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ABSTRACT Vaccines that elicit broadly neutralizing antibodies to the conserved
stem of hemagglutinin (HA) are being developed as universal influenza vaccines that
protect against influenza across multiple years. However, different influenza virus
strains, even those in the same subtype with identical stem sequences, can vary in
susceptibility to broadly neutralizing stem antibodies, and the reasons are not un-
derstood. Here we studied potential mechanisms underlying the differing sensitivi-
ties of a panel of H5N1 HA pseudoviruses to broadly neutralizing stem antibodies.
We found that greater HA conformational stability, as measured by thermal inactiva-
tion and pH triggering of conformational changes, correlates with reduced neutral-
ization sensitivity and antibody binding to HA under neutral- and low-pH conditions.
Our data indicate that the conformational stability of HA is an important attribute of
susceptibility to broadly neutralizing stem antibodies and is influenced by residues
outside the stem antibody epitopes.

IMPORTANCE The influenza virus surface glycoprotein hemagglutinin (HA) mediates
virus attachment and membrane fusion between virus and host cells, allowing the
viral core to enter the host cell cytoplasm for replication. Fusion occurs when HA
undergoes low-pH-induced-conformational changes during endocytosis. Broadly
neutralizing antibodies targeted to the conserved stem region of HA interfere with
conformational changes required for fusion. Vaccines that elicit such antibodies are
being developed as novel universal influenza vaccines for multiyear protection. We
investigated why H5N1 HAs from different strains differ in their sensitivity to broadly
neutralizing stem antibodies despite having conserved epitopes. We report that HA
conformational stability due to residues outside the antibody binding site accounted
for much of the variation in susceptibility to neutralization by stem antibodies.
These findings highlight the importance of nonepitope residues in influencing neu-
tralization sensitivity to stem antibodies and the complexities in developing univer-
sal vaccines targeting conserved epitopes in the HA stem.

KEYWORDS influenza hemagglutinin, stem antibodies, influenza neutralization,
hemagglutinin stability, stalk antibodies, universal influenza vaccine

Seasonal influenza virus infections cause severe respiratory illness in young children
and adults, leading to the deaths of several hundred thousand people every year,

with the majority occurring in the elderly (1–3). Humoral immune responses to the
influenza hemagglutinin (HA) protein, the principal antigen in inactivated influenza
vaccines, correlate with protection against influenza. Therefore, vaccination provides an
important public health strategy.

HA is synthesized as a precursor polypeptide HA0 and is subsequently cleaved by
cellular proteases to generate the HA1 surface subunit, forming the globular head
domain that mediates binding to cell surface sialic acid receptors, and the HA2
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transmembrane subunit, forming the major part of the stem region that mediates
membrane fusion between viral and endosomal membranes during endocytosis (4–7).
Most neutralizing antibodies (Abs) elicited by influenza virus infection or vaccination
target the receptor binding site and surrounding residues on the head domain (8, 9).
Viruses readily mutate these residues to escape antibody neutralization, leading to high
sequence variability in the HA1 head domain. Thus, neutralizing antibodies targeting
head epitopes are usually strain specific (10, 11). Due to the frequent emergence of
influenza virus variants with mutations in HA that change antigenicity, influenza
vaccines are reformulated annually to cover the dominant circulating strains.

Recently, broadly neutralizing antibodies targeting the HA stem were discovered
(12–21). The HA stem region is highly conserved within influenza virus groups, as it is
necessary for maintaining proper HA trimerization and mediating the fusion process
through conformational changes. Thus, the stem region is an attractive target for
developing universal influenza vaccines that elicit broadly neutralizing stem antibodies.
However, different virus strains, even those within the same subtype and with identical
stem epitopes, may have different sensitivities to stem antibody neutralization (18). We
previously showed that HAs from different H5N1 strains differ in their susceptibilities to
cross-neutralizing antibodies in human sera (22). The mechanisms behind these ob-
served phenomena are not understood.

Conformational stability (flexibility) can be an important attribute of proteins in-
volved in many biological systems. For example, the HIV envelope protein has been
shown to reduce the accessibility of neutralizing antibodies via “conformational mask-
ing” (23). Similarly, the conformational flexibility of flaviviruses impacts viral suscepti-
bility to antibody neutralization through changes in epitope accessibility (24–29).
Monoclonal antibody binding to influenza HA also suggests that the HA trimers exist in
multiple states (30). In this study, we investigated HA conformational flexibility and the
relationship between the pH level of HA-mediated fusion and antibody binding as
potential mechanisms underlying variations in the susceptibility of H5N1 HA to broadly
neutralizing stem monoclonal antibodies (MAbs). Our data show that increased HA
stability (decreased conformational flexibility) of HA is associated with viral resistance
to broadly neutralizing stem antibodies. These finding have implications for vaccines
targeting the stem of HA.

RESULTS
H5N1 HAs from different strains differ in their sensitivities to neutralizing stem

antibodies. Our earlier report showed that HAs from different strains of H5N1 viruses
differ in their sensitivities to cross-neutralizing antibodies in human sera (22). To extend
this observation, 16 pseudoviruses bearing HA from nine different H5N1 clades were
tested for neutralization by well-characterized stem MAbs C179, CR6261, and FI6, which
were all reported to neutralize H5N1 viruses. As shown in Table 1, HAs from some
strains were more resistant to those stem MAbs whereas others, especially the HAs for
A/Viet Nam/1203/2004 (VN/1203) and A/Indonesia/5/2005 (ID/5), were very sensitive.

To investigate the factors underlying the different susceptibilities of various HAs to
stem MAb neutralization, we examined stem sequences. On the basis of the published
epitopes for MAbs C179, CR6261, and FI6 (12, 14, 18, 31–34), the sequences for the stem
MAb epitopes among these H5 HAs were all conserved, except for the HA2 sequence
of the C179 epitope in A/goose/Guiyang/337/2006 (GY/337) containing I48 and N57,
that in A/chicken/Vietnam/NCVD-016/2008 (VN/NCVD-016) containing I48, and that in
A/Hong Kong/156/1997 (HK/156) containing N57 that does not create a glycosylation
motif (N-X-T/S) (Fig. 1A and C). Because HK/156 and VN/NCVD-016 contain these
mutations and have much higher sensitivity to stem antibody neutralization than
GY/337, it is likely that factors other than changes in the epitopes play a significant role
in influencing susceptibility to stem antibodies.

Stem antibodies differ in their levels of binding to different H5 HAs. Next, we
asked whether the differences in sensitivity to stem antibody neutralization were due
to differences in the ability to gain access to the epitope in native HA. We selected
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several HAs, each with high, medium, or low sensitivity to stem antibody neutralization,
and assessed stem MAb binding to HA pseudoviruses in an enzyme-linked immunosor-
bent assay (ELISA) format (Table 2). The dynamic range achieved using endpoint titers
was modest but correlated well with sensitivity to neutralization by the stem MAbs. In
particular, the least neutralization-sensitive HAs from the A/chukar/Shantou/4690/2003
(ST/4690), A/goose/Guiyang/337/2006 (GY/337), and A/Cambodia/R0405050/2007 (CB/
R0405050) influenza virus strains had the lowest endpoint titers, while the most
sensitive HAs from A/Viet Nam/1203/2004 (VN/1203), A/Anhui/1/2005 (AH/1), and
A/Indonesia/5/2005 (ID/5) strains had the highest endpoint titers.

To confirm the ELISA findings, we also performed immunoprecipitation assays,
measuring the percentage of input HA pulled down by the stem MAbs. As shown in Fig.
2, CR6261 and C179 MAbs immunoprecipitated a large fraction of the input HA from
the highly neutralization-sensitive HA pseudoviruses, while a much smaller fraction of
the input HA was immunoprecipitated from the least neutralization-sensitive HA
pseudoviruses. Together, the results from these binding studies suggest that accessi-
bility of the epitope at neutral pH plays an important role in viral sensitivity to stem
antibody neutralization.

H5N1 HA conformational flexibility is associated with sensitivity to neutraliz-
ing stem antibodies. Since HA is metastable and needs to undergo pH-induced
conformational changes to mediate virus entry, we surmised that differences in HA
conformational flexibility influence the accessibility of stem epitopes for neutralizing
antibodies. To test this hypothesis, we evaluated whether the HA pseudoviruses with
different sensitivities to neutralization by stem MAb differed in their temperature
stabilities. The levels of infectivity of HA pseudoviruses treated either at 50°C for 5 min
to 1 h or at temperatures ranging from 37°C to 50°C for 1 h were compared with the
levels determined for untreated HA pseudoviruses. All treatments reduced infectivity to
different degrees among these HA pseudoviruses (Fig. 3A and B). Significantly, the HA
pseudoviruses with high sensitivity to stem MAb neutralization had the least thermal
stability, while the HAs with the lowest sensitivity to stem MAb neutralization showed
the highest thermal stability. Since increases in temperature enhance the internal
motion of proteins, these findings suggest that HAs with lower thermal stability have
higher conformational flexibility that could affect exposure of new epitopes.

To further investigate the conformational flexibility (stability) of the various HAs, we
measured the pH of fusion-inducing conformational changes in cell-cell fusion assays
with different pH treatments. We reasoned that HAs with a higher fusion pH tolerance
would have greater conformational flexibility for exposing residues for protonation. As
shown in Fig. 3C, the HAs that were more resistant to stem MAb neutralization needed

TABLE 1 H5 virus sensitivity to stem antibodies

Clade Virus strain

Stem antibody
neutralization titer (�g/ml)

C179 CR6261 FI6-V3

0 A/Hong Kong/156/1997 (HK/156) 3.74 2.59 2.98
1 A/Viet Nam/1203/2004 (VN/1203) 0.09 0.06 0.11
1.1 A/Cambodia/R0405050/2007 (CB/R0405050) �20 14.02 11.39
2.1.3.2 A/Indonesia/5/2005 (ID/5) 0.51 0.11 0.21
2.2.1 A/turkey/Turkey/1/2005 (TK/1) �20 6.65 12.94
2.3.2.1 A/gray heron/Hong Kong/3088/2007 (HK/3088) �20 �20 �20
2.3.4 A/Anhui/1/2005 (AH/1) 0.82 0.31 0.36
2.4 A/duck/Guangxi/13/2004 (GX/13) �20 5.02 6.16
2.5 A/crow/Osaka/102/2004 (OS/102) �20 5.66 6.22
3 A/duck/Hong Kong/2986.1/2000 (HK/2986.1) �20 3.88 6.11
4 A/goose/Guiyang/337/2006 (GY/337) �20 �20 �20
5 A/duck/Guangxi/1378/2004 (GX/1378) 10.69 2.66 3.46
6 A/duck/Hubei/wg/2002 (HB/wg) 3.84 1.58 1.53
7.1 A/chicken/Vietnam/NCVD-016/2008 (VN/NCVD-016) 1.45 0.55 0.74
8 A/chicken/Hong Kong/86.3/2002 (HK/86.3) 8.44 1.1 1.58
9 A/chukar/Shantou/4690/2003 (ST/4690) �20 �20 �20
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treatment at a lower pH to induce cell-cell fusion than the HAs with high sensitivity to
stem MAb neutralization. The neutralization titers of stem MAbs against all tested H5
HA pseudoviruses correlated with the pH inducing 50% fusion (Fig. 3D). In summary,
our results indicate that HA sensitivity to stem antibody neutralization is associated
with HA conformational flexibility.

Stem antibody binding to HA is stable under low-pH conditions. Because
sensitivity to neutralization by the stem MAbs correlated with fusion pH, we questioned
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whether different rates of MAb dissociation from HA in endosomes could contribute to
the neutralization susceptibility. If a MAb does not remain tightly bound to HA in
endosomes to prevent fusion-inducing conformational changes, then HAs with lower
pH thresholds of fusion might be more resistant to a MAb that dissociates before the
HA mediates fusion. We tested this possibility in an ELISA format using different pH
treatments. First, using rabbit antiserum cocktail against pan-H5 HAs, we confirmed
that H5 HA pseudoviruses did not dissociate from coated ELISA plates after treatment
with buffers with pH ranging from 4.6 to 7.0. We then performed stem MAb binding to
HA pseudoviruses coated on plates at neutral pH before treating with buffers with pH
values of 3.7 to 7.0 for 8 min followed by reneutralization to pH 7.0 and detection with
secondary antibodies. Since coated HAs are not lost by treatment with buffers with pH
ranging from 4.6 to 7.0, any changes of stem MAb binding under conditions of
treatment at pH 4.6 to 7.0 would represent the effect of pH on stem antibody
dissociation from HA. Figure 4 shows that there was little variation (P � 0.05) in the
levels of MAb binding to the different HA pseudoviruses under a wide range of mildly
acidic conditions (pH 4.7 to 7.0), suggesting that rates of stem MAb dissociation from
HA under low-pH conditions of endosomes do not play a significant role in neutral-
ization of susceptibility to stem MAbs.

Nonepitope residues affect H5 HA flexibility and sensitivity to stem antibodies.
We next investigated which residues contributed to HA conformational flexibility and
neutralization sensitivity to the stem MAbs by comparing sequences between A/Viet
Nam/1203/2004 (VN/1203), which was the strain that was the most conformationally
flexible and sensitive to stem antibodies in our assays, and A/Cambodia/R0405050/2007
(CB/R0405050), A/goose/Guiyang/337/2006 (GY/337), and A/chukar/Shantou/4690/
2003 (ST/4690), which were the strains that were the most stable and resistant to stem
antibodies. To increase the chances of identifying the residues that accounted for the
phenotypic differences, we considered only those that were different from residues in
VN/1203 and were present in at least two of the three resistant strains. All residues
meeting these requirements were in the HA1 subunit, except residue 183 in the HA2
subunit, which is not present in the HA structure model (Fig. 1B and C). Among these
HA1 residues, only residues 36 and 263 surround the epitopes targeted by stem
antibodies (Fig. 1C). Therefore, we introduced K36T and T263A mutations into the
VN/1203 HA.

To further investigate the relationship between HA stability and neutralization
susceptibility to stem MAbs, we also introduced the L419I (418 in H3 HA numbering

TABLE 2 ELISA endpoint titers of CR6261

Virus ELISA endpoint titer (�g/ml)a

A/Hong Kong/156/1997 (HK/156) 0.06250
A/Viet Nam/1203/2004 (VN/1203) 0.03125
A/Cambodia/R0405050/2007 (CB/R0405050) 0.25000
A/Indonesia/5/2005 (ID/5) 0.03125
A/turkey/Turkey/1/2005 (TK/1) 0.12500
A/gray heron/Hong Kong/3088/2007 (HK/3088) 0.25000
A/Anhui/1/2005 (AH/1) 0.03125
A/duck/Guangxi/13/2004 (GX/13) 0.06250
A/crow/Osaka/102/2004 (OS/102) 0.12500
A/duck/Hong Kong/2986.1/2000 (HK/2986.1) 0.06250
A/goose/Guiyang/337/2006 (GY/337) 0.25000
A/duck/Guangxi/1378/2004 (GX/1378) 0.06250
A/duck/Hubei/wg/2002 (HB/wg) 0.06250
A/chicken/Vietnam/NCVD-016/2008 (VN/NCVD-016) 0.03125
A/chicken/Hong Kong/86.3/2002 (HK/86.3) 0.06250
A/chukar/Shantou/4690/2003 (ST/4690) 0.25000
A/Viet Nam/1203/2004 (VN/1203) K36T 0.03125
A/Viet Nam/1203/2004 (VN/1203) T263A 0.06250
A/Viet Nam/1203/2004 (VN/1203) L419I 0.06250
aThe endpoint titer was defined as the lowest antibody concentration that gave an absorbance value of
greater than 0.05 at 450 nm.
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and 89 in HA2 numbering) mutation into the VN/1203 HA. Previously, we found that an
L415I (418 in H3 numbering) change in seasonal H1N1 strains accounted for the
resistance of H1 HA pseudoviruses to cross-neutralizing human sera (35). The same
mutation was also reported to increase the stability of H5 HA (36), though 419I is not
naturally present in the H5 sequences that we studied.

As shown in Fig. 5A to C, compared to wild-type VN/1203, the T263A mutation
conferred a modest but significant (P � 0.01) increase in both the thermal stability and
pH stability of HA. The K36T mutation had little effect (P � 0.05) on stability, but the
L419I mutation had a much larger effect (P � 0.01). In addition, the L419I and T263A
mutations increased resistance to stem MAbs C179, CR6261, and FI6, with the greatest
effect on MAb C179 (Fig. 5D). The K36T mutation increased resistance to MAb C179 only
slightly and had no effect on the other MAbs. Similarly, T263A and L419I mutations
modestly decreased binding to HA (Table 2). Overall, these results identified non-
epitope residues affecting both conformational stability and sensitivity to stem MAb
neutralization.

DISCUSSION

Broadly neutralizing monoclonal antibodies to the conserved stem region of HAs are
being used to guide the design of novel universal influenza vaccines. Despite conser-
vation of stem epitopes, the sensitivities of strains to these antibodies vary widely. We
investigated potential mechanisms underlying this variability in a large panel of HA
from different H5N1 strains representing different H5 clades. Our studies showed that
neutralization sensitivity to the stem antibodies correlates with HA conformational
stability.
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The liquid-like internal motions of proteins and the requirement of substantial
plasticity in protein structure for many biological processes are well recognized (37–42).
The influence of conformational fluctuations on epitope availability of envelope pro-
teins of HIV, influenza virus, and flaviviruses has been reported previously (23, 29, 30).
HA is metastable and needs to undergo pH-induced conformational changes to me-
diate virus entry. The resulting changes in the internal motions of HA can have
consequences for exposure of stem epitopes. Once stem MAbs bind to HAs, the binding
is stable across a wide range of low pH values that trigger fusion. Thus, it appears that
the stem MAbs neutralize virus by first binding to HA at neutral pH and then remaining
bound to HA during endocytosis to block the low-pH-induced HA conformation
changes required for fusion.

Levels of HA stability differ among different strains. D94N (101 in H3 HA numbering),
S217P (221 in H3 HA numbering), M226V (230 in H3 HA numbering), and L419I (418 in
H3 HA numbering) have been reported to increase H5 HA stability (36). Among the H5
HAs that we investigated here, we noted that (i) the HAs of AH/1, TK/1, and OS/102
contain 94N, (ii) the HA of ID/5 contains 94S, (iii) the HA of GX/13 contains 94I, (iv) the
HA of HK/156 contains 94N and 217P, and (v) the HA of HK/3088 contains 94N and 217I.
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All of those HAs are more stable than VN/1203 HA and are associated with less
sensitivity to stem antibody neutralization. Consistent with previous reports, L419I (418
in H3 HA numbering) enhanced H5 HA stability (36) and reduced viral sensitivity to
stem antibody neutralization (35).

Differences in HA stability are important for influenza virus host range, transmission
phenotype, and pathogenic potential (43–46). A more stable HA (activation pH of �5.5)
was previously shown to be necessary for pH1N1 influenza virus pathogenicity and
airborne transmissibility in ferrets and to be associated with pandemic potential in
humans (46). Similarly, increased H5 HA stability was reported to be associated with the
enhanced H5 influenza virus transmission in ferrets (47–49). It will be important to
assess the susceptibility of these airborne transmissible viruses to stem antibody
neutralization. High HA stability is also critical for influenza vaccine development (50)
because of the gradual degradation and aggregation of HA.

Our in vitro studies performed using the HA pseudoviruses and HA-mediated
cell-cell fusion had several limitations. In particular, HA pseudoviruses based on lenti-
viral cores may differ from wild-type influenza viruses in the potential packing of and
interactions between HA and neuraminidase (NA) on viral membranes. HA pseudovi-
ruses are also restricted to single-cycle entry and neutralization. Importantly, we
previously showed using reference sera that neutralization titers against H5 influenza
HA pseudoviruses are similar to those measured in standard microneutralization assays
(51). HA-mediated cell-cell fusion assays likewise do not precisely mimic influenza virus
fusion in endosomes, and the use of a wide variety of methods to score fusion and
report pH of fusion makes it difficult to compare pH measurements in the literature. For
example, we report the pH of 50% maximal fusion using an enzymatic readout and a
full range of pH values to generate a sigmoidal curve, while many others have reported
the threshold pH for initiation of fusion and have used different readouts for fusion (36,
52–55). We also note that some studies report that NA can increase levels of HA-
mediated membrane fusion and that syncytia were observed at higher pH when NA
was expressed along with HA (54, 55). Further studies are needed to determine whether
NA directly modulates HA stability.

In summary, our results show that residues outside the stem antibody epitopes can
account for much of the variation of HA stability and susceptibility to stem antibody
neutralization. Different combinations of residues in different HA contexts can affect HA
stability and stem epitope exposure. These findings highlight the importance of
nonepitope residues in influencing neutralization sensitivity to stem antibodies and the
complexities of developing universal vaccines targeting conserved epitopes in the HA
stem.
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MATERIALS AND METHODS
Plasmids, cell lines, and antibodies. �-Galactosidase (�-Gal) � subunit expression plasmid and 293T

cells stably expressing �-Gal � subunit (56) were provided by Nathaniel Landau (New York University,
New York, NY). Broadly neutralizing stem MAbs CR6261, FI6, and C179, described previously (12, 14, 18),
were obtained from the Vaccine Research Center (NIH, Bethesda, MD) and Yoshinobu Okuno (Kyoto,
Japan). HIV-1 gp41 antibody (Chessie 8) (57) was obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program. As described previously (58), rabbit antisera against H5N1 HA1
were produced via immunization with A/Viet Nam/1203/2004 HA1 peptides (eENZYME). Rabbit antibod-
ies against A/Viet Nam/1203/2004, A/Laos/3295/2006, and A/Indonesia/5/2005 HAs, generated by im-
munization with virus-like particles, were provided by Jerry Weir (FDA).

HA pseudovirus thermal stability and neutralization. H5 HAs from different clades as shown in
Table 1 were used for pseudotyping lentiviral reporter vectors for producing HA pseudoviruses in 293T
cells, as described previously (35, 51, 58). Briefly, 5 �g of pCMVΔR8.2, 5.5 �g of pHR=CMVLuc, 0.5 �g of
HA, and 4 �g of A/California/04/2009 NA expression plasmids were included in the transfection. HA
pseudotypes were collected 48 h posttransfection, filtered through a 0.45-mm-pore-size low-protein
binding filter, and used immediately or stored at �80°C. For thermal stability studies, HA pseudoviruses
were adjusted to have similar levels of infectivity at 37°C and were then treated for a specific time period
at different temperatures. The levels of infectivity of untreated and treated HA pseudoviruses were
compared. HA pseudovirus neutralization was tested as described previously (51). The antibody dilution
causing a 95% reduction in the level of vector-expressed luciferase compared to control results was used
as the neutralization endpoint titer (95% inhibitory concentration [IC95] neutralizing antibody titer) and
calculated with nonlinear regression using GraphPad Prism. Data reported were from at least two
independent experiments, with each sample run in duplicate.
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FIG 5 Nonepitope residues affect HA flexibility and sensitivity to stem antibody neutralization. (A and B) The infectivities of wild-type
VN/1203 and the corresponding mutant HA pseudoviruses were compared after they were treated for different times at 50°C (A) and
for 1 h at different temperatures (B). HA pseudovirus infectivity after treatment was normalized to the infectivity of the corresponding
untreated HA pseudovirus. (C) Cell-cell fusion levels mediated by VN/1203 and its mutant HA at various pHs were compared by fusion
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Hemagglutinin Stability Affects Neutralization Journal of Virology

June 2018 Volume 92 Issue 12 e00247-18 jvi.asm.org 9

http://jvi.asm.org


HA-mediated cell-cell fusion assay. Cell-cell fusion was quantified using a reporter system based on
�-galactoside (�-Gal) complementation (59). As previous described (60), 293T cells were transfected with
wild-type or mutant H5 HA expression plasmids (pCMV/R-HA) and with �-Gal � subunit expression
plasmids. The transfected 293T cells were detached using nonenzymatic cell dissociation solution
(Sigma) 48 h posttransfection, and 6 � 104 cells were then added to 6 � 104 �-Gal � subunit-expressing
293T target cells per well on a 96-well plate coated with poly-L-lysine solution. Cells were cocultivated
for 3 h at 37°C and then treated for 5 min with phosphate-buffered saline (PBS)– 0.1 M citric acid buffer
at the desired pH. The treated cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
overnight. Cell-cell fusion was then scored for �-Gal activity in coculture cell lysates using a Galacto-Star
kit (Applied Biosystems, Carlsbad, CA), according to the manufacturer’s instructions. Fusion levels were
normalized as a fraction of the maximum fusion for each strain.

Immunoprecipitation. As previously reported (61), HA pseudoviruses were treated with 1% (final
concentration) N-dodecyl �-D-maltoside (DDM) at 37°C for 1 h and incubated with stem MAb at 37°C for
another 1 h followed by immunoprecipitation with protein G Dynabeads (Invitrogen) overnight at 4°C.
After immunoprecipitation, the protein G beads were washed four times with 1% NP-40 –PBS. The
immunoprecipitation samples were resolved on SDS-PAGE and detected by Western blotting using
rabbit H5 HA1 subunit antiserum.

Hemagglutination and ELISAs. The hemagglutination assay was performed in 96-well (V-bottom)
plates by a standard method to determine numbers of HA units, as described in the WHO Manual on
Animal Influenza Diagnosis and Surveillance (http://www.who.int/csr/resources/publications/influenza/
en/whocdscsrncs20025rev.pdf), using 0.5% turkey red blood cells (Lampire Biological Laboratories,
Pipersville, PA) suspended in PBS (pH 7.2). A standard ELISA was used to detect the binding of antibody
to HA pseudovirus. Briefly, HA pseudoviruses containing 16 HA units were coated on ELISA plates. The
virus-coated plates were blocked and then incubated with stem MAb or a rabbit antiserum cocktail
against pan-H5 HA. The plates were then washed with PBS (pH 7.0) and incubated with peroxidase-
conjugated secondary IgG (KPL, Gaithersburg, MD). Unbound secondary IgG was washed off as described
above, signal was developed using TMB (3,3=,5,5=-tetramethylbenzidine) substrate, and the reaction was
stopped with 1 N H2SO4 before recording the optical density at 450 nm (OD450).

Computational analysis. The HA structure comparison and the locations of the residues on HA were
analyzed by the use of the UCSF Chimera program (https://www.cgl.ucsf.edu/chimera/) and Protein Data
Bank (PDB) entry 2FK0 (62).

Statistical analysis. The correlation of neutralization titers with the pH of 50% fusion was evaluated
with Pearson’s r. The changes of thermal stability and pH for HA-mediated cell-cell fusion of each virus
were compared by two-way analysis of variance (ANOVA), and the P values of the virus factor data are
shown. P values of �0.05 in Pearson’s r analysis and two-way ANOVA were considered statistically
significant.

ACKNOWLEDGMENTS
We thank Jerry Weir and Vladimir Lugovtsev (U.S. FDA, Center for Biologics Evalu-

ation and Research, Bethesda, MD) for critical readings of the manuscript.
This work was supported by institutional funds from the U.S. FDA.

REFERENCES
1. Thompson WW, Moore MR, Weintraub E, Cheng PY, Jin X, Bridges CB,

Bresee JS, Shay DK. 2009. Estimating influenza-associated deaths in the
United States. Am J Public Health 99(Suppl 2):S225–S230. https://doi
.org/10.2105/AJPH.2008.151944.

2. Thompson WW, Shay DK, Weintraub E, Brammer L, Bridges CB, Cox NJ,
Fukuda K. 2004. Influenza-associated hospitalizations in the United
States. JAMA 292:1333–1340. https://doi.org/10.1001/jama.292.11.1333.

3. WHO. 2008. Immunization, vaccines and biologicals: influenza. http://
www.who.int/immunization/topics/influenza/en/.

4. Wilson IA, Skehel JJ, Wiley DC. 1981. Structure of the haemagglutinin
membrane glycoprotein of influenza virus at 3 A resolution. Nature
289:366 –373. https://doi.org/10.1038/289366a0.

5. Huang RT, Rott R, Klenk HD. 1981. Influenza viruses cause hemolysis
and fusion of cells. Virology 110:243–247. https://doi.org/10.1016/
0042-6822(81)90030-1.

6. Bullough PA, Hughson FM, Skehel JJ, Wiley DC. 1994. Structure of
influenza haemagglutinin at the pH of membrane fusion. Nature 371:
37– 43. https://doi.org/10.1038/371037a0.

7. Skehel JJ, Wiley DC. 2000. Receptor binding and membrane fusion in
virus entry: the influenza hemagglutinin. Annu Rev Biochem 69:531–569.
https://doi.org/10.1146/annurev.biochem.69.1.531.

8. Quiñones-Parra S, Loh L, Brown LE, Kedzierska K, Valkenburg SA. 2014.
Universal immunity to influenza must outwit immune evasion. Front
Microbiol 5:285. https://doi.org/10.3389/fmicb.2014.00285.

9. Xu R, Ekiert DC, Krause JC, Hai R, Crowe JE, Jr, Wilson IA. 2010. Structural

basis of preexisting immunity to the 2009 H1N1 pandemic influenza
virus. Science 328:357–360. https://doi.org/10.1126/science.1186430.

10. Hensley SE, Das SR, Bailey AL, Schmidt LM, Hickman HD, Jayaraman A,
Viswanathan K, Raman R, Sasisekharan R, Bennink JR, Yewdell JW.
2009. Hemagglutinin receptor binding avidity drives influenza A virus
antigenic drift. Science 326:734 –736. https://doi.org/10.1126/science
.1178258.

11. Yewdell JW, Caton AJ, Gerhard W. 1986. Selection of influenza A virus
adsorptive mutants by growth in the presence of a mixture of mono-
clonal antihemagglutinin antibodies. J Virol 57:623– 628.

12. Okuno Y, Isegawa Y, Sasao F, Ueda S. 1993. A common neutralizing
epitope conserved between the hemagglutinins of influenza A virus H1
and H2 strains. J Virol 67:2552–2558.

13. Smirnov YA, Lipatov AS, Gitelman AK, Okuno Y, Van Beek R, Osterhaus
AD, Claas EC. 1999. An epitope shared by the hemagglutinins of H1, H2,
H5, and H6 subtypes of influenza A virus. Acta Virol 43:237–244.

14. Ekiert DC, Bhabha G, Elsliger MA, Friesen RH, Jongeneelen M, Throsby M,
Goudsmit J, Wilson IA. 2009. Antibody recognition of a highly conserved
influenza virus epitope. Science 324:246 –251. https://doi.org/10.1126/
science.1171491.

15. Kashyap AK, Steel J, Oner AF, Dillon MA, Swale RE, Wall KM, Perry KJ,
Faynboym A, Ilhan M, Horowitz M, Horowitz L, Palese P, Bhatt RR, Lerner
RA. 2008. Combinatorial antibody libraries from survivors of the Turkish
H5N1 avian influenza outbreak reveal virus neutralization strategies.
Proc Natl Acad Sci U S A 105:5986 –5991. https://doi.org/10.1073/pnas
.0801367105.

Wang et al. Journal of Virology

June 2018 Volume 92 Issue 12 e00247-18 jvi.asm.org 10

http://www.who.int/csr/resources/publications/influenza/en/whocdscsrncs20025rev.pdf
http://www.who.int/csr/resources/publications/influenza/en/whocdscsrncs20025rev.pdf
https://www.cgl.ucsf.edu/chimera/
https://www.rcsb.org/pdb/explore/explore.do?structureId=2FK0
https://doi.org/10.2105/AJPH.2008.151944
https://doi.org/10.2105/AJPH.2008.151944
https://doi.org/10.1001/jama.292.11.1333
http://www.who.int/immunization/topics/influenza/en/
http://www.who.int/immunization/topics/influenza/en/
https://doi.org/10.1038/289366a0
https://doi.org/10.1016/0042-6822(81)90030-1
https://doi.org/10.1016/0042-6822(81)90030-1
https://doi.org/10.1038/371037a0
https://doi.org/10.1146/annurev.biochem.69.1.531
https://doi.org/10.3389/fmicb.2014.00285
https://doi.org/10.1126/science.1186430
https://doi.org/10.1126/science.1178258
https://doi.org/10.1126/science.1178258
https://doi.org/10.1126/science.1171491
https://doi.org/10.1126/science.1171491
https://doi.org/10.1073/pnas.0801367105
https://doi.org/10.1073/pnas.0801367105
http://jvi.asm.org


16. Sui J, Hwang WC, Perez S, Wei G, Aird D, Chen LM, Santelli E, Stec B,
Cadwell G, Ali M, Wan H, Murakami A, Yammanuru A, Han T, Cox NJ,
Bankston LA, Donis RO, Liddington RC, Marasco WA. 2009. Structural and
functional bases for broad-spectrum neutralization of avian and human
influenza A viruses. Nat Struct Mol Biol 16:265–273. https://doi.org/10
.1038/nsmb.1566.

17. Throsby M, van den Brink E, Jongeneelen M, Poon LL, Alard P, Corne-
lissen L, Bakker A, Cox F, van Deventer E, Guan Y, Cinatl J, ter Meulen J,
Lasters I, Carsetti R, Peiris M, de Kruif J, Goudsmit J. 2008. Heterosubtypic
neutralizing monoclonal antibodies cross-protective against H5N1 and
H1N1 recovered from human IgM� memory B cells. PLoS One 3:e3942.
https://doi.org/10.1371/journal.pone.0003942.

18. Corti D, Voss J, Gamblin SJ, Codoni G, Macagno A, Jarrossay D, Vachieri
SG, Pinna D, Minola A, Vanzetta F, Silacci C, Fernandez-Rodriguez BM,
Agatic G, Bianchi S, Giacchetto-Sasselli I, Calder L, Sallusto F, Collins P,
Haire LF, Temperton N, Langedijk JP, Skehel JJ, Lanzavecchia A. 2011. A
neutralizing antibody selected from plasma cells that binds to group 1
and group 2 influenza A hemagglutinins. Science 333:850 – 856. https://
doi.org/10.1126/science.1205669.

19. Ekiert DC, Friesen RH, Bhabha G, Kwaks T, Jongeneelen M, Yu W,
Ophorst C, Cox F, Korse HJ, Brandenburg B, Vogels R, Brakenhoff JP,
Kompier R, Koldijk MH, Cornelissen LA, Poon LL, Peiris M, Koudstaal
W, Wilson IA, Goudsmit J. 2011. A highly conserved neutralizing
epitope on group 2 influenza A viruses. Science 333:843– 850. https://
doi.org/10.1126/science.1204839.

20. Friesen RH, Lee PS, Stoop EJ, Hoffman RM, Ekiert DC, Bhabha G, Yu W,
Juraszek J, Koudstaal W, Jongeneelen M, Korse HJ, Ophorst C, Brinkman-
van der Linden EC, Throsby M, Kwakkenbos MJ, Bakker AQ, Beaumont T,
Spits H, Kwaks T, Vogels R, Ward AB, Goudsmit J, Wilson IA. 2014. A
common solution to group 2 influenza virus neutralization. Proc Natl
Acad Sci U S A 111:445– 450. https://doi.org/10.1073/pnas.1319058110.

21. Dreyfus C, Laursen NS, Kwaks T, Zuijdgeest D, Khayat R, Ekiert DC, Lee JH,
Metlagel Z, Bujny MV, Jongeneelen M, van der Vlugt R, Lamrani M, Korse
HJ, Geelen E, Sahin O, Sieuwerts M, Brakenhoff JP, Vogels R, Li OT, Poon
LL, Peiris M, Koudstaal W, Ward AB, Wilson IA, Goudsmit J, Friesen RH.
2012. Highly conserved protective epitopes on influenza B viruses.
Science 337:1343–1348. https://doi.org/10.1126/science.1222908.

22. Wang W, Alvarado-Facundo E, Chen Q, Anderson CM, Scott D, Vassell R,
Weiss CD. 2016. Serum samples from middle-aged adults vaccinated
annually with seasonal influenza vaccines cross-neutralize some poten-
tial pandemic influenza viruses. J Infect Dis 213:403– 406. https://doi.org/
10.1093/infdis/jiv407.

23. Kwong PD, Doyle ML, Casper DJ, Cicala C, Leavitt SA, Majeed S, Steen-
beke TD, Venturi M, Chaiken I, Fung M, Katinger H, Parren PW, Robinson
J, Van Ryk D, Wang L, Burton DR, Freire E, Wyatt R, Sodroski J, Hendrick-
son WA, Arthos J. 2002. HIV-1 evades antibody-mediated neutralization
through conformational masking of receptor-binding sites. Nature 420:
678 – 682. https://doi.org/10.1038/nature01188.

24. Sabo MC, Luca VC, Ray SC, Bukh J, Fremont DH, Diamond MS. 2012.
Hepatitis C virus epitope exposure and neutralization by antibodies is
affected by time and temperature. Virology 422:174 –184. https://doi
.org/10.1016/j.virol.2011.10.023.

25. Dowd KA, Mukherjee S, Kuhn RJ, Pierson TC. 2014. Combined effects
of the structural heterogeneity and dynamics of flaviviruses on anti-
body recognition. J Virol 88:11726 –11737. https://doi.org/10.1128/
JVI.01140-14.

26. Dowd KA, Jost CA, Durbin AP, Whitehead SS, Pierson TC. 2011. A
dynamic landscape for antibody binding modulates antibody-mediated
neutralization of West Nile virus. PLoS Pathog 7:e1002111. https://doi
.org/10.1371/journal.ppat.1002111.

27. Cherrier MV, Kaufmann B, Nybakken GE, Lok SM, Warren JT, Chen BR,
Nelson CA, Kostyuchenko VA, Holdaway HA, Chipman PR, Kuhn RJ,
Diamond MS, Rossmann MG, Fremont DH. 2009. Structural basis for the
preferential recognition of immature flaviviruses by a fusion-loop anti-
body. EMBO J 28:3269 –3276. https://doi.org/10.1038/emboj.2009.245.

28. Nelson S, Jost CA, Xu Q, Ess J, Martin JE, Oliphant T, Whitehead SS,
Durbin AP, Graham BS, Diamond MS, Pierson TC. 2008. Maturation of
West Nile virus modulates sensitivity to antibody-mediated neutral-
ization. PLoS Pathog 4:e1000060. https://doi.org/10.1371/journal
.ppat.1000060.

29. Kuhn RJ, Dowd KA, Beth Post C, Pierson TC. 2015. Shake, rattle, and
roll: impact of the dynamics of flavivirus particles on their interac-
tions with the host. Virology 479 – 480:508 –517. https://doi.org/10
.1016/j.virol.2015.03.025.

30. Bächi T, Gerhard W, Yewdell JW. 1985. Monoclonal antibodies detect
different forms of influenza virus hemagglutinin during viral penetration
and biosynthesis. J Virol 55:307–313.

31. Okuno Y, Matsumoto K, Isegawa Y, Ueda S. 1994. Protection against the
mouse-adapted A/FM/1/47 strain of influenza A virus in mice by a
monoclonal antibody with cross-neutralizing activity among H1 and H2
strains. J Virol 68:517–520.

32. Lipatov AS, Gitelman AK, Smirnov Yu A. 1997. Prevention and treatment
of lethal influenza A virus bronchopneumonia in mice by monoclonal
antibody against haemagglutinin stem region. Acta Virol 41:337–340.

33. Smirnov YA, Lipatov AS, Gitelman AK, Claas EC, Osterhaus AD. 2000.
Prevention and treatment of bronchopneumonia in mice caused by
mouse-adapted variant of avian H5N2 influenza A virus using monoclo-
nal antibody against conserved epitope in the HA stem region. Arch
Virol 145:1733–1741. https://doi.org/10.1007/s007050070088.

34. Schneemann A, Speir JA, Tan GS, Khayat R, Ekiert DC, Matsuoka Y, Wilson
IA. 2012. A virus-like particle that elicits cross-reactive antibodies to the
conserved stem of influenza virus hemagglutinin. J Virol 86:
11686 –11697. https://doi.org/10.1128/JVI.01694-12.

35. Wang W, Anderson CM, De Feo CJ, Zhuang M, Yang H, Vassell R, Xie H,
Ye Z, Scott D, Weiss CD. 2011. Cross-neutralizing antibodies to pandemic
2009 H1N1 and recent seasonal H1N1 influenza A strains influenced by
a mutation in hemagglutinin subunit 2. PLoS Pathog 7:e1002081.
https://doi.org/10.1371/journal.ppat.1002081.

36. Hanson A, Imai M, Hatta M, McBride R, Imai H, Taft A, Zhong G, Watanabe
T, Suzuki Y, Neumann G, Paulson JC, Kawaoka Y. 2015. Identification of
stabilizing mutations in an H5 hemagglutinin influenza virus protein. J
Virol 90:2981–2992. https://doi.org/10.1128/JVI.02790-15.

37. Dodson GG, Lane DP, Verma CS. 2008. Molecular simulations of protein
dynamics: new windows on mechanisms in biology. EMBO Rep
9:144 –150. https://doi.org/10.1038/sj.embor.7401160.

38. Bai Y, Sosnick TR, Mayne L, Englander SW. 1995. Protein folding
intermediates: native-state hydrogen exchange. Science 269:192–197.
https://doi.org/10.1126/science.7618079.

39. Park C, Marqusee S. 2004. Probing the high energy states in proteins
by proteolysis. J Mol Biol 343:1467–1476. https://doi.org/10.1016/j
.jmb.2004.08.085.

40. Thomsen NK, Poulsen FM. 1993. Low energy of activation for amide
hydrogen exchange reactions in proteins supports a local unfolding
model. J Mol Biol 234:234 –241. https://doi.org/10.1006/jmbi.1993.1577.

41. Borbat PP, Costa-Filho AJ, Earle KA, Moscicki JK, Freed JH. 2001. Electron
spin resonance in studies of membranes and proteins. Science 291:
266 –269. https://doi.org/10.1126/science.291.5502.266.

42. Karplus M, Kuriyan J. 2005. Molecular dynamics and protein function.
Proc Natl Acad Sci U S A 102:6679 – 6685. https://doi.org/10.1073/pnas
.0408930102.

43. Yang H, Chang JC, Guo Z, Carney PJ, Shore DA, Donis RO, Cox NJ,
Villanueva JM, Klimov AI, Stevens J. 2014. Structural stability of influenza
A(H1N1)pdm09 virus hemagglutinins. J Virol 88:4828 – 4838. https://doi
.org/10.1128/JVI.02278-13.

44. Garcia NK, Guttman M, Ebner JL, Lee KK. 2015. Dynamic changes during
acid-induced activation of influenza hemagglutinin. Structure 23:
665– 676. https://doi.org/10.1016/j.str.2015.02.006.

45. Byrd-Leotis L, Galloway SE, Agbogu E, Steinhauer DA. 2015. Influenza
hemagglutinin (HA) stem region mutations that stabilize or destabilize
the structure of multiple HA subtypes. J Virol 89:4504 – 4516. https://doi
.org/10.1128/JVI.00057-15.

46. Russier M, Yang G, Rehg JE, Wong SS, Mostafa HH, Fabrizio TP, Barman
S, Krauss S, Webster RG, Webby RJ, Russell CJ. 2016. Molecular require-
ments for a pandemic influenza virus: an acid-stable hemagglutinin
protein. Proc Natl Acad Sci U S A 113:1636 –1641. https://doi.org/10
.1073/pnas.1524384113.

47. Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E, Munster VJ,
Sorrell EM, Bestebroer TM, Burke DF, Smith DJ, Rimmelzwaan GF, Oster-
haus AD, Fouchier RA. 2012. Airborne transmission of influenza A/H5N1
virus between ferrets. Science 336:1534 –1541. https://doi.org/10.1126/
science.1213362.

48. Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, Shinya K, Zhong G,
Hanson A, Katsura H, Watanabe S, Li C, Kawakami E, Yamada S, Kiso M,
Suzuki Y, Maher EA, Neumann G, Kawaoka Y. 2012. Experimental adap-
tation of an influenza H5 HA confers respiratory droplet transmission to
a reassortant H5 HA/H1N1 virus in ferrets. Nature 486:420 – 428.

49. Linster M, van Boheemen S, de Graaf M, Schrauwen EJA, Lexmond P,
Manz B, Bestebroer TM, Baumann J, van Riel D, Rimmelzwaan GF,

Hemagglutinin Stability Affects Neutralization Journal of Virology

June 2018 Volume 92 Issue 12 e00247-18 jvi.asm.org 11

https://doi.org/10.1038/nsmb.1566
https://doi.org/10.1038/nsmb.1566
https://doi.org/10.1371/journal.pone.0003942
https://doi.org/10.1126/science.1205669
https://doi.org/10.1126/science.1205669
https://doi.org/10.1126/science.1204839
https://doi.org/10.1126/science.1204839
https://doi.org/10.1073/pnas.1319058110
https://doi.org/10.1126/science.1222908
https://doi.org/10.1093/infdis/jiv407
https://doi.org/10.1093/infdis/jiv407
https://doi.org/10.1038/nature01188
https://doi.org/10.1016/j.virol.2011.10.023
https://doi.org/10.1016/j.virol.2011.10.023
https://doi.org/10.1128/JVI.01140-14
https://doi.org/10.1128/JVI.01140-14
https://doi.org/10.1371/journal.ppat.1002111
https://doi.org/10.1371/journal.ppat.1002111
https://doi.org/10.1038/emboj.2009.245
https://doi.org/10.1371/journal.ppat.1000060
https://doi.org/10.1371/journal.ppat.1000060
https://doi.org/10.1016/j.virol.2015.03.025
https://doi.org/10.1016/j.virol.2015.03.025
https://doi.org/10.1007/s007050070088
https://doi.org/10.1128/JVI.01694-12
https://doi.org/10.1371/journal.ppat.1002081
https://doi.org/10.1128/JVI.02790-15
https://doi.org/10.1038/sj.embor.7401160
https://doi.org/10.1126/science.7618079
https://doi.org/10.1016/j.jmb.2004.08.085
https://doi.org/10.1016/j.jmb.2004.08.085
https://doi.org/10.1006/jmbi.1993.1577
https://doi.org/10.1126/science.291.5502.266
https://doi.org/10.1073/pnas.0408930102
https://doi.org/10.1073/pnas.0408930102
https://doi.org/10.1128/JVI.02278-13
https://doi.org/10.1128/JVI.02278-13
https://doi.org/10.1016/j.str.2015.02.006
https://doi.org/10.1128/JVI.00057-15
https://doi.org/10.1128/JVI.00057-15
https://doi.org/10.1073/pnas.1524384113
https://doi.org/10.1073/pnas.1524384113
https://doi.org/10.1126/science.1213362
https://doi.org/10.1126/science.1213362
http://jvi.asm.org


Osterhaus A, Matrosovich M, Fouchier RAM, Herfst S. 2014. Identification,
characterization, and natural selection of mutations driving airborne
transmission of A/H5N1 virus. Cell 157:329 –339. https://doi.org/10.1016/
j.cell.2014.02.040.

50. Cotter CR, Jin H, Chen Z. 2014. A single amino acid in the stalk region of
the H1N1pdm influenza virus HA protein affects viral fusion, stability and
infectivity. PLoS Pathog 10:e1003831. https://doi.org/10.1371/journal
.ppat.1003831.

51. Wang W, Xie H, Ye Z, Vassell R, Weiss CD. 2010. Characterization of
lentiviral pseudotypes with influenza H5N1 hemagglutinin and their
performance in neutralization assays. J Virol Methods 165:305–310.
https://doi.org/10.1016/j.jviromet.2010.02.009.

52. Chernomordik LV, Frolov VA, Leikina E, Bronk P, Zimmerberg J. 1998. The
pathway of membrane fusion catalyzed by influenza hemagglutinin:
restriction of lipids, hemifusion, and lipidic fusion pore formation. J Cell
Biol 140:1369 –1382. https://doi.org/10.1083/jcb.140.6.1369.

53. Galloway SE, Reed ML, Russell CJ, Steinhauer DA. 2013. Influenza HA
subtypes demonstrate divergent phenotypes for cleavage activation
and pH of fusion: implications for host range and adaptation. PLoS
Pathog 9:e1003151. https://doi.org/10.1371/journal.ppat.1003151.

54. Reed ML, Bridges OA, Seiler P, Kim JK, Yen HL, Salomon R, Govorkova EA,
Webster RG, Russell CJ. 2010. The pH of activation of the hemagglutinin
protein regulates H5N1 influenza virus pathogenicity and transmissibil-
ity in ducks. J Virol 84:1527–1535. https://doi.org/10.1128/JVI.02069-09.

55. Su B, Wurtzer S, Rameix-Welti MA, Dwyer D, van der Werf S, Naffakh N,
Clavel F, Labrosse B. 2009. Enhancement of the influenza A hemagglu-
tinin (HA)-mediated cell-cell fusion and virus entry by the viral neur-
aminidase (NA). PLoS One 4:e8495. https://doi.org/10.1371/journal.pone
.0008495.

56. Holland AU, Munk C, Lucero GR, Nguyen LD, Landau NR. 2004. Alpha-

complementation assay for HIV envelope glycoprotein-mediated fusion.
Virology 319:343–352. https://doi.org/10.1016/j.virol.2003.11.012.

57. Abacioglu YH, Fouts TR, Laman JD, Claassen E, Pincus SH, Moore JP, Roby
CA, Kamin-Lewis R, Lewis GK. 1994. Epitope mapping and topology of
baculovirus-expressed HIV-1 gp160 determined with a panel of murine
monoclonal antibodies. AIDS Res Hum Retroviruses 10:371–381. https://
doi.org/10.1089/aid.1994.10.371.

58. Wang W, Butler EN, Veguilla V, Vassell R, Thomas JT, Moos M, Jr, Ye Z,
Hancock K, Weiss CD. 2008. Establishment of retroviral pseudotypes with
influenza hemagglutinins from H1, H3, and H5 subtypes for sensitive
and specific detection of neutralizing antibodies. J Virol Methods 153:
111–119. https://doi.org/10.1016/j.jviromet.2008.07.015.

59. Rossi F, Charlton CA, Blau HM. 1997. Monitoring protein-protein inter-
actions in intact eukaryotic cells by beta-galactosidase complementa-
tion. Proc Natl Acad Sci U S A 94:8405– 8410.

60. Alvarado-Facundo E, Gao Y, Ribas-Aparicio RM, Jimenez-Alberto A, Weiss
CD, Wang W. 2015. Influenza virus M2 protein ion channel activity helps
to maintain pandemic 2009 H1N1 virus hemagglutinin fusion compe-
tence during transport to the cell surface. J Virol 89:1975–1985. https://
doi.org/10.1128/JVI.03253-14.

61. Alvarado-Facundo E, Vassell R, Schmeisser F, Weir JP, Weiss CD, Wang W.
2016. Glycosylation of residue 141 of subtype H7 influenza A hemag-
glutinin (HA) affects HA-pseudovirus infectivity and sensitivity to site A
neutralizing antibodies. PLoS One 11:e0149149. https://doi.org/10.1371/
journal.pone.0149149.

62. Stevens J, Blixt O, Tumpey TM, Taubenberger JK, Paulson JC, Wilson IA.
2006. Structure and receptor specificity of the hemagglutinin from an
H5N1 influenza virus. Science 312:404 – 410. https://doi.org/10.1126/
science.1124513.

Wang et al. Journal of Virology

June 2018 Volume 92 Issue 12 e00247-18 jvi.asm.org 12

https://doi.org/10.1016/j.cell.2014.02.040
https://doi.org/10.1016/j.cell.2014.02.040
https://doi.org/10.1371/journal.ppat.1003831
https://doi.org/10.1371/journal.ppat.1003831
https://doi.org/10.1016/j.jviromet.2010.02.009
https://doi.org/10.1083/jcb.140.6.1369
https://doi.org/10.1371/journal.ppat.1003151
https://doi.org/10.1128/JVI.02069-09
https://doi.org/10.1371/journal.pone.0008495
https://doi.org/10.1371/journal.pone.0008495
https://doi.org/10.1016/j.virol.2003.11.012
https://doi.org/10.1089/aid.1994.10.371
https://doi.org/10.1089/aid.1994.10.371
https://doi.org/10.1016/j.jviromet.2008.07.015
https://doi.org/10.1128/JVI.03253-14
https://doi.org/10.1128/JVI.03253-14
https://doi.org/10.1371/journal.pone.0149149
https://doi.org/10.1371/journal.pone.0149149
https://doi.org/10.1126/science.1124513
https://doi.org/10.1126/science.1124513
http://jvi.asm.org

	RESULTS
	H5N1 HAs from different strains differ in their sensitivities to neutralizing stem antibodies. 
	Stem antibodies differ in their levels of binding to different H5 HAs. 
	H5N1 HA conformational flexibility is associated with sensitivity to neutralizing stem antibodies. 
	Stem antibody binding to HA is stable under low-pH conditions. 
	Nonepitope residues affect H5 HA flexibility and sensitivity to stem antibodies. 

	DISCUSSION
	MATERIALS AND METHODS
	Plasmids, cell lines, and antibodies. 
	HA pseudovirus thermal stability and neutralization. 
	HA-mediated cell-cell fusion assay. 
	Immunoprecipitation. 
	Hemagglutination and ELISAs. 
	Computational analysis. 
	Statistical analysis. 

	ACKNOWLEDGMENTS
	REFERENCES

