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ABSTRACT Influenza viruses express two surface glycoproteins, the hemagglutinin
(HA) and the neuraminidase (NA). Anti-NA antibodies protect from lethal influenza
virus challenge in the mouse model and correlate inversely with virus shedding and
symptoms in humans. Consequently, the NA is a promising target for influenza virus
vaccine design. Current seasonal vaccines, however, poorly induce anti-NA antibod-
ies, partly because of the immunodominance of the HA over the NA when the two
glycoproteins are closely associated. To address this issue, here we investigated
whether extending the stalk domain of the NA could render it more immunogenic
on virus particles. Two recombinant influenza viruses based on the H1N1 strain
A/Puerto Rico/8/1934 (PR8) were rescued with NA stalk domains extended by 15 or
30 amino acids. Formalin-inactivated viruses expressing wild-type NA or the stalk-
extended NA variants were used to vaccinate mice. The virus with the 30-amino-acid
stalk extension induced significantly higher anti-NA IgG responses (characterized by
increased in vitro antibody-dependent cellular cytotoxicity [ADCC] activity) than the
wild-type PR8 virus, while anti-HA IgG levels were unaffected. Similarly, extending
the stalk domain of the NA of a recent H3N2 virus enhanced the induction of anti-NA
IgGs in mice. On the basis of these results, we hypothesize that the subdominance of
the NA can be modulated if the protein is modified such that its height surpasses that
of the HA on the viral membrane. Extending the stalk domain of NA may help to en-
hance its immunogenicity in influenza virus vaccines without compromising antibody re-
sponses to HA.

IMPORTANCE The efficacy of influenza virus vaccines could be improved by en-
hancing the immunogenicity of the NA protein. One of the reasons for its poor im-
munogenicity is the immunodominance of the HA over the NA in many seasonal in-
fluenza virus vaccines. Here we demonstrate that, in the mouse model, extending
the stalk domain of the NA protein can enhance its immunogenicity on virus parti-
cles and overcome the immunodominance of the HA without affecting antibody re-
sponses to the HA. The antibody repertoire is broadened by the extended NA and
includes additional ADCC-active antibodies. Our findings may assist in the efforts to-
ward more effective influenza virus vaccines.
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Influenza A and B viruses express two surface glycoproteins, hemagglutinin (HA) and
neuraminidase (NA) (1). Nine subtypes of the NA (N1 to N9) are described for

influenza A virus, two (N10 and N11) for bat influenza A-like viruses, and one for
influenza B viruses (2). Although the NA is recognized as a promising target for vaccines
(2, 3), current seasonal influenza virus vaccines do not reliably induce robust anti-NA
immunity (2, 4–9). Anti-NA antibodies (Abs) have been shown to protect against lethal
influenza virus challenge in mice (10–14), and human challenge studies revealed an

Citation Broecker F, Zheng A, Suntronwong N,
Sun W, Bailey MJ, Krammer F, Palese P. 2019.
Extending the stalk enhances immunogenicity
of the influenza virus neuraminidase. J Virol
93:e00840-19. https://doi.org/10.1128/JVI
.00840-19.

Editor Terence S. Dermody, University of
Pittsburgh School of Medicine

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Peter Palese,
peter.palese@mssm.edu.

F.B. and A.Z. contributed equally to this article.

Received 17 May 2019
Accepted 28 June 2019

Accepted manuscript posted online 2
August 2019
Published

VACCINES AND ANTIVIRAL AGENTS

crossm

September 2019 Volume 93 Issue 18 e00840-19 jvi.asm.org 1Journal of Virology

28 August 2019

https://orcid.org/0000-0003-4121-776X
https://doi.org/10.1128/JVI.00840-19
https://doi.org/10.1128/JVI.00840-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:peter.palese@mssm.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00840-19&domain=pdf&date_stamp=2019-8-2
https://jvi.asm.org


inverse correlation between anti-NA titers and disease symptoms (15–18). In humans,
neuraminidase-inhibiting (NI) antibody titers represent a correlate of protection that is
independent of anti-HA antibody titers (16, 19, 20). The NA undergoes antigenic drift,
indicating that the NA is under immune pressure as well (6, 21, 22). In contrast to
anti-HA antibodies and despite the observed antigenic drift in the NA, anti-NA anti-
bodies often cross-react within one subtype, such as N1 (11, 23–26) or N2 (11, 27, 28),
or among influenza B virus NAs (11, 29, 30).

Many antibodies that target NA have been shown to inhibit its enzymatic activity,
thereby preventing viral release from infected cells (2). These antibodies typically exert
in vitro NI activity. More recently, it has been shown that broadly protective anti-NA
antibodies can also act by activating Fc receptor-mediated effector functions, such as
antibody-dependent cellular cytotoxicity (ADCC) (29). These antibodies potentially
contribute to protection by mediating the killing of virus-infected cells. Future influenza
virus vaccines designed to elicit strong anti-NA antibody responses, in addition to
anti-HA antibodies, may be more effective than current vaccines, as immunity against
the NA is often broad and viral escape is less likely if the two glycoproteins are potently
targeted simultaneously (2, 3).

One reason for the poor induction of anti-NA antibodies upon infection or vacci-
nation may be the immunodominance of the HA over the NA when both proteins are
in close association, as is the case in virus particles and many seasonal vaccines (31–34).
However, when mice are immunized with purified HA and NA proteins that are
administered separately, the NA becomes more immunogenic (35). Consequently, supple-
menting seasonal vaccines with isolated NA proteins can enhance anti-NA responses in
mice (36). More recently, NA vaccine candidates based on recombinant tetrameric NA
proteins (11–13, 37), DNA plasmids (10), virus-like or replicon particles (23, 25), and
modified vaccinia virus Ankara vectors (38) have been shown to induce heterologous
anti-NA immunity in mice. In humans, purified N2 protein has been shown to induce
heterologous antibody responses (28). In addition, the NA is a validated drug target, as
FDA-approved drugs such as oseltamivir and zanamivir are NA inhibitors which are
broadly active against influenza A and B viruses (1). Therefore, a promising approach to
increase the breadth of protection afforded by seasonal influenza virus vaccines is
to include an immunogenic NA component (11, 13, 36, 39). Another path would be to
modify the NA protein such that it becomes more immunogenic when expressed on
the virus particle. If the modified NA remains functional and supports viral replication
in eggs, it could be used in existing manufacturing processes for seasonal vaccines.

The NA protein is composed of the globular head domain that contains the enzymat-
ically active site and the stalk domain (1). Truncations of various lengths in the hypervari-
able stalk have been identified in the NAs of subtypes N1 to N3 and N5 to N7, mostly
in those from avian influenza viruses (40). In contrast, there is currently no evidence for
variation in the NA stalk length in influenza viruses circulating in humans (40). The stalk
tolerates large artificially introduced insertions. For example, the NA stalk of the H1N1
A/WSN/1933 (WSN) virus has been shown to tolerate insertions of up to 28 amino acids
without growth disadvantages in tissue culture or eggs (41). Another study found that
up to 41 amino acids could be inserted into the NA stalk of the WSN virus without
affecting viral growth in tissue culture (42), and the NA stalk of the H1N1 A/Puerto
Rico/8/1934 (PR8) virus tolerated an insertion of 20 amino acids (43). It is presently
unknown, however, whether extending the NA stalk influences the protein’s immuno-
genicity. To address this issue, we generated variants of the PR8 virus that have the NA
stalk domain extended by 15 or 30 amino acids. Vaccination studies in mice revealed
that the virus with a stalk domain extended by 30 amino acids induced significantly
higher anti-NA IgG responses than the wild-type PR8 virus, while anti-HA IgGs were
induced to similar levels. No differences were observed in the NI activity of the antibody
responses, but antisera raised with the stalk extended by 30 amino acids exerted
increased in vitro ADCC activity. To determine if this effect of enhanced immunoge-
nicity would hold true for clinically relevant strains, we generated variants of the H3N2
A/Hong Kong/4801/2014 (HK14) virus that have a 15-amino-acid extension or a 25-
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amino-acid deletion in the N2 stalk. As with the N1 of PR8, we show that increasing the
stalk length of N2 improves its immunogenicity. Our results show that extending the
stalk domain of the NA is a promising approach to enhance its immunogenicity and
overcome the immunodominance of the HA, which may help in the design of improved
influenza virus vaccines.

RESULTS
Design, rescue, and characterization of influenza viruses expressing NA pro-

teins with extended stalk domains. We selected PR8 as a model influenza virus to
study whether the length of the stalk domain of NA correlates with its immunogenicity.
We hypothesized that an extended stalk domain would increase the visibility of the NA
protein on the surface of virus particles to the humoral immune system, thereby enhancing
its immunogenicity.

Compared to circulating H1N1 strains (pre- and postpandemic), the NA of the PR8
virus has a 15-amino-acid deletion in the stalk domain (44). It has been estimated by
molecular dynamics calculations that the NA protein of the H1N1pdm09 A/California/
04/2009 (Cal09) virus extends from the membrane by 149 Å, which is slightly less than
the estimated height of the HA protein (154 Å) (45) (Fig. 1A). It was also calculated that
each amino acid in the stalk domain contributes to �1.2 Å of the total height of the
NA protein (45). Consequently, the NA of PR8 virus has an estimated height of 131 Å.
Adding 15 amino acids to the PR8 NA would increase its height to that of the Cal09 NA
(149 Å), and inserting 30 amino acids would raise the height to 167 Å, which would be
13 Å taller than that of the HA protein (Fig. 1A). Since unrelated sequences could
perturb the structure of the PR8 NA protein, we chose to introduce stalk sequences of
other NA proteins that, despite the variability of amino acid sequences, likely share
structural features with those in the stalk of PR8 NA (41, 42).

Alignment of the NA protein sequences of the PR8 and Cal09 viruses revealed the
position of the 15-amino-acid deletion in the stalk of PR8 NA (Fig. 1B). At that position,
the corresponding 15 amino acids of the Cal09 NA were inserted into the PR8 NA (Fig.
1C). This mutant was designated N1-Ins15. An additional sequence of 15 amino acids
was derived from the NA stalk domain of the H3N2 A/New York/61/2012 (NY12) virus.
A mutant of the PR8 NA that contained both the 15 amino acids of Cal09 NA and the
15 amino acids of NY12 NA was designated N1-Ins30 (Fig. 1C).

The nucleotide sequences of the NA gene segments from the Cal09 and NY12
viruses were used to create the recombinant RNAs encoding the N1-Ins15 and N1-Ins30
proteins. The modified segments were used to rescue viruses expressing these NAs in
the PR8 backbone by reverse genetics. As a control, we also rescued the wild-type
(wt) PR8 virus in parallel, whose NA was designated N1-wt. After growing for 48 h in
embryonated chicken eggs, the plaque-purified and sequence-confirmed viruses grew
to comparable hemagglutination titers (Fig. 1D). Thus, confirming previous reports
(41–43), there was no evidence that the stalk insertions significantly affected viral
growth. Western blots with proteins isolated from virus particles revealed distinct size
shifts of the extended NA proteins compared to the wild-type NA (Fig. 1E). NA and HA
expression levels were comparable in the different viruses (Fig. 1E). The three viruses
were able to infect Madin-Darby canine kidney (MDCK), cells which resulted in expres-
sion of NA on the surface (Fig. 1F).

In summary, we successfully rescued two viruses in the PR8 backbone with NA stalk
domains extended by 15 or 30 amino acids that replicated in eggs and MDCK cells. On
virus particles, the mutated NA proteins were expressed at comparable levels, and the
levels of HA appeared to be unaffected by the mutations in the NA.

Extending the stalk domain by 30 amino acids enhances the immunogenicity
of the NA in mice. Next, we assessed whether the length of the stalk domain influences
the immunogenicity of the NA protein in a mouse model. Three groups of 10 BALB/c
mice were immunized intramuscularly with formalin-inactivated viruses expressing the
N1-wt protein, N1-Ins15 protein, or N1-Ins30 protein three times at 3-week intervals
with doses of 10 �g total protein (Fig. 2A). A fourth group of mice receiving phosphate-

Enhancing Immunogenicity of Influenza Neuraminidase Journal of Virology

September 2019 Volume 93 Issue 18 e00840-19 jvi.asm.org 3

https://jvi.asm.org


buffered saline (PBS) served as a control. At 4 weeks after the third immunization, the
mice were sacrificed and serum IgG responses were determined by enzyme-linked
immunosorbent assays (ELISAs). Compared to the PBS controls, immunization with all
three viruses induced significant IgG responses against recombinant NA protein from

FIG 1 Design and rescue of influenza viruses with extended N1 neuraminidase stalk domains. (A) Estimated
lengths of the ectodomains of N1 proteins with different stalk lengths (red) compared with the ectodomain
of H1 hemagglutinin (blue). The structure of the NA stalk has not been determined and is indicated by four
bars. The lengths of the ectodomains are estimates from molecular dynamics simulations, as reported before
(45). The depiction of H1 is based on the crystal structure of the PR8 HA (PDB number 1RU7 [62]), and the
depictions of N1 are based on the crystal structure of the NA of A/California/04/2009 (Cal09) virus (PDB
number 3TI3 [63]). The structures are not to scale and were visualized with UCSF Chimera (64). aa, amino acids.
(B) The four domains of the NA protein are indicated (CT, cytoplasmic tail; TM, transmembrane domain). The
diagram is not to scale. The amino acid sequences comprising the stalk region are defined as previously
described (42). Asterisks denote conserved amino acids. A 15-amino acid region of the Cal09 NA stalk that is
not present in the PR8 NA is shown with brown letters. (C) Alignment of the three NA proteins with different
stalk lengths. The 15-amino-acid N2 insertion is derived from the NA stalk domain of the A/New York/61/2012
(H3N2) virus. wt, wild type. (D) Hemagglutination (HA) titers of allantoic fluids from plaque-purified viruses.
Data points represent individual plaques (n � 5 per virus). Horizontal bars show the mean values and whiskers
the standard deviations. Phosphate-buffered saline (PBS) control wells showed no hemagglutination (not
shown). (E) Western blots of proteins from concentrated viruses (left, anti-NA; right, anti-HA). One or two
micrograms of total protein content of each virus preparation was analyzed, as indicated above the blots.
Protein marker sizes (in kilodaltons) are indicated to the left of the blots. The bands corresponding to HA0
(uncleaved HA) and HA2 (cleavage product of HA0) are indicated with arrows (the antibody is specific to the
C-terminal portion of the HA protein and therefore does not react with the HA1 polypeptide). (F) Immuno-
fluorescence microscopy of MDCK cells infected with the indicated viruses and stained with anti-N1 mono-
clonal antibody 4A5 (11).
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PR8 (Fig. 2B). While the viruses with N1-wt and N1-Ins15 NAs induced comparable levels
of anti-NA IgG, the virus carrying the N1-Ins30 NA elicited significantly stronger
(�2.5-fold) anti-NA IgG responses. In contrast, the three viruses induced comparable
IgG responses against recombinant PR8 HA protein (Fig. 2C). In addition, the NA stalk
length did not affect hemagglutination inhibition (HI) titers (Fig. 2D). Thus, extending
the stalk domain by 30 amino acids significantly enhanced the IgG responses against
NA, without compromising anti-HA antibody levels.

Stalk extension enhances the induction of antibodies with in vitro effector
functions. We next sought to assess the functional properties of the antibodies elicited
by the different viruses. In general, the majority of anti-NA antibodies are thought to
prevent binding of the enzymatically active site to its substrate sialic acid (2). As these
types of antibodies typically exert in vitro NI activity, we performed NI assays with the
sera obtained from the immunized mice. Although the N1-Ins30-expressing virus
elicited higher total anti-NA IgG titers than the other two viruses, as measured by ELISA
(Fig. 2B), levels of NI activities were similar between the groups of mice immunized with
the three different viruses (Fig. 3A).

Another previously described function of anti-NA antibodies is the induction of Fc
receptor-mediated effector functions, such as ADCC (29). To assess whether the induc-
tion of antibodies with effector functions was influenced by the stalk length of NA, we
subjected the murine immune sera to an in vitro ADCC reporter assay (46). Using human
embryonic kidney (HEK) 293T cells expressing the PR8 NA protein, sera raised with the
N1-Ins30-expressing virus showed substantially higher ADCC activity than sera induced
with viruses carrying N1-wt or N1-Ins15 (Fig. 3B). Similar results were obtained using
MDCK cells that were infected with either wild-type PR8 virus or an H3N1 virus
expressing the PR8 NA and the HA of the HK14 H3N2 virus (47) (Fig. 3B). In summary,
extending the stalk domain of the NA enhanced antibody responses with in vitro ADCC
activity but not the induction of NI active antibodies.

Stalk extension improves the immunogenicity of the NA of a recent clinically
relevant H3N2 strain. Next, we assessed if extending the stalk could improve NA im-
munogenicity in other influenza virus strains. To test this, we generated viruses
containing HK14 H3N2 HA and NA with PR8 internal segments. Cryogenic electron
micrographs of H3N2 virus show that both the NA and the HA extended from the
membrane by �150 Å, with the NA being slightly taller than the HA (48). Thus, we
generated viruses containing NAs with no stalk changes (N2-wt), NAs with a 25-amino-
acid stalk deletion (N2-Del25), and NAs with a 15-amino-acid stalk insertion derived
from part of the N1 stalk of Cal09 (N2-Ins15) (Fig. 4A).

These viruses were rescued by reverse genetics as described above. After growing
for 72 h in embryonated chicken eggs, the different plaque-purified and sequence-
confirmed viruses achieved comparable hemagglutination titers (Fig. 4B). Western blot

FIG 2 The extended stalk domain enhances IgG responses to the N1 neuraminidase. (A) Immunization regime. Mice received three doses
intramuscularly (i.m.) that contained 10 �g of formalin-inactivated viruses. Serum obtained 4 weeks after the third immunization was
analyzed for antibodies against N1 neuraminidase and H1 hemagglutinin proteins. (B and C) Serum IgG levels corresponding to
recombinant tetrameric N1 neuraminidase (B) and recombinant trimeric H1 hemagglutinin (C) from PR8 virus, as measured by ELISA. AUC,
area under the curve. (D) Hemagglutination inhibition (HI) titers against wild-type PR8 virus. Statistical significance was inferred by
one-way ANOVA with Bonferroni correction and P values are indicated in the graphs. Note that the Ins30 group comprised only 9 sera,
as one animal in that group died from causes unrelated to the experiment.
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analyses revealed that the expression levels of the N2 and H3 glycoproteins differed
between the N2-Del25-expressing, N2-wt-expressing, and N2-Ins15-expressing viruses
(Fig. 4C). Therefore, we normalized vaccination doses to the expression levels of the
nucleoprotein (NP). Three groups of five BALB/c mice were immunized intramuscularly
once with formalin-inactivated viruses expressing the N2-wt protein, the N2-Del25
protein, or the N2-Ins15 NA protein. Mice received an amount of formalin-inactivated
virus equivalent to 10 �g of wild-type virus as determined by normalization to NP
content. A fourth group of three mice receiving PBS served as a control. Serum
obtained 4 weeks postvaccination was subjected to antibody analysis by ELISA against
recombinant tetrameric HK14 N2 protein (Fig. 4C and D). Immunization with N2-Ins15
virus elicited anti-NA IgG responses that were �3-fold and �4.5-fold stronger than
those elicited by immunization with N2-wt and N2-Del25 viruses, respectively (Fig. 4E).
Thus, extending the stalk domain improved the immunogenicity of N2 on virus particles.
Similarly to the observations obtained with the H1N1 virus above, the stalk length of N2 did
not significantly affect anti-H3 antibody titers (Fig. 4F) or the levels of HI-reactive antibodies
(Fig. 4G).

DISCUSSION

Although other reasons for the poor immunogenicity of the NA of current seasonal
vaccines are recognized, such as the differing and unreliable amounts of NA proteins
(34) and their inconsistent stability (49), it has been established that anti-NA antibody
responses are suppressed in current vaccines due to the immunodominance of the HA
(31–34). Here, we demonstrated that a simple extension of the NA stalk can significantly
enhance the anti-NA immune response without compromising the immunogenicity of
the HA. Consistent with previous studies (41–43), mutant viruses in the PR8 backbone

FIG 3 The extended stalk domain enhances ADCC active antibody responses to the N1 neuraminidase.
(A) Results of the neuraminidase inhibition assay. The two subpanels show the same data. The left
subpanel shows percent inhibition relative to the serum dilution with data points representing mean
values corresponding to 9 (Ins30 group) or 10 (all other groups) individual mice � standard deviations.
The right subpanel shows the 50% inhibitory concentrations (IC50 values) calculated from the curves in
the left subpanel. (B) Results from antibody-dependent cellular cytotoxicity (ADCC) reporter assays. From
left to right, the subpanels show assays performed with HEK 293T cells transfected with a pCAGGS
expression plasmid for the N1 protein of the PR8 virus (left) and MDCK cells infected with either an H1N1
virus (PR8) (middle) or an H3N1 virus (right) (H3 was from A/Hong Kong/4801/2014; all other proteins
were from PR8). Data points represent pooled sera measured in triplicate; horizontal bars show the mean
values, and the whiskers indicate the standard deviations.
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carrying NA proteins with NA stalk domains that were extended by 15 or 30 amino
acids replicated in eggs and MDCK cells without any apparent growth disadvantages
compared to wild-type PR8 virus. In mice, immunization studies performed with
formalin-inactivated virus particles revealed that a 30-amino-acid extension to PR8 NA,
but not a 15-amino-acid extension, significantly enhanced total anti-NA IgG responses
without affecting IgG responses to the HA or the levels of HI-reactive antibodies. Based
on published molecular dynamics simulations (45), a 30-amino-acid extension in PR8
(but not a 15-amino-acid extension) is predicted to increase the height of the NA such
that it surpasses the height of the HA, suggesting that the improvement in immuno-
genicity is dependent on the visibility of the NA relative to that of the HA. Similarly,
extending the stalk of the N2 of HK14 virus—the H3N2 strain used in the 2016 –2017
and 2017–2018 seasonal vaccines (47)—significantly enhanced NA immunogenicity
without affecting anti-HA IgG levels or HI titers, demonstrating that this approach is a
viable strategy for improving immunogenicity.

We found that stalk extension of PR8 NA did not affect the induction of NI reactive
antibodies but substantially increased the production of antibodies with in vitro ADCC
activity. This suggests that the longer stalk makes novel epitopes accessible that are
targeted by ADCC active antibodies but not by NI active antibodies, while the immu-
nogenicity of regions recognized by NI reactive antibodies is preserved. Of note, it has
been shown that ADCC active IgGs recognizing the stalk domain of the HA (50, 51) or
the NA protein (52) can protect against lethal influenza virus infection in mice in an Fc
gamma receptor-dependent manner. A recent study also showed that ADCC-active and
NI inactive anti-NA monoclonal antibodies (MAbs) targeting the lateral surface of the
head domain could confer protection in mice (53). We hypothesize that our approach
of extending the stalk may enhance the exposure of epitopes below the head domain
and/or on the lateral surface of the head domain, thereby increasing the repertoire of

FIG 4 Design, rescue, and immunogenicity of influenza viruses with extended N2 neuraminidase stalk domains. (A) The four domains of the NA protein are
indicated (CT, cytoplasmic tail; TM, transmembrane domain). The diagram is not to scale. The N2-Del25 protein has a deletion of 25 amino acids. The
15-amino-acid insertion of the N2-Ins15 protein is derived from the N1 protein of the Cal09 virus (see Fig. 1B). Asterisks denote conserved amino acids. (B)
Hemagglutination (HA) titers of allantoic fluids from plaque-purified viruses measured in duplicate. Phosphate-buffered saline (PBS) control wells showed no
hemagglutination (not shown). (C) Western blots of proteins from concentrated viruses. One microgram of total protein content (left blots) or amounts that
were normalized to achieve equal intensities for the NP (right blots) of each virus were analyzed, as indicated above the blots. The normalization factors for
Del25, wt, and Ins15 viruses were 0.802, 1.0, and 0.765, respectively. Approximate protein sizes (in kilodaltons) are indicated to the right of the blots. (D)
Immunization regime. Mice received an amount of formalin-inactivated virus equivalent to 10 �g of N2-wt virus as determined by normalization to NP. Sera
obtained 4 weeks after the immunization were analyzed for IgGs against N2 neuraminidase and H3 hemagglutinin by ELISA and for HI-reactive antibodies. (E
and F) Serum IgG levels to recombinant tetrameric N2 neuraminidase (E) or recombinant trimeric H3 hemagglutinin (F) from HK14 virus, as measured by ELISA.
AUC, area under the curve. Statistical significance was inferred by one-way ANOVA with Bonferroni correction, and P values are indicated in the graphs. n.s.,
not significant. (G) Hemagglutination inhibition (HI) titers against HK2014-wt virus. Pooled sera were analyzed in triplicate.
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induced antibodies. Moreover, broadly reactive anti-NA antibodies that target con-
served epitopes are often ADCC active (29). Therefore, extending the NA stalk domain
may not only increase the immunogenicity of the NA on virus particles but also enhance
the breadth of protection afforded by the induced anti-NA antibodies.

Unlike other pursued approaches designed to enhance anti-NA immunity that are
based on isolated or recombinant NA proteins (11–13, 37), DNA plasmids (10), virus-like
and replicon particles (23, 25), or virus-vectored vaccines (38), the NA stalk extension
described here could be implemented in existing manufacturing processes for seasonal
influenza virus vaccines, as the mutated NAs can be expressed on virus particles that
efficiently replicate in eggs. Moreover, we provide evidence that the subdominance of
the NA results in part from the height of the protein relative to the HA. We hypothesize
that immunodominance is associated with the viral epitopes that are most distal from
the surface of the virus or the infected cell and that immunodominance may simply be
a consequence of being more easily recognized by B-cell receptors of the infected host.

MATERIALS AND METHODS
Recombinant neuraminidase genes and cloning. The recombinant NA segments were based on

the NA gene of the PR8 virus or the NA gene of the HK14 virus (47). The nucleotide sequences used for
the 15-amino-acid insertions were retrieved from the Influenza Research Database (https://www.fludb
.org). They were derived from the NA sequences of the Cal09 (H1N1pdm09) virus (GenBank accession
number FJ966084) and the A/New York/61/2012 (H3N2) virus (accession number KF790392). Sequences
were aligned with Clustal X 2.0 (54). DNA fragments encoding the NA gene segments that contained
15-bp cloning sites specific for the pDZ vector at the 5= and 3= ends were obtained as synthetic
double-stranded DNAs from Integrated DNA Technologies, using the gBlocks Gene Fragments service.
The NA DNAs were cloned into ambisense pDZ vector, which was digested with SapI restriction enzyme
(New England Biolabs), by the use of an In-Fusion HD cloning kit (Clontech). Sequences were confirmed
by Sanger sequencing (Macrogen). Sequencing primers pDZ_forward (TACAGCTCCTGGGCAACGTGC
TGG) and pDZ_reverse (AGGTGTCCGTGTCGCGCGTCGCC) were obtained from Life Technologies.

Cell culture. HEK 293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco) with
10% (vol/vol) fetal bovine serum (FBS) (HyClone) and 100 units/ml penicillin and 100 �g/ml streptomycin
(Pen-Strep; Gibco). MDCK cells were maintained in minimum essential medium (MEM; Gibco) with 10%
(vol/vol) FBS, Pen-Strep, 2 mM L-glutamine (Gibco), 0.15% (wt/vol) sodium bicarbonate (Corning), and
20 mM HEPES (Gibco). Both cell lines were maintained at 37°C with 5% CO2.

Rescue of recombinant influenza viruses. Reassortant viruses were rescued by transfecting HEK
293T cells with 0.7 �g of NA-encoding pDZ plasmid, 0.7 �g of HA-encoding pDZ plasmid, and 2.1 �g of
a pRS-6 segment plasmid that drives ambisense expression of the six segments of PR8 virus (except NA
and HA) and that is described elsewhere (55) by the use of TransIT-LT1 transfection reagent (Mirus Bio).
After 48 h, cells were treated for 30 min with 1 �g per ml tosyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin at 37°C. Supernatants were collected, clarified by low-speed centrifugation, and
injected into 8-to-10-day-old specific-pathogen-free embryonated chicken eggs (Charles River Labora-
tories) that were incubated at 37°C. After 48 h, eggs were incubated at 4°C overnight and allantoic fluids
were harvested and clarified by low-speed centrifugation. The presence of influenza virus in the allantoic
fluids was determined by hemagglutination assays performed as described below. Virus cultures with
positive results were plaque purified on confluent MDCK cell layers in the presence of TPCK-treated
trypsin and expanded in embryonated chicken eggs. Sequences of the NA and HA genes were confirmed
by isolating viral RNA from allantoic fluids with a High Pure viral RNA kit (Roche) followed by reverse
transcription-PCR (RT-PCR) using a SuperScript III one-step RT-PCR system with Platinum Taq High
Fidelity DNA polymerase (Thermo Fisher) and primers PR8_NA_for (CGAAAGCAGGGGTTTAAAATG) and
PR8_NA_rev (TTTTTGAACAGACTACTTGTCAATG), PR8_HA_for (CCGAAGTTGGGGGGGAGCAAAAGCAGGGG
AAAATAA) and PR8_HA_rev (GGCCGCCGGGTTATTAGTAGAAACAAGGGTGTTTTT), HK14_NA_for (GGGAGC
AAAAGCAGGAGTAAAGATG) and HK14_NA_rev (TTATTAGTAGAAACAAGGAGTTTTTTCTAAAATTGCG), or
HK14_HA_for (GGGAGCAAAAGCAGGGGATAATTC) and HK14_HA_rev (GGGTTATTAGTAGAAACAAGGGTGT
TTTTAATTAATG) (obtained from Integrated DNA Technologies). The PCR products were purified from a
1% agarose gel by the use of a NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel) and were
submitted for Sanger sequencing (Genewiz) with the primers described above. No egg-adaptive muta-
tions were observed for any of the sequenced viral genes.

Preparation of formalin-inactivated viruses for vaccination. Plaque-purified and sequenced
influenza viruses were expanded in 8-to-10-day-old embryonated chicken eggs. Pooled allantoic fluids
from 10 to 20 eggs were added on top of 3 ml of a 20% (wt/vol) sucrose solution in 0.1 M NaCl–1 mM
EDTA–10 mM Tris-HCl (pH 7.4) in 38.5-ml ultracentrifuge tubes (Denville). Following centrifugation at
25,000 rpm for 2 h at 4°C using an L7-65 ultracentrifuge (Beckman) equipped with an SW28 rotor,
supernatants were carefully aspirated and pellets were recovered in 1 ml of PBS. After addition of 0.03%
(vol/vol) formaldehyde, the virus suspensions were incubated for 48 h at 4°C with shaking. To remove the
formaldehyde, virus suspensions were diluted with PBS and subjected to ultracentrifugation as described
above. Pellets were resuspended in sterile PBS, and the total protein concentration was determined with
a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher).
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Western blots. Purified virus particles were lysed in NP-40 lysis buffer (1% [vol/vol] NP-40, 150 mM
NaCl, 50 mM Tris-HCl [pH 8.0], protease inhibitors [Halt protein and phosphatase inhibitor cocktail;
Thermo Fisher], 1 mM dithiothreitol [DTT]). After incubation on ice for 30 min, samples were centrifuged
for 10 min at 12,000 rpm in a table-top centrifuge. The supernatants were transferred to new microcen-
trifuge tubes, and the protein concentrations present after lysis were determined with a Pierce BCA
protein assay kit (Thermo Fisher). Proteins (1 or 2 �g) were separated on 12.5% polyacrylamide gels
under denaturing conditions in the presence of sodium dodecyl sulfate (SDS) and were then transferred
onto polyvinylidene difluoride (PVDF) membranes. Color Prestained Protein Standard, Broad Range (New
England Biolabs) (11 to 254 kDa), was used as a protein size marker. The membranes were blocked for
1 h using PBS–5% (wt/vol) skim milk powder and were washed three times with PBS containing 0.05%
(vol/vol) Tween 20. The primary antibodies were as follows: mouse anti-N1 monoclonal antibody 4A5 (10)
(1 �g per ml), rabbit anti-H1 (Thermo Fisher; catalog no. PA5-34929) (1:5,000 dilution), anti-N2 polyclonal
serum raised in guinea pigs (generated in-house; 1:2,000 dilution), anti-H3 monoclonal antibody 12D1
(56), and anti-NP (Invitrogen; catalog no. PA5-32242) (1:3,000 dilution). The primary antibodies were
diluted in PBS–1% (wt/vol) bovine serum albumin (BSA) and incubated on the membranes for 1 h. The
membranes were washed three times with PBS containing 0.05% (vol/vol) Tween 20 and were incubated
for 1 h with secondary horseradish peroxidase (HRP)-labeled antibodies (anti-mouse [catalog no.
NXA931V] or anti-rabbit [catalog no. NA9340V]; both from GE Healthcare) diluted 1:3,000 in PBS–1%
(wt/vol) BSA according to the manufacturer’s recommendations. After three washes with PBS
containing 0.05% (vol/vol) Tween 20, developing solution (Pierce ECL Western blotting substrate;
Thermo Scientific) was added to the membranes, which were subsequently developed in a Chemi-
Doc MP imaging system (Bio-Rad). NP band intensities were determined by the software provided
on the ChemiDoc MP imaging system. Lanes were automatically detected with manual adjustment.
Normalization factors were calculated by dividing the NP band intensity of one sample by the NP
band intensity of N2-wt virus.

Immunization studies. Animal experiments were performed with 6-to-8-week-old female BALB/c
mice (Charles River) in accordance with protocols approved by the Institutional Animal Care and Use
Committee (IACUC) of the Icahn School of Medicine at Mount Sinai. Formalin-inactivated viruses were
administered intramuscularly at a dose of 10 �g total protein per mouse after dilution in a total volume
of 100 �l sterile PBS. At 4 weeks after the final immunization, mice were euthanized and blood was
collected by cardiac puncture. Sera were prepared by removing red blood cells by centrifugation and
were stored at �20°C until use.

Enzyme-linked immunosorbent assays (ELISAs). The trimeric recombinant PR8 HA protein and the
tetrameric recombinant PR8 and HK14 NA proteins were produced as described previously (57, 58).
Proteins were coated onto Immulon 4 HBX 96-well microtiter plates (Thermo Scientific) at a concentra-
tion of 2 �g per ml in PBS (50 �l per well) for 16 h at 4°C. After one wash using PBS with 0.1% (vol/vol)
Tween 20 (PBS-T), wells were blocked for 1 h with 5% (wt/vol) skim milk powder–PBS and washed once
with PBS-T. Mouse sera diluted in PBS (50 �l per well) were added and incubated on the plates for 1 h.
After three washes with PBS-T, wells were incubated with HRP-conjugated anti-mouse IgG antibody (GE
Healthcare) diluted 1:5,000 in 5% (wt/vol) skim milk powder–PBS for 1 h, washed three times with PBS-T,
and developed with 100 �l (per well) of SigmaFast OPD substrate (Sigma-Aldrich) for 20 min. Reactions
were stopped by adding 100 �l (per well) of 3 M hydrochloric acid (HCl), and absorbance at 490 nm was
determined on a Synergy 4 plate reader (BioTek). For each ELISA plate, averages plus 3 standard
deviations of absorbance values of blank wells were used as a cutoff to calculate area under the curve
(AUC) values in GraphPad Prism 5.03 (GraphPad Software).

Hemagglutination assays. Using PBS, serial 2-fold dilutions of allantoic fluids were prepared in
96-well V-bottom microtiter plates to reach a final volume of 50 �l per well. To each well, 50 �l of a 0.5%
suspension of turkey red blood cells (Lampire) in PBS was added. Plates were incubated at 4°C until the
red blood cells in the PBS control samples settled to the bottom of the wells. The hemagglutination titer
was defined as the reciprocal of the highest dilution of allantoic fluid that caused hemagglutination of
red blood cells.

Hemagglutination inhibition (HI) assays. One volume of mouse serum was treated with three
volumes of receptor-destroying enzyme (RDE; Denka Seiken, Tokyo, Japan) at 37°C for 16 h (47). Then, a
2.5% sodium citrate solution (three volumes) was added. After incubation at 56°C for 30 min, PBS (three
volumes) was added to reach a final dilution of 1:10. Two-fold dilutions (25 �l) of the RDE-treated
serum–PBS solution were prepared in 96-well V-bottom microtiter plates and were combined with 25 �l
per well of either PR8 wild-type virus or HK2014 wild-type virus (allantoic fluids), and the reaction
mixtures were diluted in PBS to a final HA titer of 8 HA units per 50 �l. The samples were incubated for
30 min at room temperature to allow HA-specific antibodies to bind to the virus particles. Then, 50 �l of
a 0.5% suspension of turkey red blood cells (Lampire) that was washed once with PBS was added to each
well. The plates were incubated at 4°C until the red blood cells in the PBS control samples settled to the
bottom of the wells. The HI titers were defined as the reciprocal of the highest serum dilution causing
inhibition of hemagglutination of red blood cells.

Enzyme-linked lectin assay (ELLA) to determine neuraminidase inhibition (NI). The ELLA was
performed as previously described (59, 60). Microtiter 96-well plates (Immulon 4 HBX; Thermo Fisher
Scientific) were coated with 50 �g per ml (150 �l per well) of fetuin (Sigma) diluted in coating solution
(SeraCare Life Sciences Inc.) and incubated overnight at 4°C. The next day, heat-inactivated (56°C, 30 min)
serum samples were serially diluted 1:2 in PBS in separate 96-well plates (leaving the first column as a
virus-only control and the last column as the background), with a starting dilution of 1:20. The final
volume of diluted serum samples was 75 �l per well. A recombinant influenza virus expressing a chimeric
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HA protein, cH4/3 [containing the H4 globular head domain from A/duck/Czech/1956 (H4N6) virus in
combination with the H3 stalk domain from A/Perth/16/2009 (H3N2) virus (61)], and the remaining
proteins of PR8 virus was diluted to a 90% effective concentration (EC90) in PBS containing 1% BSA, and
75 �l per well was added to the serially diluted serum samples and virus-only controls. PBS (75 �l) and
1% BSA were added to the background wells. The serum/virus plates were incubated for 2 h at room
temperature to allow binding of antibodies to the virus particles. The fetuin-coated plates from the
previous day were washed three times with PBS-T. The serum/virus mixtures (100 �l per well) were
transferred to the washed fetuin-coated plates, which were then incubated for 2 h at 37°C. The plates
were washed three times with PBS-T, and peanut agglutinin-horseradish peroxidase conjugate (PNA-HRP;
Sigma-Aldrich) (100 �l per well) diluted to 5 �g per ml in PBS was added. The plates were incubated in
the dark for 1 h at room temperature. After three washes with PBS-T, 100 �l per well of SigmaFast OPD
substrate (Sigma-Aldrich) was added and the plates were incubated for 10 min. Reactions were stopped
by adding 100 �l per well of 3 M HCl, and absorbance at 490 nm was determined on a Synergy 4 plate
reader (BioTek). Serum sample reactivity was determined by subtracting background absorbance values
(no virus, no serum) from the raw absorbance values of serum samples. The obtained values were divided
by the average value determined from virus-only control wells and then multiplied by a factor of 100 to
calculate the NA activity. Percent NI was determined by subtracting NA activity values from 100%. Using
GraphPad Prism, percent NI data were fitted to a nonlinear regression to determine the 50% inhibitory
concentration (IC50) of the serum samples.

Antibody-dependent cellular cytotoxicity (ADCC) reporter assays. ADCC reporter assays were
performed as described previously (46). Costar Corning 96-well white flat-bottom plates were seeded
with 2 � 104 MDCK cells per well. After 18 h of incubation at 37°C, the MDCK cells were washed once with
PBS and then infected with either wild-type PR8 virus or a 7:1 reassortant virus expressing the HA protein
of A/Hong Kong/4801/2014 (H3N2) virus and the remaining proteins of PR8 virus (47) at a multiplicity of
infection (MOI) of 5 for single-cycle replication. Alternatively, HEK 293T cells were plated in 96-well white
flat-bottom plates treated with poly-D-lysine (Sigma-Aldrich) at a density of 2 � 104 cells per well and,
after incubation for 4 h, were transfected with 100 ng per well of pCAGGS plasmid expressing the NA of
PR8 virus using TransIT-LT1 transfection reagent (Mirus Bio). Infected MDCK cells or transfected HEK 293T
cells were incubated for 16 h at 37°C. Then, the culture medium was aspirated and 25 �l of assay buffer
(RPMI 1640 supplemented with 4% low-IgG FBS) was added to each well. Pooled sera were added in a
volume of 25 �l at a starting dilution of 1:60, and serial 2-fold dilutions were prepared in assay buffer in
triplicate. The sera were incubated with the cells for 30 min at 37°C. Genetically modified Jurkat cells
expressing murine Fc�RIV with a luciferase reporter gene under the control of the promoter nuclear
factor-activated T cell (NFAT) (Promega) were added at 7.5 � 104 cells in 25 �l per well. After incubation
for 6 h at 37°C, 75 �l per well of Bio-Glo Luciferase assay reagent (Promega) was added and luminescence
was quantified using a Synergy 4 plate reader (BioTek). Fold induction was measured in relative light
units and calculated by subtracting the background signal from wells without effector cells and then
dividing signals of wells with antibody by those with no antibody added.

Immunofluorescence microscopy. Tissue culture 96-well plates were seeded with 2 � 104 MDCK
cells per well. After 24 h of incubation at 37°C, the MDCK cells were washed once with PBS and then
infected with wild-type PR8 virus or with PR8 virus with N1-Ins15 NA or with PR8 virus with N1-Ins30 NA
at an MOI of 5 for single-cycle replication. Infected MDCK cells were incubated for 16 h at 37°C. The
culture medium was aspirated, and the cells were washed twice with PBS and then fixed with
methanol-free 4% (vol/vol) paraformaldehyde–PBS for 15 min. After two washes with PBS, the wells were
blocked with 5% (wt/vol) skim milk powder–PBS for 30 min. The cells were washed once with PBS and
then incubated with the broadly N1-reactive 4A5 MAb (11) at 10 �g per ml diluted in 5% (wt/vol) skim
milk powder–PBS for 2 h. After three washes with PBS, the cells were incubated with fluorescence-labeled
anti-mouse IgG Alexa Fluor 488 antibody (Life Technologies) diluted 1:2,000 in 5% (wt/vol) skim milk
powder–PBS for 1 h and then washed three times with PBS before pictures were taken on an EVOS fl
inverted fluorescence microscope (AMG).

Statistics. Statistical data were generated with GraphPad Prism. The statistical significance of results
of comparisons between groups was determined by performing one-way analysis of variance (ANOVA)
tests with Bonferroni correction for multiple comparisons. Levels of significance are indicated as follows:
*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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