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A panel of influenza A viruses expressing chimeric hemagglutinins (cHA) with intragroup or intergroup head/stalk combina-
tions was generated. Viruses were characterized for growth kinetics and preservation of stalk epitopes. With a few notable excep-
tions, cHA viruses behaved similarly to wild-type viruses and maintained stalk epitopes, which indicated their potential as vac-
cine candidates to induce stalk-specific antibodies.

An annually formulated vaccine against influenza viruses
which is comprised of two subtypes of influenza A viruses

(H1N1 and H3N2) and one or two strains of influenza B virus(es)
is currently available (1, 2). The efficacy of the vaccine is greatly
diminished when the circulating strain does not match its vaccine

counterpart due to mutations. Furthermore, vaccine production
is lengthy, and it may take around 6 months to manufacture a new
vaccine stock against a novel pandemic strain (2).

Developing a universal influenza virus vaccine appears to be
the best strategy to address the inherent problems of current vac-
cines. The majority of antibody (Ab) responses to influenza virus
are aimed at the HA glycoprotein on the surface of the virion (3).
Within influenza A viruses, the HA subtypes cluster into group 1
(H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18)
and group 2 (H3, H4, H7, H10, H14, and H15) (4). The HA pro-
tein is composed of an immunodominant, more plastic, head do-
main and an immunosubdominant, but more conserved, stalk
domain. These regions are divided by a disulfide bridge between
cysteines 52 and 277 (H3 numbering) (5). Most of the escape
mutations that occur within HA are found in the head region,
which has recently been demonstrated to be more tolerant of
changes than the stalk domain (6). Thus, a potential universal
vaccine approach has been proposed to focus the humoral re-
sponses on the more antigenically stable stalk domain (7).

Levels of stalk-specific antibodies can be boosted when influ-
enza viruses containing the same stalk or similar stalks but differ-
ent HA heads are administered, as shown in nature during the
2009 H1N1 pandemic situation (8) and in laboratory settings (7,
9–12). Administration of sequential immunizations is the key to
induction of protective levels of stalk-specific antibodies, and this
vaccination regimen requires a panel of viruses expressing chime-
ric hemagglutinins (cHA). Here, we evaluated a large panel of
novel recombinant viruses expressing cHAs in addition to those
that had already been generated (7, 8, 13). Briefly, sequence-based
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TABLE 1 Chimeric virusesa

a All strains were rescued on a PR8 background. Group 1 HA heads, green; group 1 HA
stalks, red; group 2 HA heads, purple; group 2 HA stalks, blue. HA sequences were
amplified from the reference strains, which included A/Puerto Rico/8/34 (H1),
A/California/04/09 (H1), A/Singapore/1/57 (H2), A/Perth/16/09 (H3), A/Hong Kong/
1/68 (H3), A/duck/Czech/56 (H4), A/VN/1203/04 (H5), A/mallard/Sweden/81/02 (H6),
A/mallard/Alberta/24/01 (H7), A/mallard/Sweden/24/2002 (H8), A/guinea fowl/Hong
Kong/WF10/99 (H9), A/mallard/Interior Alaska/10BM01929/2010 (H10), A/shoveler/
Netherlands/18/1999 (H11), A/mallard/Interior Alaska/7MP0167/2007 (H12), A/black
headed gull/Sweden/1/1999 (H13), A/mallard/Gurjev/263/1982 (H14), A/shearwater/
West Australia/2576/1979 (H15), and A/black headed gull/Sweden/5/1999 (H16)
viruses. HA sequences were confirmed by Sanger sequencing. All recombinant viruses
contained the regular low-pathogenicity H1 or H3 cleavage sites. Asterisks denote
cross-group head/stalk combinations.
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alignment was performed for the HA proteins of influenza A vi-
ruses in which the head domains, flanked by cysteines 52 and 277
(H3 numbering), were identified. Influenza A virus HA heads
were attached by cloning to either group 1 A/California/04/09
(Cal09) or A/Puerto Rico/8/34 (PR8) HA stalk or group 2
A/Perth/16/09 (Perth) HA stalk with corresponding packaging
signals. Rescue of viruses with cHAs was performed in 293T cells
and amplified in embryonated chicken eggs (8). The chimeric vi-
ruses that were generated are listed in Table 1 along with the ab-
breviated naming scheme.

Viruses expressing cHAs replicated similarly to wild-type
(WT) PR8 virus, typically reaching peak titers at 48 h postinfec-
tion (Fig. 1A). Additionally, all viruses formed plaques with vari-
ations in size compared to those seen with WT virus, with the
notable exception of cH4/1, which formed barely visible pinpoint-
sized plaques (Fig. 1B). In order to assess whether the stalk of
cHAs expressed by the recombinant viruses retained parental
WT stalk epitopes, we evaluated binding and inhibition of
these viruses with previously characterized stalk-specific mono-
clonal antibodies (MAbs). MDCK cells were infected with WT
or cHA viruses and were stained with stalk-specific MAbs for
the corresponding group. Stalk-specific MAbs (KB2 [14] and
6F12 [15]) and polyclonal anti-headless serum (16) were used
to assess preservation of stalk-specific epitopes in chimeric vi-
ruses with a group 1 HA stalk. Serum against PR8 virus served as
a positive control for all of the viruses. Chimeric viruses with a

group 1 stalk were bound by KB2 and both polyclonal antibodies
(Fig. 2A). Monoclonal antibody 6F12 bound chimeric viruses
with a group 1 stalk, with the exception of cH16/1 and cH13/1, in
which binding was qualitatively lower than that of other viruses.
To assess binding for chimeric viruses expressing a group 2 stalk,
staining was performed using MAbs 12D1 (17) and 9H10 (18).
Similarly to what was observed with group 1 stalk analysis, all
cHAs with a group 2 stalk, except cH10/3, can be detected by both
12D1 and 9H10 MAbs. Interestingly, MAb 12D1 was able to bind
to cH10/3 under denaturing conditions in a Western blot analysis
(Fig. 2C).

Binding of stalk-specific MAbs to all chimeric influenza viruses
was further confirmed by flow cytometry (Fig. 2B). All chimeric
viruses with a group 1 stalk were bound by mouse polyclonal
(headless) or monoclonal (KB2 and 6F12) antibodies with the
exception that 6F12 did not bind cH16/1 (Fig. 2B). Human MAb
FI6 (19, 20), which recognizes 16 subtypes of influenza A virus
HA, bound all chimeric viruses with a group 1 stalk. The results
indicate that most cHAs retain their original stalk epitopes
whereas others can exhibit a loss of binding, as seen with cH16/1
and MAb 6F12. Viruses with a group 2 stalk were bound by mouse
MAbs 12D1 and 9H10, as well as by human MAb FI6. Interest-
ingly, cH10/3 was not bound by 12D1 or 9H10 but was recognized
by FI6. Overall, the results of flow cytometry confirm the results of
the immunofluorescence assay and demonstrate that most cHAs

FIG 1 Characterization of growth properties of viruses expressing cHA. (A) Multicycle growth of chimeric and WT viruses was evaluated in embryonated
chicken eggs. Error bars are based on standard deviations of results from three independent samples at each time point. (B) Plaque morphology of chimeric
viruses was determined by immunostaining (21) and by measuring the size of plaques formed in ImageJ. Images are representative of results of two plaque assays
per virus, and error bars are based on standard deviations of results from comparisons between 20 plaques counted per two wells for each virus. Plaques could
not be counted for cH4/1 Cal NA virus.
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FIG 2 Conformational stalk epitopes are preserved in cHA of influenza viruses. Stalk-specific antibodies or control serum (PR8 serum) samples were used to
probe infected MDCK cells after 16 to 24 h. (A and B) Binding was evaluated using immunofluorescence staining (A) and flow cytometry (B). Immunofluores-
cence images are representative of results from three samples. Flow cytometry images are representative of results of three experiments for chimeric viruses and
two experiments for control viruses Cal09 and Perth. Mean fluorescence intensity (MFI) values for the representative histograms depicted are listed in tables
below the respective panels. MFI values were normalized to the “no virus” control value for each panel. ND, not determined. (C) Binding of cHA with group 2
stalks was assessed under denaturing conditions using Western blot analysis performed with antibody 12D1.
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recapitulate the native stalk epitopes of the parental HA on the
surface of infected cells.

In order to further confirm that cHA antigenic epitopes remain
intact, neutralization of chimeric viruses with stalk-specific anti-
bodies was assessed by a microneutralization assay (15). Mono-
clonal antibodies KB2 and 6F12 were used to evaluate viruses with
a group 1 stalk (Fig. 3A and B). Both MAbs inhibited the replica-
tion of cH6/1, cH8/1, cH11/1, and cH12/1 viruses. Viruses cH13/1
and cH16/1 were neutralized by KB2 only at the highest concen-
tration and were not neutralized by 6F12. In addition, the inter-
group cH4/1 virus was neutralized by both KB2 and 6F12 (Fig.
3C). Viruses with a group 2 stalk were neutralized by 9H10, with
the exception of cH10/3, which was neutralized only at the highest
concentration (Fig. 3D).

To further investigate the diminished binding of MAbs 6F12
and KB2 to cH13/1 and cH16/1 as well as the loss of binding of
9H10 to cH10/3, we performed enzyme-linked immunosorbent
assays (ELISAs) (Fig. 3E to H). MAb KB2 showed diminished
binding to both cH13/1 and cH16/1 viruses compared to cH8/1 or
wild-type Cal09 virus. Diminished binding was also observed with
6F12 and cH13/1. 6F12 binding to cH16/1 was completely lost.
Similarly, no binding of MAb 9H10 to cH10/3 was detected,
whereas this virus was recognized reasonably well by stalk MAb
CR9114. In general, these quantitative data are in agreement with
results from flow cytometry, neutralization assays, and cell surface
staining.

Here, recombinant viruses have been generated for all of the
intragroup combinations of HA heads with an H1 HA stalk or an
H3 HA stalk. Our data suggest that combinations with different
group 1 heads with an H1 (group 1) stalk or group 2 heads with an
H3 (group 2) stalk are well tolerated (8, 13). For intergroup head/
stalk combinations of cHA, we have generated cH4/1 virus, the
first rescued chimeric virus with a group 2 head on a group 1 stalk.
All cHA viruses replicated similarly to WT virus and can be bound
or inhibited by a series of stalk-specific antibodies. Interestingly,

for two group 1 cHAs (cH13/1 and cH16/1) and one group 2 cHA
(cH10/3), we found reduced or completely abolished stalk-anti-
body binding. We hypothesize that these changes could be caused
by structural changes in the epitope of the tested antibody or by
steric hindrance from the head domains or by both mechanisms at
the same time. H13 and H16 HAs are closely related, and their
head domains are very similar (1). It is conceivable that structural
changes caused by the H13 head would also be caused by the H16
head domain, which is exactly what we observed. Since MAb FI6,
which has a footprint similar to that of 6F12, shows no reduced
binding to these two strains, it is likely that small changes in the
epitope itself caused this loss of binding (Fig. 2B). This change
seems to have had a greater impact on 6F12 binding than on KB2
binding. Ablation of MAb 12D1 binding to the H3 stalk of cH10/3
was observed only under native conditions (Fig. 2A and B). Under
denaturing conditions (e.g., in Western blot analyses—Fig. 2C),
the MAb recognized the stalk domain. The epitope of 12D1 is
located at a relatively high point in the stalk domain on the long
alpha helix of HA2, partially covered by the head domain. The
head domain of cH10/3 might therefore sterically hinder 12D1
binding. Overall, this information not only is valuable for the
design of future influenza virus vaccines but also sheds light on
the intricate interactions between the head and stalk domains
of the hemagglutinin.
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FIG 3 Chimeric HA influenza viruses can be neutralized by stalk-specific antibodies. Stalk-specific antibodies KB2, 6F12, and 9H10 were tested for their ability
to neutralize WT and chimeric viruses by microneutralization assay for viruses with a group 1 (A, B, and C) or group 2 (D) stalk. Error bars are based on standard
deviations of results from an average of triplicate samples from three independent experiments. (E to H) An ELISA was performed with select monoclonal
antibodies and viruses. OD490, optical density at 490 nm.
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