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Each year influenza virus infections cause hundreds of thousands of
deaths worldwide and a significant level of morbidity with major
economic burden. At the present time, vaccination with inactivated
virus vaccine produced from embryonated chicken eggs is the most
prevalent method to prevent the infections. However, current influenza vaccines are only effective against closely matched circulating
strains and must be updated and administered yearly. Therefore,
generating a vaccine that can provide broad protection is greatly
needed for influenza vaccine development. We have previously
shown that vaccination of the major surface glycoprotein hemagglutinin (HA) of influenza virus with a single N-acetylglucosamine at
each of the N-glycosylation sites [monoglycosylated HA (HAmg)]
can elicit better cross-protection compared with the fully glycosylated
HA (HAfg). In the current study, we produced monoglycosylated
inactivated split H1N1 virus vaccine from chicken eggs by the
N-glycosylation process inhibitor kifunensine and the endoglycosidase Endo H, and intramuscularly immunized mice to examine its efficacy. Compared with vaccination of the traditional influenza vaccine
with complex glycosylations from eggs, the monoglycosylated split
virus vaccine provided better cross-strain protection against a lethal
dose of virus challenge in mice. The enhanced antibody responses
induced by the monoglycosylated vaccine immunization include higher
neutralization activity, higher hemagglutination inhibition, and more
HA stem selectivity, as well as, interestingly, higher antibodydependent cellular cytotoxicity. This study provides a simple and practical procedure to enhance the cross-strain protection of influenza
vaccine by removing the outer part of glycans from the virus surface through modifications of the current egg-based process.
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efficacy of influenza vaccine can cause poor protection (5). To
mitigate the shortcomings caused by the mismatch between the
vaccine and circulating strains, as well as the time-consuming
process of reformulating vaccines, the main goal for influenza
vaccine research is to develop a more effective vaccine that can
induce wide antiinfluenza immunity.
Novel approaches to increase the spectrum of antiinfluenza
immunity have been reported recently; these include the following: a prime-boost combination by using HA DNA vaccine as a
priming agent, followed by the seasonal inactivated vaccine as a
boosting agent (6); a chimeric recombinant HA immunization
(i.e., a sequential immunization of chimera HAs with a conserved
stem domain but different globular domains of various subtypical
HAs) (7); a stem HA nanoparticle (i.e., a structure-based design
of the HA stem domain expressed and fused with ferritin that can
self-assemble into nanoparticles) (8); and new live-attenuated
vaccines, which eliminate the replication ability by abolishing the
function of neuraminidase (NA) or matrix protein 2 (M2) (9, 10).
In addition, we have previously shown that the monoglycosylated
HA (HAmg) protein vaccine is a cross-strain influenza vaccine in
which the HAmg still keeps its structural integrity and provides
better and wider protection against H1N1 influenza virus infections
in both mouse and ferret animal models (11). The vaccination with
HAmg elicited a more diverse B cell repertoire, stimulated better
Significance
Glycosylation is important for the proper folding and function of
glycoproteins. However, glycosylation on viral surface protein may
mask the conserved epitopes and causes poor host immune responses and protection against viral infection. To expose more
antigenic sites shielded by glycans, we developed a strategy to
remove the glycans on the viral surface by modification of the
traditional egg-based influenza vaccine production procedure. By
means of immunization with the monoglycosylated split virus
vaccine, mice were induced with broader immune responses, and
thus better protection against cross-strain H1N1 virus infections.
The results showed that the monoglycosylated split virus vaccine is
a broadly protective vaccine and can be produced through simple
modifications of the current vaccine manufacturing process.
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nfluenza pandemics have played a devastating role in human
history. The most deadly pandemic was the 1918 Spanish flu
that killed 50 to 100 million people (1). In addition, seasonal
influenza viruses cause infections of more than 5% of adults and
20% of children every year, from which more than 200,000
people die worldwide (2). For the prevention of influenza virus
infection, vaccination is the most effective approach.
Although several influenza vaccines have been approved for
human use, influenza viruses still cause epidemics and pandemics continuously around the world (2, 3). Due to antigenic
drift and antigenic shift of the major surface antigens of influenza virus, mainly hemagglutinin (HA), influenza vaccines
lose their protection against newly circulating virus strains (3).
Because of this, the WHO annually predicts the vaccine strains
for the upcoming season based on the results from the influenza
surveillance network. After the vaccine strains are predicted,
preparing the seed viruses, certifying reagents, and vaccine
manufacturing require more than 6 mo (4). Influenza vaccine is
the only human vaccine of which the ingredients need to be
reformulated every year. Furthermore, if a mismatch occurs
between the vaccine strains and the circulating strains, reduced
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Results
Preparation of Monoglycosylated Virus with Glycosylation Process
Inhibitor and Endoglycosidase. To explore whether the findings

of the HAmg protein vaccine can be applied to the traditional
egg-based vaccine, monoglycosylated influenza split virus vaccine
was generated. The schematic diagram in Fig. 1A shows the
strategy for monoglycosylated split virus vaccine production, and
the different glycosylation states of HA on viral membranes
along the process are depicted. After the screening of various
glycosylation processing inhibitors that may work in the egg-based
procedure, kifunensine was chosen to inhibit the glycosylation

Fig. 1. Preparation of monoglycosylated virus in the embryonated chicken
egg. (A) Schematic overview of monoglycosylated split virus vaccine production and viral HA with different glycan states. Viral HAfg, HA with the
typical complex type N-glycans; viral HAhm, HA with high mannose type
N-glycans; viral HAmg, HA with GlcNAc at its N-glycosylation sites. Models were
created with Protein Data Bank (PDB) ID code 3LZG by adding glycan using
GlyProt (www.glycosciences.de/modeling/glyprot/php/main.php) and PDB files of
lipid bilayer from Lipid Bilayer Membranes for RasMol (https://www.umass.edu/
microbio/rasmol/bilayers.htm). The images are displayed using the PyMOL
(https://pymol.org/2/) program. (B) Western blot analysis of viral HA in allantoic
fluids that were inoculated with different concentrations of kifunensine. (C)
Western blot analysis of viral HA in kifunensine-treated allantoic fluids with
different concentration of Endo H digestion. In B and C, viral HA was detected
by rabbit anti-HA polysera in Western blot analysis.
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process to keep the glycan modification on HA at high-mannose
type (12). Kifunensine is a potent inhibitor of α-mannosidase I
and has been used to block the glycosylation process in cell cultures
(12, 13). To test whether kifunensine is able to arrest the glycosylation state of viral surface glycoproteins at high-mannose type in
the egg-based procedure, different concentrations of kifunensine
were applied during virus inoculation in embryonated chicken eggs.
With 100 μg/mL or higher concentrations of kifunensine treatment,
viral HA from the allantoic fluid shifted to lower molecular weights
compared with that from no or 10 μg/mL kifunensine-treated
samples (Fig. 1B). The gel shifts indicated that the glycan modifications on kifunensine-treated HA may be high-mannose types but
not complex-type glycans, which have higher molecular weights.
Several glycosylation inhibitors that have the ability to arrest the
glycan modification of glycoproteins at different glycosylated states
(14) (SI Appendix, Fig. S1A) were also tested during virus inoculation (e.g., deoxymannojirimycin, swainsonine). However, they
either needed to work at high concentrations (SI Appendix, Fig.
S1B) or arrested the glycan modifications at unusual hybrid-type
glycans, which cannot be easily modified into simplified glycans by
endoglycosidase treatment (SI Appendix, Fig. S1C). For the production of monoglycosylated virions, endoglycosidase H (Endo H)
was used to trim down the high-mannose-type glycans on viral
proteins to a single N-acetylglucosamine (GlcNAc) (15). The molecular weight of HA in the kifunensine-treated allantoic fluid was
further decreased by Endo H digestion (Fig. 1C). The molecular
weights of HA1 and HA2 both shifted again to lower positions
after being treated with 10 μg/mL or higher concentrations of Endo
H. With Western blotting analysis of the viral proteins (HA) on
influenza virions, the data suggested that the monoglycosylated
progeny virions were obtained by utilizing the glycosylation inhibitor, kifunensine, and the endoglycosidase, Endo H, from the
virus-inoculated allantoic fluid.
Characterization of the HAmg on Virus. The sucrose gradient-purified
viruses were analyzed by SDS/PAGE (Fig. 2A). Compared with
fully glycosylated HA1, the band of monoglycosylated viral HA1
shifted to a lower molecular weight, from 55 kDa to 37 kDa. Similarly, the band of fully glycosylated HA2 originally overlapping with
matrix protein 1 (M1) now shifted to the lower position (25 kDa) in
the monoglycosylated state. The molecular weight of HAmg was
similar to the predicted molecular weight of the HA polypeptide
chain, implying that the majority of glycans on viral HA have
been removed.
To evaluate whether the protein composition of the monoglycosylated virus is altered when treated with kifunensine, the HA
content of total viral protein was calculated (SI Appendix, Fig. S2).
The percentages of HA in total viral proteins have no significant
difference between fully glycosylated and monoglycosylated viruses; in either case, they are about 30% of total viral proteins, which
is similar to what has been reported previously (16) (Fig. 2B). The
result demonstrated that kifunensine treatment does not affect the
protein composition of progeny virus in the viral assembly. Images
of negatively stained virions taken by transmission electron microscopy also showed that there are no morphological changes
between the fully glycosylated and monoglycosylated viruses (Fig.
2C). To confirm that the glycan at each glycosylation site of HAmg
on the virus is indeed a single GlcNAc residue, the site-specific
glycan analysis was performed by MS (SI Appendix, Table S1). In
the glycopeptide analysis of the original fully glycosylated viral
HA, the glycans on four of six glycosylation sites are the complextype glycans and the other two are the high-mannose types. Indeed, after the modification, 99% of glycans at each glycosylation
site of viral HAmg contain only a single GlcNAc.
To test whether the antigenicity of viral HA has been altered by
changing the N-glycosylation form to mono-GlcNAc, a hemagglutination assay was performed, and the result showed that there is no
significant difference in the hemagglutination ability of viral HA
PNAS | March 5, 2019 | vol. 116 | no. 10 | 4201
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dendritic cell maturation, and induced more CD8+ memory T cells
and IgG-secreting plasma cells (11).
In this study, we report the procedure to produce the monoglycosylated influenza split virus vaccine, which is a simple modification of the regular trivalent or quadrivalent split virus vaccine
production procedure, and evaluate the vaccine efficacy in a mouse
model. Immunization of the monoglycosylated split virus vaccine
induced more neutralizing antibody and provided better protection
against a lethal dose of virus infection from strain-specific and
cross-strain H1N1 viruses. Furthermore, our data also showed that
the monoglycosylated split virus vaccine induced more HA stemspecific antibodies, and, interestingly, an enhancement of antibodydependent cellular cytotoxicity (ADCC) against influenza-infected
cells was observed. Based on our studies, the monoglycosylated
split virus vaccine is an improved influenza vaccine that provides
better antiinfluenza immune responses than the current inactivated
virus vaccine and is practical to produce.

to 1 μg of HA per dose for immunization. BALB/c mice were
immunized twice with X-181fg, X-181mg, or commercially available
trivalent inactivated influenza vaccine (TIV) split virus vaccine,
the seasonal trivalent flu vaccine also containing X-181, at a 2-wk
interval, and mice antisera were collected and tested for hemagglutinin inhibition (HI) and microneutralization assays against the
strain-specific [A/California/07/2009 (Cal/09)] and the cross-strain
[A/New Caledonia/20/1999 (NC/99) and A/Wilson Smith Neorotropic (WSN)/1933 (WSN/33)] viruses. NC/99 virus was selected
as the H1N1 vaccine strain in the year 2000, which exhibits more
than 97% sequence identity to the vaccine strains from 1999 to
2008 and shares cross-reactivity of HI with the other vaccine
strains (17). WSN/33 is a mouse-adapted human H1N1 influenza
strain that is widely used in influenza animal experiments (18).
Both of them have low sequence identity (NC/99 = 80%, WSN/33 =
82%) to the 2009 H1N1 pandemic-like strain NYMC-X-181.
Compared with X-181fg and TIV, the X-181mg antisera were

Fig. 2. Characterization of the fully glycosylated and monoglycosylated
viruses and split vaccine products. (A) SDS/PAGE analysis of the purified fully
glycosylated and monoglycosylated viruses. Arrowheads indicate the viral
HA protein (black, HA1; red, HA2). NP, nucleoprotein. (B) Ratio of the
amount of HA to total viral proteins of the purified viruses. Proteins
deglycosylated by peptide-N-glycosidase F (PNGase F) of the purified viruses
were quantified with SDS/PAGE analysis. (C) Transmission electron microscopic images of the fully glycosylated and monoglycosylated viruses.
(D) Hemagglutination assay of X-181fg and X-181mg split vaccine. HAU,
hemagglutination unit. (E) Binding of FI6v3, F10, and CR9114 to X-181fg or
X-181mg split vaccine. *P < 0.05; **P < 0.01; ***P < 0.001. The P value was
calculated with Prism software using the Student’s t test and two-way
ANOVA. Values are mean ± SEM. conc., concentration.

between the monoglycosylated vaccine and the fully glycosylated
split vaccine (Fig. 2D). To ensure that the epitopes of the stem
region exhibit the correct conformation, both of the split vaccines
were coated as antigens on ELISA plates and binding with the
known broadly neutralizing human monoclonal antibodies F10,
FI6v3, and CR9114 was evaluated. The data showed that the
binding of these stem-specific antibodies to the monoglycosylated
split vaccine is tighter than that of the fully glycosylated ones (Fig.
2E), indicating that the viral HA in the monoglycosylated split
vaccine has similar structural integrity of the epitopes, which are
recognized by broadly neutralizing anti-HA stem antibodies, and
removal of the glycan shields increased binding by these broadly
neutralizing antibodies. The results of the hemagglutination assays
and ELISA strongly suggest that the monoglycosylation treatment
does not disrupt the native conformation and the function of viral
HA of the monoglycosylated split vaccine.
The Immune Responses Elicited by Fully Glycosylated X-181,
Monoglycosylated X-181, and Trivalent Inactivated Influenza Vaccine
Split Virus Vaccines in Mice. The vaccine strain H1N1 influenza vi-

rus [A/reassortant/New York Medical College (NYMC) X-181]
was chosen as the seed virus to prepare the fully glycosylated
(X-181fg) or monoglycosylated (X-181mg) X-181 virions for producing the X-181fg and X-181mg split virus vaccines, respectively.
To ensure that an equal HA content between different vaccines
was applied, the HA of (X-181fg and X-181mg) split virus vaccine
was quantified by SDS/PAGE (SI Appendix, Fig. S2) and adjusted
4202 | www.pnas.org/cgi/doi/10.1073/pnas.1819197116

Fig. 3. Protection against Cal/09, NC/99, and WSN/33 viruses with monoglycosylated split virus vaccine. X-181 split virus vaccines (X-181fg and X-181mg)
and commercial TIV were used as vaccines. The sera of vaccinated mice were
assayed by HI and microneutralization (MN) against X-181 virus (A and B),
NC/99 virus (D and E), and WSN/33 virus (G and H), respectively. For virus
challenge, the immunized mice were inoculated with a lethal dose of X-181
(10-fold LD50) (C), NC/99 (2.5-fold LD50) (F) and WSN/33 (10-fold LD50) (I) viruses, and the efficacy was evaluated by survival over 14 d. GMT, geometric
mean titer. *P < 0.05; **P < 0.01; ***P < 0.001. The P value of HI and MN was
calculated with Prism software using the Student’s t test and two-way ANOVA.
The statistical significances of mice survival data were determined using logrank tests.
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Vaccination with Monoglycosylated Split Virus Vaccine Induces More
Stem-Specific Antibody and Increased ADCC Activity. To analyze

whether the better efficacy of the monoglycosylated split virus
vaccine in cross-strain protection comes from cross-reactive antibodies, the activity of antibodies and antibody-secreting splenocytes from immunized mice to recognize cross-strain A/Brisbane/
59/2007 (Bris/07) HA was estimated by ELISA and enzyme-linked
immune absorbent spot (ELISpot) assays. Results of ELISA
showed that sera from X-181mg–vaccinated mice contain significantly higher amounts of cross-reactive HA-specific antibodies
(Fig. 4A). Results of ELISpot analysis also demonstrated that
cross-reactive antibody-secreting splenocytes are considerably
increased after X-181mg vaccination (Fig. 4A).
The stem region of HA (stem HA) has been shown by recent
studies to be the major target recognized by broadly neutralizing
antibodies (19–21). To evaluate whether the amount of anti-HA
stem antibodies is different after X-181mg vaccination, stem HA
#4900 (22) was employed as the antigen to analyze the amount
of stem-specific antibody in the immunized sera and of stemspecific antibody-secreting splenocytes by ELISA and ELISpot,
respectively (Fig. 4B). In addition, HA stem-specific competition
ELISA was performed to evaluate the contents of anti-HA stem
antibodies in mice sera that compete with stem-binding antibody
F10 (21). Antisera of X-181mg–vaccinated mice had significantly
higher competitiveness against F10 than that of X-181fg and TIV
(Fig. 4C and SI Appendix, Fig. S7). These data indicate that
X-181mg split virus vaccine-immunized mice induced more stemspecific antibody and antibody-secreting splenocytes. Next, to
further evaluate whether the increase of the total amount of antiHA stem antibodies also altered the ratio of those antibodies to
the total antibody in the sera, the ratio of stem-specific antibodies was determined by the alternative competition ELISA
Tseng et al.
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Fig. 4. More cross-strain immune responses elicited by vaccination with
monoglycosylated split virus vaccine. (A) ELISA and ELISpot of antibody
bindings to a cross-strain Brisbane (Bris/07) HA. (B) ELISA and ELISpot of
antibody bindings to stem-HA. (C) Competition ELISA binding to Brisbane
HA with the biotinylated F10 antibody. The percentage of competition
showed the amount of anti-HA stem antibodies in immunized sera. (D) Alternative competition ELISA binding to Brisbane HA with or without F10
preblocking. The percentage of competition in the alternative competition
ELISA showed the ratio of anti-HA stem antibodies (F10-competitive antibodies) to total HA-specific antibodies in immunized sera. *P < 0.05; **P <
0.01; ***P < 0.001. The P value was calculated with Prism software using the
Student’s t test. Values are mean ± SEM.

analysis (Fig. 4D and SI Appendix, Fig. S7). The HA was blocked
by F10 antibody, and the mice antisera were then added to interact with the remaining binding sites. By comparing the ELISA
results of antisera against F10 preblocked or free HA, we can
evaluate the ratio of anti-HA stem antibodies to total HAspecific antibodies in the antisera. The results showed that the
HA binding of X-181mg antisera was reduced about 40% with
F10 preblocking, which is much higher than that of X-181fg and
TIV antisera, both with nearly a 10% reduction (Fig. 4D). The
reduction of HA binding indicates that X-181mg antisera contain
more antistem antibodies (F10-competitive antibody) in the total
antibody compared with X-181fg and TIV antisera. Alternatively,
a similar result was shown in chimeric HA ELISA. The chimeric
HA, which had an H5 head (48% identity with the H1 head
region) and H1 stem region, and H1N1 HA were used for
analysis of stem-specific antibody in immunized mice sera (SI
Appendix, Fig. S8). The result of the chimeric HA binding assay
also agreed with the result of alternative competition ELISA to
show that sera from X-181mg–vaccinated mice contain more
stem-specific antibodies in the total HA-specific antibody. The
results of the different competition and binding experiments
strongly suggested that X-181mg vaccination can induce not only
a larger amount but also a higher ratio of anti-HA stem antibodies against the stem region of HA.
Antibody-mediated protection against virus infection has been
traditionally emphasized the neutralization ability of virus; however,
recent investigations have also shown that Fc receptor-mediated
antiviral activities of antibodies are also important for viral clearance and provide broader protection against HIV or influenza virus
infections (23–27). Furthermore, studies showed that the broad
protection of HA stem-specific antibody is partially contributed to
by the Fc-mediated immune response (20, 28, 29). Here, the ADCC
PNAS | March 5, 2019 | vol. 116 | no. 10 | 4203
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found to have the highest HI titer (≥100) against all three
viruses (Fig. 3 A, D, and G). In addition, the X-181mg antisera
provided significantly better neutralization ability against the
cross-strain viruses (Fig. 3 B, E, and H). To examine whether
X-181mg vaccination provides cross-protection against different H1N1 viruses, the vaccinated mice were intranasally inoculated with lethal doses of Cal/09, NC/99, and WSN/33
viruses, and the vaccine efficacy was monitored for 14 d based
on body weight loss and survival (Fig. 3 C, F, and I). In the
strain-specific virus challenge study, all three split virus vaccines showed good protection (100%) against Cal/09 viruses. The
TIV split virus vaccine only offered 30% protection against NC/99
and WSN/33 challenges. The X-181fg split virus vaccine has similar
low protection against these two viruses. Notably, X-181mg split
virus vaccine offered more than 70% protection against both
cross-strain viruses, NC/99 and WSN/33 (Fig. 3 F and I). These
data suggested that vaccination of the monoglycosylated split virus
induces better antibody responses and provides better protection
against cross-strain influenza challenges. The virus challenge assays were also performed with two additional influenza vaccine
strains A/Michigan (MC)/45/2015 and A/Solomon Islands (SI)/3/
2006, of which the HA sequence identity to X-181 HA is 96% and
80%, respectively. Compared with TIV and X-181fg split vaccine,
the monoglycosylated split vaccine provided comparable protection (100%) against A/MC/45/2015, and better protection
(around 60% protection) against A/SI/3/2006 (SI Appendix, Fig. S3).
Also, the X-181mg–vaccinated mice contained significantly lower
A/SI/3/2006 virus in their lungs compared with that in X-181fg– or
TIV-vaccinated mice (SI Appendix, Fig. S4). The mouse weight
changes of all of the virus challenges were also recorded (SI Appendix,
Fig. S5). During the virus challenges, the X-181mg–vaccinated
mice showed lower or comparable body weight loss compared
with other vaccination groups. In addition, when H5N1 (NIBRG-14)
was used in the neutralization study, X-181mg vaccine induced
better neutralization activity (SI Appendix, Fig. S6).

assay was performed to analyze the Fc receptor-mediated immune
response that is induced by monoglycosylated split virus vaccine
immunization. To evaluate the ADCC activity of monoglycosylated
split virus vaccine-immunized sera, serially diluted antisera from
X-181mg–, X-181fg–, or TIV-vaccinated mice were incubated
with mouse peripheral blood mononuclear cells (effector cells)
and Bris/07 or Cal/09 HA-expressed HEK293 cells (target
cells), mimics of Bris/07 and Cal/09 virus-infected cells, respectively. The X-181mg–vaccinated antisera exhibited modest
yet statistically significant higher ADCC activity in both 80- and
40-fold dilutions compared with X-181fg (Fig. 5). This result
indicated that the antibodies induced by X-181mg vaccination
possess better ADCC activity against both strain-specific and
cross-strain HA-expressing cells. The broader protection provided by the monoglycosylated split virus vaccine immunization
may include contributions by more HA stem-specific antibodies and better ADCC activity against influenza virusinfected cells.
Discussion
The glycosylation pattern of influenza HA protein has been
shown to play an important role in modulating immune responses to infection (30). The mice vaccinated with the previous
seasonal H1N1 strains whose HA has more glycosylation sites
failed to withstand 2009 H1N1 pandemic virus infection (31).
When recombinantly adding more glycosylation sites onto HA,
vaccination with the mutant strain cannot induce an effective
immune response to protect the infected mice against the original virus strain (32–34). In contrast, if the number of glycosylation sites on HA is reduced, the vaccination elicits an immune
response with broader HI or neutralization ability against strainspecific or cross-strain infection (32, 34–36). These studies suggest that the removal of the glycan mask on influenza virus may
be a good simple strategy in designing a better flu vaccine.
However, the removal of all glycans from HA by genetic mutation may cause improper structure folding (37–39), and the
proper HA structure is important for inducing a good immune
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Fig. 5. ADCC assay of immunized sera against HA-expressed HEK cells.
ADCC-mediated antibodies of X-181fg–, X-181mg–, and TIV-vaccinated sera
were detected by ADCC assay using Bris/07 (A) or Cal/09 (B) HA protein
expressing HEK293T cells as target cells. The cytotoxicity was measured and
indicated the ADCC effect of vaccinated mice sera. *P < 0.05; **P < 0.01. The
P value was calculated with Prism software using the Student’s t test. Values
are mean ± SEM.
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response against influenza virus infection (11). Also, due to a
preferred low-pH requirement, the deglycosylation treatments by
some endoglycosidases can trigger irreversible conformational
changes of HA, which may have a detrimental effect on the
maintenance of the structural integrity of HA (40–42), and a
weak immune response has been demonstrated by immunization
of low pH-treated whole-virus particles (43). In this study, we
used Endo H to digest the kifunensine-treated influenza virus
in the egg allantoic fluid without altering the pH for monoglycosylated influenza split virus vaccine production. We showed
that there is no significant difference in the epitope integrity of
the stem region and hemagglutination ability between the
monoglycosylated split vaccine and the wild-type fully glycosylated split virus vaccine (Fig. 2 D and E). Furthermore, the first
GlcNAc of N-glycosylation is the most important glycan, which
provides most of the energy to stabilize the native state of the
protein (44). The HAmg in the current study is thus a rational
design to trim down the glycan on HA to monoglycosylated
GlcNAc for removing the glycan mask of HA without affecting
the structural integrity.
The stem region of influenza HA has been considered the
most conserved antigen to induce broadly neutralizing antibodies
against different influenza strains (19–21, 45). However, the
stem-specific antibodies were not easily induced by vaccination
or viral infection in either humans or mice (46, 47), and this may
be due to the glycan mask around the stem region. Without the
protection of the glycan shields, the epitopes of the HA stem
region can be exposed to professional antigen-presenting cells,
such as naive B cells and dendritic cells, which then can be
processed and presented for B cell maturation. We speculate
that this may be the underlying mechanism that resulted in the
higher antistem-specific antibodies in antisera from monoglycosylated split virus vaccine-immunized mice.
Influenza-specific ADCC of isolated human peripheral blood
leukocytes was described 40 y ago (26). Recent studies in mice
have shown that ADCC is necessary for in vivo protection
against influenza virus infection, and the stem-specific antibody
not only had the neutralizing ability but also contributed to
ADCC activity (20, 28, 29). In this study, we showed that vaccination with monoglycosylated split virus vaccine induced better
influenza-specific ADCC activity (Fig. 5), and this may partly
come from the increase of the antistem antibodies in monoglycosylated split virus vaccine-immunized mice. Moreover, ADCC
activity can be induced by the broad binding antibodies against
the HA globular region (29). Vaccination with the monoglycosylated split virus vaccine may also elicit more diverse antibodies by
exposing new epitopes on the HA globular region. The enhancement in ADCC activity from the sera of monoglycosylated split
virus vaccine-immunized mice may come from these newly generated antistem or broad binding antibodies.
Although innovative approaches of influenza vaccine research
to increase the spectrum of protection have been reported, some
of which however are of drastic change from the current form of
influenza vaccine. In this work, we have devised a simple method
to minimally modify the procedure used in industrial egg-based
virus production. This modified vaccine may thus have a similar
safety profile, as it is virtually identical to the current influenza
vaccine that has been used in humans since 1945, but with the
exception of having the simplified glycans. With the monoglycosylated glycan modification, the split virus influenza vaccine
can provide stronger immune responses and broader protection
against various H1N1 strains. The broader immunity of this influenza split virus vaccine could reduce the requirement of vaccine reformulation and avoid the economic loss and timeconsuming process caused by yearly reformulation. It is also
noted that the deglycosylation procedure used in this study may
cause the removal of glycans from the surface NA, and how the
monoglycosylated NA affects the immune response was not
Tseng et al.

The vaccine strains of H1N1 influenza viruses A/California/7/2009 NYMC X-181
and A/MC/45/2015 were obtained from the Adimmune Corporation. A/WSN/33,
A/NC/99, and A/SI/3/2006 were from the UK National Institute for Biological
Standards and Control. All viruses were inoculated into the allantoic cavities
of 10-d-old specific pathogen-free embryonated chicken eggs at 35 °C for
48 h. Harvested allantoic fluid was aliquoted and stored at −80 °C. The
50% tissue culture infective dose of viruses in Madin-Darby canine kidney
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Materials and Methods

(CCL-34; American Type Culture Collection) cells and LD50 of virus in BALB/c
mice were determined before experiments.
All animal experiments were performed in accordance with the guidelines established by the Institutional Animal Care and Use Committee of
Academia Sinica (approval no. 11-03-147).
More details about the experimental materials and methods of this study
are provided in SI Appendix.

investigated in this study. In summary, the monoglycosylation of
split influenza virus vaccine is a strategy for approaching universal vaccine design, and its production can also be easily
adapted to industrial vaccine production.

