976, and this is indicated by a dashed vertical line.

more strain-specific compared with other human anti-pH1N1
monoclonal antibodies (O’Donnell et al., 2012). None of the
three K133-specific antibodies reacted with the A/Denver/
1/1957 or A/Brisbane/59/2007 seasonal strains, which have
a deletion at aa 133 of HA (Fig. 4). Based on this reactivity
pattern and the observation that the immunoglobulin genes
of these antibodies have many somatic mutations (Wrammert
et al., 2011), 1t is likely that these monoclonal antibodies were
derived from plasmablasts that were originally primed by
sH1NT1 viruses similar to A/Texas/36/1991, and then later
recalled during pH1NT1 infection.

Antibodies specific for an HA epitope involving

K133 can be induced in ferrets

Based on our HAI assays using sera (Fig. 3 and Table S3) and
monoclonal antibodies (Fig. 4) isolated from humans, we hy-
pothesized that K133 HA-dominated antibody responses could

1496

be induced by sequential infection with sH1N1 and pH1N1
strains that both possess K133.To address this, we preexposed
ferrets with different sHINT1 strains circulating from 1947-
2007, and then we infected these same ferrets with a pHI1N1
strain. Remarkably, sera isolated from three different ferrets
sequentially infected with the sH1NT1 strain A/ Texas/36/1991
(which possesses K133) and the pHINT1 strain were domi-
nated against an HA epitope involving K133 (Fig. 5 C). Sera
isolated from pH1N1-infected ferrets that were previously
exposed to either A/Fort Monmouth/1/1947 (which possesses
R133),A/Denver/1/1957 (which possesses a 133 deletion),
or A/Brisbane/59/2007 (which possesses a 133 deletion)
were not dominated against the HA epitope involving K133
(Fig. 5,A, B, and D). Differences in K133 specificity were sta-
tistically significant between the different preexposed groups
(Fisher’s exact test P = 0.003 comparing HAI titers of sera
isolated from A/Texas/36/1991 preexposed animals to HAI

Immune history shapes antibody specificity | Li et al.
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human mAb

EM-4C04 1009-3B06 1009-3E04
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Figure 4. Human monoclonal antibodies specific for pH1N1 HA epitope involving aa 133 react strongly with a 1991 sH1N1 strain. HAI
assays were completed using monoclonal antibodies derived from pH1N1-infected humans. HAI assays were completed using viruses possessing either
wild-type pHTN1 HA (A/California/07/2009), pH1N1 with a G158E HA mutation, pH1N1 with a K133N HA mutation, or sHIN1 viruses from 1957 (A/Denver/
1/1957), 1991 (A[Texas/36/1991), or 2007 (A/Brisbane/53/2007). Shown are minimum amounts of antibody required to inhibit agglutination of red blood

cells in the HAI assay. Data are representative of three independent experiments.

titers of sera isolated from animals preexposed to other sH1N'1
viruses). Sera isolated from ferrets infected with only sHIN1
strains (and not pH1NT1) did not react with pH1NT1 or the
pHI1NT mutant viruses.

Unlike sera obtained from ferrets infected with pHI1NT1
virus only (Fig. 2), most sera samples obtained from ferrets se-
quentially infected with sHIN1 and pH1NT1 strains did not
mount a dominant response to the Sa antigenic site of HA
(Fig. 5). Notably, zero of three animals sequentially infected
with A/Texas/36/1991 and pH1N1 virus mounted responses
that were dominated against the Sa antigenic site (Fig. 5 C).

To determine if sequential influenza infections induce
antibodies that are capable of reacting to conserved epitopes
on antigenically distinct influenza strains, we completed addi-
tional HAI assays using two different A/Puerto Rico/8/1934
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sH1INT1 strains (Table S4), which were originally isolated in
1934.The HA of the A/Puerto Rico/8/1934-Mt. Sinai strain
and the HA of the A/Puerto Rico/8/1934-Cambridge strain
share ~98% amino acid homology with each other, but nota-
bly, the Cambridge HA possesses K133 and the Mt. Sinai HA
has a deletion at this amino acid (Caton et al., 1982). The HAs
of the 1934 sHINT1 strains share poor homology to the HA
of the pHINT strain (between 82—83% amino acid homol-
ogy). Consistent with this, sera obtained from ferrets infected
with only pHINT1 virus did not react to either 1934 strain
(Table S4). Sera obtained from ferrets infected with only
A/Denver/1/1957 reacted weakly with both 1934 strains
(HAI titers 80-160), but antibody titers were not boosted
greatly after subsequent infection with pHIN1 virus (HAI
titers 120—160). Sera obtained from ferrets infected with
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Figure 5. sH1N1 preexposure alters the specificity of pH1N1 antibody responses in ferrets. (A-D) HAl assays were completed using viruses pos-
sessing either wild-type A/California/07/2009 HA, or A/California/07/2009 HA with G158E or K133N mutations. Sera were isolated from ferrets sequen-
tially infected with a sH1N1 strain, and then the A/California/07/2009 pH1N1 strain. Infections were completed 84 d apart and sera were isolated 14 d
after infection with the pH1N1 virus. Fold change for each mutant virus (WT HAI titer/mutant HAI titer) is shown here. Each triangle represents an indi-
vidual sera sample, and the mean is indicated with a line. Differences in K133 specificity were statistically significant between the different preexposed
groups (Fisher's exact test; *, P = 0.003 comparing HAI titers of sera isolated from A[Texas/36/1991 preexposed animals to HAI titers of sera isolated from
animals preexposed with other sH1N1 viruses). Data are representative of two independent experiments.
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A/Fort Monmouth/1/1947 or A/Brisbane/59/2007 did not
react to either 1934 strain, even after a subsequent pH1N1
infection. Sera obtained from ferrets infected with only the
A/Texas/36/1991 strain reacted weakly to the 1934 strain
possessing K133 (HALI titer 60); however, these antibody titers
were dramatically boosted after subsequent infection with
pHIN1 virus (HAI titer 5120). Consistent with the hypo-
thesis that sequential infection with A/Texas/36/1991 and
pH1INT1 induces an antibody response that is dominated against
an HA epitope involving K133, sera from animals sequentially
infected with these viruses did not react to the 1934 virus
with a 133 deletion (HAI titer <40).

Collectively, these data suggest that the specificity of
pHINT1 antibody responses can be shifted to conserved epit-
opes in individuals that are preexposed to sHIN1 strains.
Previous studies have demonstrated that the Sa antigenic site
of pH1NT1 viruses is similar to the Sa antigenic site of some
sHIN1 viruses that circulated before 1957 (Krause et al.,
2010; Manicassamy et al., 2010; Wei et al., 2010; Xu et al.,
2010). HIN1 viruses did not circulate in humans between
1957 and 1977, and most HIN1 strains that circulated after
1977 have an additional glycosylation site that shields the Sa
antigenic site (Wei et al., 2010). The addition of this glycosyl-
ation site in more recently circulating sH1NT strains offers an
explanation of why younger individuals were more suscepti-
ble compared with their elders during the 2009 pandemic.
Here, we have identified a very unique antibody profile in in-
dividuals born between 1983 and 1996. pH1N1 antibody re-
sponses in these individuals are not focused on the Sa antigenic
site, but instead on an HA epitope near the receptor-binding
domain involving aa 133.

As early as the 1960s, it was noted that the immune system
preferentially mounts antibody responses to previously circu-
lating influenza strains, as opposed to new antibody responses
that exclusively target newer viral strains (Francis, 1960).
Studies in the 1960s used elegant absorption methods to
demonstrate that antibodies induced in this manner bind to
epitopes that are conserved between heterologous viruses
(Fazekas de St. Groth and Webster, 1966). We propose that cross-
reactive antibodies are developed in this manner after infection
with heterologous sH1N1 and pH1N1 viruses. Humans gen-
erally have high HAI titers against strains that circulated early
in each individual’s childhood (Carter et al., 2012), indicating
that most humans are infected with influenza viruses early in
childhood. Most humans born between 1983 and 1996 were
likely exposed to sHINT strains possessing K133, leading to
the development of antibodies against the HA epitope in-
volving K133. We propose that these K133-specific antibody
responses were boosted upon exposure with pHI1N1 virus.

In this study, we focused on antibody responses that pre-
vent HA binding to cell surfaces (HAI antibodies). Previous
studies have shown that stalk-specific antibodies are elicited
in pH1N1-infected adult humans born between 1964 and 1988
(Wrammert et al., 2011; Pica et al., 2012). It is likely that stalk-
specific antibodies were also elicited in sequentially infected
ferrets in our study. Future studies will address if different
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amounts of stalk-specific antibodies are elicited in ferrets se-
quentially infected with different sH1N1 and pH1N1 viruses.
Because a large proportion of antibodies are elicited against
the K133-HA epitope in ferrets infected with A/Texas/36/
1991 and pH1NT1, it is reasonable to speculate that a higher
overall proportion of antibodies would be elicited against the
HA stalk in ferrets infected with sH1N1 and pH1N1 viruses
that do not share homology at aa 133 of HA.

We simplified our studies by focusing on two amino acids.
Anti-HA antibody—binding footprints involve several amino
acids of HA, and there are most definitely other amino acids
involved in the binding of the cross-reactive antibodies in our
studies. For example, the broadly neutralizing 5J8 monoclonal
antibody recognizes an epitope near the receptor-binding
domain of HA involving aa 133, 137, and 222 (Krause et al.,
2011). A recent crystal structure of the 1F1 broadly neutraliz-
ing monoclonal antibody with HA demonstrated that this
antibody contacts many amino acids that influence binding
with sialic acid, including aa 133 (Tsibane et al., 2012). Other
broadly neutralizing antibodies, such as CH65, bind to the re-
ceptor-binding domain of viruses that have the K133 dele-
tion (Whittle et al., 2011). Interestingly, these antibodies do
not bind to pH1N1, and this appears to be due to the pres-
ence of K133 (Whittle et al., 2011). Strategically designed
sequential vaccination approaches could elicit mixtures of
broadly neutralizing antibodies with specificities such as those
of 1F1 and CH65.This type of universal vaccination approach
would presumably protect against a large range of antigenically
distinct influenza viruses that do and do not possess K133.

Another implication of our studies is that ferret anti-sera
(currently used for influenza surveillance) might not be fully
representative of human population immunity. Vaccine strains
for HIN1,H3N2, and influenza B viruses are all selected based
on HAI assays using sera collected from ferrets recovering
from a primary infection. Future studies should address if in-
fluenza viruses have evolved in response to antibodies that are
elicited by sequential heterologous infections, as most (if not
all) evolutionary influenza studies have only used sera isolated
from ferrets recovering from primary influenza infections.

MATERIALS AND METHODS

Viruses. A/California/07/2009, A/England/195/2009, A/Utah/42/2009,
A/Utah/20/2009, A/Philippines/2810/2009, and A/South Carolina/18/
2009 were gifts from N. Cox (Centers for Disease Control [CDC], Atlanta,
GA). A/Brisbane/59/2007 and A/Denver/1/1957 were obtained through
the National Institutes of Health (NIH) Biodefense and Emerging Infectious
Research Resources Repository, National Institute of Allergy and Infectious
Disease (NIAID; NR-3223 and NR-4229). A/Fort Monmouth/1/1947 and
A/Puerto Rico/8/1934 viruses were obtained from the Wistar Institute Ger-
hard collection. A/Texas/36/1991 and A/California/07/2009 viruses with
mutant HAs were created via reverse genetics. Single amino acid changes to
the HA gene were made using the QuikChange site-directed mutagenesis kit
(Stratagene) and confirmed by sequence analysis. All reverse-genetics viruses
with A/California/07/2009 HA and NA were created using six A/Puerto
Rico/8/1934 internal genes to enhance virus growth. Reverse-genetics plas-
mids were gifts from J. Bloom (Fred Hutchinson Cancer Center, Seattle, WA).
All viruses possessing A/California/07/2009 HA and NA were propagated in
MDCK-SIAT1 cells, and the supernatant was harvested through a 0.45-pm
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filter (Millipore). The HA genes of these viruses were sequenced to verify
that mutations did not arise during propagation.

Ferret sera. The following pooled ferret sera (6—9 animals/batch) were
obtained through the NIH Biodefense and Emerging Infectious Research
Resources Repository: anti-A/California/07/09 (NR-15429), anti-A/
Nanchang/8008/2009 (NR-19265), and anti-Mexico/4108/2009 (NR-
19264). Ferret antisera against A/Fort Monmouth/1/1947 (FR-952) were
obtained from Influenza Reagent Resource (Influenza Division, WHO Col-
laborating Center for Surveillance, Epidemiology, and Control of Influenza,
CDC, Atlanta, GA). Additional ferret anti-sera were produced at the University
of Pittsburgh (Carter et al., 2013) using procedures in accordance with the
NRC Guide for the Care and Use of Laboratory Animals, the Animal Welfare
Act, and the CDC/NIH Biosafety in Microbiological and Biomedical Labo-
ratories handbook. Fitch ferrets (female, 6—-12 mo of age) that were seronega-
tive for circulating HIN1, H3N2, and influenza B viruses were purchased
from Marshall Farms. Ferrets were infected with 10° PFU of sHINT1 virus
(A/Denver/1/1957,A/Texas/36/1991, or A/Brisbane/ 59/2007) or pH1N1
virus (A/California/07/2009) and bled 14 d later. Other ferrets were sequen-
tially infected with a sHIN1 virus (A/Fort Monmouth/1/1947, A/Denver/
1/1957,A/Texas/36/1991, or A/Brisbane/ 59/2007),and then pH1NT1 virus.
For these experiments, ferrets were infected with 10° PFU of sHINT1, and
then infected again with 10° PFU of pH1N1 virus 84 d later. These animals
were bled 14 d later, and sera were isolated after centrifugation.

Human sera. Studies involving human adults were approved by Emory
University and the University of Chicago, and studies involving pediatric
samples were approved by the Institutional Review Board of the Fondazi-
one IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy.
These sera were collected in 2009 for previous studies (Esposito et al., 2011;
Wrammert et al., 2011), and leftover sera were used for this study. Sera were
collected at Emory between 10 and 31 d after onset of influenza symptoms
(Wrammert et al., 2011) and at Milan 28 d after diagnosis of pHI1N1 infec-
tion (Esposito et al., 2011). Diagnosis of pH1N1 influenza infection was de-
termined by PCR.

Human monoclonal antibodies. Monoclonal antibodies were generated
from antibody-secreting cells isolated from the peripheral blood mono-
nuclear cells of patients infected with pHINT in 2009 as previously de-
scribed (Wrammert et al., 2011). Antibody-secreting cells were sorted, VH
and VK genes were amplified, sequenced, and cloned into IgG1 cloning vec-
tors, and recombinant antibodies were purified from cell supernatant after
co-transfecting heavy and light chain plasmids into 293A cells.

HALI assay. As previously described (Hensley et al., 2009), HAI titrations
were performed in 96-well round plates (BD). All sera samples were pre-
treated with receptor-destroying enzyme (Sigma-Aldrich). Sera or monoclo-
nal antibodies were serially diluted twofold and added to 4 agglutinating
doses of virus in a total volume of 100 wl. Next, 12.5 pl of a 2% (vol/vol)
turkey erythrocyte solution was added. The sera, virus, and erythrocytes were
gently mixed and the assay was read out after incubating for 60 min at room
temperature. HAI titers were recorded as the inverse of the highest dilution
that inhibited hemagglutination of turkey erythrocytes.

Flow cytometry-based sera binding assay. MDCK cells were seeded in
6-well plates at 1.5 X 10° cells per well. The cells were infected with pH1N1
viruses the next day and 15-18 h later the infected cells were harvested. Serial
dilutions of sera were added to the cells for 30 min at 4 C. Cells were washed
and then anti-ferret FITC antibody (Abcam) was added for 30 min at 4°C.
Levels of total HA cell surface expression was monitored by incubating cells
with the anti-HA stalk monoclonal antibody, 70-1F02. Flow cytometry was
performed and data are expressed as mean fluorescent intensity.

Sequencing. RNA was extracted from virus using QiAmp viral RNA mini
kit (QIAGEN). The HA gene was amplified using the One-Step RT-PCR
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kit (Invitrogen), and sequencing was performed at the University of Penn-
sylvania Sequencing Facility.

Mutant modeling and electrostatics. The construction of mutant HA
structural models and their associated surface electrostatic potential calcula-
tions are fully described in the Supplemental text. In brief, mutant structures
were homology modeled based on the crystal structure of pandemic HIN1
(Xu et al,, 2010), and were thoroughly equilibrated at a temperature of 300 K
and pressure of 1 atm using rigorous molecular dynamics simulation in ex-
plicit KCl electrolyte using the GROMACS package (version 4.5) with the
AMBERO3 force field (Essman et al., 1995; Dolinsky et al., 2007; Hess et al.,
2008). Continuum solvent electrostatic potential calculations at the molecular
surface of each mutant were performed with the Adaptive Poisson Boltzmann
Solver (version 1.3; Baker et al., 2001).

Statistical analysis. Paired Student’s ¢ tests were used to evaluate differ-
ences between WT and mutant viruses based on log,-transformed titer data.
Fisher’s exact tests were used to compare the proportions of samples with
at least a twofold lower titer to mutant virus than WT virus between speci-
fied infection groups. Data were graphed using MS Excel and GraphPad
Prism software.

Online supplemental material. Table S1 shows HAI data using pHIN1
mutant strains obtained from the CDC and Table S2 shows HA amino acid
differences of these strains. Table S3 show primary HAI data that were used
to derive Fig. 3 of the main manuscript. Table S4 shows HAI data using PR8
strains. Finally, there is additional information on mutant modeling in the
online materials. Online supplemental material is available at http://www
Jjem.org/cgi/content/full/jem.20130212/DC1.
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