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ABSTRACT Nonstructural protein 1 (NS1) of influenza virus is a key virulence ele-
ment with multifunctional roles in virus replication and a potent antagonist of host
immune response. Deletion of NS1 (DelNS1) would create a safer and more exten-
sively immunogenic live attenuated influenza virus (LAIV) vaccine. However, DeINS1
viruses are very difficult to grow in regular vaccine-producing systems, which has
hampered the application of DelNS1 LAIV vaccines in humans. We have developed
two master backbones of deleted-NS1 (DelNS1) viral genomes from influenza A or B
viruses which contain novel adaptive mutations to support DelNS1-LAIV replication.
These DelNS1-LAIVs are highly attenuated in human cells in vitro and nonpathogenic
in mice but replicate well in vaccine-producing cells. Both influenza A and influenza
B DelINS1 LAIVs grow better at 33°C than at 37 to 39°C. Vaccination with DelNS1
LAIV performed once is enough to provide potent protection against lethal chal-
lenge with homologous virus and strong long-lasting cross protection against het-
erosubtypic or antigenically distantly related influenza viruses in mice. Mechanistic
investigations revealed that DeINS1-LAIVs induce cross protective neutralizing anti-
body and CD8* and CD4* T cell immunities. Importantly, it has been shown that
DeINS1-LAIV can be used to enhance specific anti-influenza immunity through ex-
pression of additional antigens from the deleted-NS1 site. Generation of DelNS1 vi-
ruses which are nonpathogenic and able to grow in vaccine-producing systems is an
important strategy for making highly immunogenic LAIV vaccines that induce broad
cross protective immunity against seasonal and emerging influenza.

IMPORTANCE Current seasonal influenza vaccines are suboptimal and low in immu-
nogenicity and do not provide long-lasting immunity and cross protection against
influenza virus strains that have antigenically drifted. More-effective influenza vac-
cines which can induce both humoral immunity and T cell immunity are needed.
The NS1 protein of influenza virus is a virulence element and the critical factor for
regulation of the host immune response during virus infection. Deletion of the NS1
protein is a strategy to make an optimal LAIV vaccine. However, DeINS1 viruses are
very difficult to grow in regular vaccine-producing systems, hampering the applica-
tion of DeINS1 LAIV vaccines in humans. We have generated a panel of both influ-
enza A and influenza B DelNS1 LAIVs which are able to grow in regular vaccine-
producing cells. These DeINS1 LAIV vaccines are completely nonpathogenic, exhibit
potent and long-lasting immunity, and can be used to express extra viral antigen to
induce cross protective immunity against seasonal and emerging influenza.
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nfluenza poses a significant disease burden, causing deaths through annual seasonal

epidemics and also during sporadic pandemics, which have occurred four times since
1918. Vaccination is considered the most effective way to alleviate the disease burden
and mortality associated with seasonal influenza and is also the method of choice to
curb future human pandemics. However, the highly variable nature of hemagglutinin
(HA) in circulating strains makes it difficult to predict the evolution of influenza viruses
(IVs). An inability to induce long-lasting immunity and the effects of historical influenza
virus infections on vaccine-induced immune responses further complicate the current
vaccine strategy. Mismatch of seasonal influenza vaccines and circulating strains occurs
regularly, resulting in severe influenza seasons (1). It is also recognized that HA-based
influenza vaccine technology cannot respond swiftly to emerging pandemic viruses, as
evidenced during the 2009 H1N1 pandemic. Therefore, it is imperative to develop
influenza vaccines with the ability to induce enduring broadly protective immunity
against matched and mismatched seasonal influenza virus strains and that can be
produced rapidly in the scenario of an emerging pandemic.

In recent years, new strategies for the development of novel influenza vaccines
conferring superior length and breadth of protection have been extensively explored
(2-6). One strategy involves developing a vaccine that induces antibodies targeting the
more highly conserved stem region of the influenza virus HA protein (7, 8). Attention
has also recently been focused on immunity elicited by influenza virus neuraminidase
(NA), which is less variable than HA, but the vaccine applications of this approach have
not been fully evaluated (9, 10). Besides HA and NA, vaccines based on the conserved
ectodomain of matrix protein 2 of influenza virus have been evaluated previously in
multiple reports (11, 12). Another strategy in influenza vaccine research focuses on
using live attenuated influenza viruses (LAIVs) to mimic natural infection and induce
both humoral and cellular immunity to influenza virus. A cold-adapted LAIV (Influenza
Mist) has been licensed for use in humans aged 2 to 49 since 2007 (13). While HA-based
vaccines aim to induce HA-specific neutralizing or stem-targeting antibodies to block
influenza virus, LAIVs elicit multifaceted immune responses through limited virus
replication in mucosal epithelial cells (6). Several studies have used various strategies to
make different versions of LAIV based on the A/WSN/1933 virus (6, 14-16). Testing of
these conceptual vaccines in animal models indicates that they can cross protect
against heterologous viral challenges. These LAIVs generally contain mutations or
artificial insertions which attenuate their ability to antagonize host cell expression of
interferon (IFN) and antiviral activity; the long-term stability of these mutations and the
performance of the attenuated phenotypes in humans are not yet certain, and these
LAIVs are not practical for mass production, due to the attenuation of virus replication.
Nevertheless, LAIVs are consistently able to induce broader cross protective immunity
than current inactivated influenza vaccines. It has long been questioned why natural
infections with influenza virus fail to induce broad and long-lasting immunity against
future encounters with similar viruses. Influenza viruses are known to block or interfere
with innate and adaptive host immune responses. Influenza virus nonstructural protein
1 (NS1) is a key virulence element and a strong IFN antagonist, with multifunctional
roles in virus replication (see reviews in references 17 and 18). While the NS1 protein is
not essential for virus replication, it is critical for evasion of host innate immunity and
interference with the induction of adaptive immunity during influenza virus infection
(19, 20). A role for NS1 in airborne transmission of avian H1N1 virus between ferrets has
also been shown previously (21). Therefore, deletion of NS1 has long been considered
a desirable strategy for making safer and more immunogenic influenza vaccines (22).
An NS1-truncated vaccine induces strong immune responses and appears to exert
better protective efficacy than an inactivated virus vaccine in aged mice (23, 24). LAIVs
expressing truncated or mutated NS1 genes in the backbone of H3N2 or HIN1 viruses
also cross protect against swine influenza viruses in pigs (25-27), further highlighting
the potential of modified NS1 vaccines for use in preventing influenza. Furthermore,
two clinical trials using deleted-NS1-trivalent LAIVs containing influenza virus H1NT,
H3N2, and B strains demonstrated induction of significant levels of strain-specific and
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cross-neutralizing antibodies in vaccinated humans (28, 29). However, influenza viruses
with truncated or deleted NS1 grow at relatively low levels of efficiency in MDCK cells
(30), which has hampered the commercial development of deleted-NS1 (DelNS1) live
attenuated influenza virus vaccine strains. Previous studies published by ourselves and
others have reported mutations which support the replication of DeIlNS1 viruses in
MDCK cells and/or embryonated chicken eggs (31-33). It seems possible that acquisi-
tion of adaptive mutations that restore NS1-regulated M splicing during influenza virus
infection would increase virus replication ability in interferon-deficient systems (31),
providing a practical way to produce sufficient quantities of DeIlNS1 viruses for use as
live attenuated influenza vaccines. It will also be important to evaluate if additional viral
antigens can be expressed from the NS segment in the DeINS1 LAIV system to enhance
specific immunity to viral targets.

Extending from our previous work characterizing a DeINS1 virus derived from
A/WSN/1933 (31), we have established a panel of DelNS1 versions of influenza A (2009
H1N1, H3N2, and H7N9) and B virus strains based on master donor strains derived from
the 2009 HINT and HK2011 influenza B virus strains, respectively. We found that
different strains of influenza viruses utilize different adaptive strategies to support
replication of DeINS1 viruses. These DelNS1 viruses are avirulent in mice, regardless of
whether they originated from seasonal, pandemic, or highly pathogenic avian influenza
viruses, and are naturally cold-adapted. Importantly, immunization of mice with the
H1N1 DeINS1 LAIV vaccine induces long-lasting cross protective immunity against
lethal challenge with 2009 pandemic H1N1, H3N2, and avian H5N1 or H7N9 viruses.
Broad protection against antigenically distantly related influenza viruses was also
observed for DelNS1-H3N2 and DelINS1 B LAIVs. We show that 2009 H1N1-DeINS1 LAIV
is a safe and versatile master donor backbone for making vaccine versions of other
subtype viruses and for expressing additional antigens to enhance specific immunity
against influenza viruses. DeIlNS1 LAIVs with adaptive mutations enabling growth in
high-volume vaccine production systems should be considered an important strategy
to be further evaluated in the quest to develop more-effective and broadly protective
vaccines for seasonal and emerging pandemic influenza viruses.

RESULTS

Generation of 2009 H1IN1 DeINS1 virus with cold-adaptive properties. We
previously identified a unique mutation (A14U) in the M segment which enhances
replication of A/WSN/1933 and A/PR8/1934 H1N1 DelNS1 viruses in interferon-deficient
cells (31). Since the WSN and PR8 strains are no longer circulating among humans, we
elected to use a relatively contemporary HIN1 strain to serve as the backbone for
construction of DelNS1 vaccine strains. The 2009 H1N1 virus causes only mild disease
in humans and has become one of the two prevalent seasonal influenza A viruses. We
consider this to be an ideal virus from which to make a backbone for influenza A
DeINS1 LAIV. Using technology similar to that previously described, a DeINS1 version of
the A/CA/04/2009 (CA4) virus where the NS1 is removed but the NEP is preserved was
constructed and deletion of the NS1 coding region from the NS segment verified
(Fig. 1A and B). The NS1-deleted version of the A/CA/04/2009 (H1N1) virus was rescued
using a reverse genetics procedure and passaged in MDCK cells 10 times at 37°C and
then a further 10 times at 30°C as previously described (31). The resultant passage-
adapted virus was designated CA4-DelNS1, and that name was used in subsequent
experiments and throughout this report. Two adaptive mutations, located in the NP
(D101N) and NEP (E95G) genes, were identified in the resulting growth-adapted
CA4-DelINST1 virus (Fig. 1C). The requirement for both adaptive mutations for DelNS1
virus replication was investigated by constructing DeIlNS1 gene segments containing
the mutations alone or in combination and examining the efficiency of reverse genetics
virus rescue from plasmid transfection (Fig. 1D). The paired adaptive mutations pro-
moted more efficient rescue than either mutation alone, and, interestingly, the effi-
ciency of rescue at 33°C was higher than at 37°C (Fig. 1D). Growth kinetics analysis
showed that the stably growth-adapted CA4-DelNS1 virus had gained the ability to
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FIG 1 Generation and characterization of CA4-DeINS1 virus. (A) Full-length and NS1 gene-deleted NS segments. NCR, noncoding region.
(B) Confirmation of NS1 deletion in rescued CA4-DeINS1 virus by RT-PCR and agarose gel electrophoresis. -ve, negative control. (C) Newly
rescued CA4-DelNS1 virus was passaged in MDCK cells 20 times to promote growth adaptation. After the virus titers stabilized, the entire
genome of the CA4-DelNS1 virus was analyzed and adaptive mutations were identified. (D) Effect of adaptive mutations on the efficiency
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of CA4-DelNS1 virus rescue. DeINST pHW2000 plasmids with individual or combined adaptive mutations or the original DeIlNS1 plasmid
(DelNS1-WT) were transfected together with plasmids encoding the other 7 viral segments into 293T/MDCK cell mixtures and incubated

at 33°C or 37°C. After 72 h, viral supernatants were collected and titrated. (E) Growth of CA4-DeINS1 at 33°C or 37°C was analyzed. MDCK
cells or embryonated chicken eggs were infected with CA4-DeIlNS1 or WT virus at 0.1 MOI or 1,000 PFU, respectively. Viral supernatants

or allantoic fluids were collected at the indicated time points and titrated by plaque assay in MDCK cells. Data represent mean values =
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FIG 2 Avirulence of CA4-DelNS1 virus. (A) A549 cells were infected with CA4-WT virus, with ca-LAIV, or with CA4-DeINS1 virus at 0.01
MOI and cultured at 33°C or 37°C. ca-LAIV is a cold-adapted 2009 H1N1 virus that was isolated from the licensed LAIV vaccine (17).
Viral supernatants were collected at different time points and titrated by plaque assay in MDCK cells. Data represent mean values *+
standard deviations of results from three independent experiments. Statistical comparisons between means were performed by
Student’s t test. ***, P < 0.001; **, P < 0.01. (B) DeINS1 virus infection in mice. Groups of six 6-week-old mice were inoculated with 10°
PFU of CA4-DeINS1, H7N9-DeINS1, WSN-DelNS1, or H7N9 WT virus. PBS was used as an inoculation control. Body weight and survival
were observed for 14 days. Data represent mean body weight values = standard deviations of results from 6 mice.

replicate comparably to the wild-type (WT) virus following more than 20 passages in
MDCK cells (Fig. 1E). We then performed growth kinetics analysis of CA4-DeINS1 and
the WT parent virus in MDCK cells and embryonated chicken eggs and found that
DelNS1 virus replicated similarly to WT virus in MDCK cells and slightly less well than WT
virus in eggs at 33°C, whereas DelNS1 replication efficiency was lower than that of WT
virus in both culture systems at 37°C (Fig. 1E). The preference of CA4-DeINS1 viruses for
replication at the lower temperature of 33°C, rather than 37°C, was entirely spontane-
ous and is a desirable feature in a live attenuated influenza virus vaccine. To further
verify the contribution of the mutations in NP and NEP to growth and temperature
adaptation, the growth kinetics of CA4-DeINS1 viruses carrying single or double
mutations were examined, revealing that both mutations enhanced CA4-DelINS1 rep-
lication and facilitated cold adaptation in MDCK cells and embryonated chicken eggs,
with the effect of NEP E95G being more apparent with respect to supporting CA4-
DelNS1 virus growth (see Fig. S1 in the supplemental material). These results show that
the presence of adaptive mutations in the NP (D101N) and NEP (E95G) genes supported
the replication of CA4-DeINS1 virus to levels nearly equal to those measured for the WT
virus in MDCK cells and chicken eggs.

Avirulence of DelNS1 viruses in vitro and in vivo. It is essential for any vaccine to
be nonpathogenic to humans. We examined replication of the CA4-DelNS1 virus
generated in this study, comparing it with that of CA4-WT virus and the licensed
cold-adapted H1N1 virus (ca-LAIV), which has different internal genes but has HA and
NA similar to those of the CA4 virus. While CA4-WT and ca-LAIV replicated at both 33°C
and 37°C in A549 cells, replication of CA4-DelNS1 was undetectable (Fig. 2A), confirm-
ing the attenuation of CA4-DelNS1 replication in interferon-competent cells. We then

FIG 1 Legend (Continued)

standard deviations of results from three independent experiments. Statistical comparisons between means were performed by Student’s
t test. ***, P < 0.001; **, P < 0.01; *, P < 0.05; NS, not significant.
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examined the panel of DelNS1 viruses made in our study, inoculating mice with 10 PFU
of CA4-DeIlNS1, H7N9-DelNS1, or WSN-DeINS1 LAIV. Whereas mice inoculated with
wild-type H7N9 (A/Zhejiang/DTID-ZJU01/2013) died within 1 week, none of the mice
inoculated with any of the DeINS1 viruses died, and no symptoms of body weight loss
or disease were observed in these mice (Fig. 2B). These results demonstrate that
deletion of NS1 significantly attenuates the pathogenic properties of both seasonal and
highly pathogenic avian influenza viruses.

CA4-DeIlNS1 H1N1 virus provides protection against homologous and heterol-
ogous virus challenge. To assess the protective ability of DeINS1 virus in influenza
virus infection, we immunized mice once with CA4-DelNS1 virus, through the nasal
route. At 3 weeks after immunization, mice were challenged with mouse-adapted H1N1
virus or with H7N9 or H5N1 viruses (Fig. 3A). To understand the effectiveness of DelNS1
virus in inducing host immunity, the ca-LAIV HIN1 virus was included as a comparison.
Animals were challenged with lethal doses of viruses, as indicated, and followed for 2
weeks after infection. Immunization with either CA4-DeINS1 virus or ca-LAIV fully
protected against lethal challenge with mouse-adapted H1N1 virus (Fig. 3B). No virus
was detected in the lung tissues of mice from vaccinated groups at day 3 postinfection
(Fig. S3A). Interestingly, immunization with CA4-DeINS1 virus and ca-LAIV also pro-
tected against a H7N9 virus challenge with 10 50% murine lethal doses (MLDs), with
mice displaying only slight body weight loss during the first 3 days of infection,
followed by full recovery (Fig. 3C). Consistent with this body weight loss, H7N9 virus
was still actively replicating in the lungs of vaccinated mice at day 3 postchallenge
(Fig. 3B). Highly pathogenic avian influenza H5N1 virus infection is fatal in approxi-
mately 60% of human cases. It is noteworthy that immunization with CA4-DeINS1 virus
provided full protection to H5N1 virus-challenged mice, with no deaths or body weight
loss observed in any of these animals (Fig. 3D). Cross protection was also observed with
the ca-LAIV vaccine, but it conferred only partial protection, with 3/5 mice dying and
the surviving mice (2/5) experiencing significant body weight loss (Fig. 3D), further
demonstrating that CA4-DeINS1 LAIV provides better cross protective activity than
ca-LAIV, which contains an intact NS1 gene. However, virus titers in the lungs of
challenged mice were not significantly different (Fig. S3A to C). Cross protective
immunity against antigenically distinct influenza A strains was also induced by CA4-
DeINS1 (H1N1) and CA4-DeINS1-HK4801, with the latter bearing HA and NA from the
H3N2 A/HK/4801/2014 virus on the CA4-DelNS1 backbone, in a separate experiment
where LAIV-vaccinated mice were challenged with mouse-adapted A/HK/1/68 (H3N2)
virus (Fig. 4A; see also Fig. S3D and E). To investigate if cross-reactive antibodies are
induced by immunization, sera from immunized mice were collected prior to virus
challenge and analyzed by hemagglutinin inhibition (HI) assay. Both CA4-DelNS1 and
ca-LAIV induced a fair level of antibodies against the HIN1 virus, but antibodies specific
for either H7N9 or H5N1 were undetectable (Fig. 3E), suggesting that the observed
cross protective immunity might be facilitated by an immunological mediator other
than HA-specific antibodies. To examine if the cross protective immunity mediated by
DeINS1 LAIV is long-lasting, mice were immunized 10 weeks before challenge. Cross
protection was observed following challenge with H1N1, H7N9, and H5N1 viruses, and
the level of protection shown by CA4-DeINS1 virus against H5N1 virus was superior to
that shown by ca-LAIV (Fig. S2A to D). To test whether DeIlNS1 LAIV might produce
defective interfering (DI) virus as cross protective antiviral agents (34), we compared DI
viral genomes from DeINS1 LAIV and the H1N1 vaccine strain isolated from Flumist LAIV
season vaccine (2014 to 2015) passaged in eggs. While statistically significant levels of
DI genomes from PB2 and PA were detected from a commercial LAIV HIN1 strain, no
significant DI genomes were detected from either influenza A or influenza B DelNS1
LAIV (Fig. S2E). These results show that DeINS1 live attenuated influenza virus induces
sustained and highly protective immunity against lethal challenge with both homolo-
gous and heterologous subtype viruses and that deletion of NS1 from CA4 created a
live attenuated influenza vaccine that seems to be more cross protective than the
ca-LAIV which contains wild-type NS1.

September/October 2019 Volume 10 Issue 5 €02180-19

mBio’

mbio.asm.org 6

ONOM ONOH 40 AINN 1B 6T0Z ‘82 4290100 U0 /blo’wse oiquy//:dny woly papeojumod


https://mbio.asm.org
http://mbio.asm.org/

Generation of DeINS1 Live Attenuated Influenza Vaccine

A
Vaccination Virus Challenge End of experiment
Week 0 Week 3 Week 5
B H1N1
120+ 100 ®
-o- CA4-DelNS1 6/6 -0~ CA4-DelNS1
3110' -= ca-LAIV < 80 -= ca-LAIV
< 1001 -+ PBS > - PBS
5 = 60
g 90 =
> 4
3 804 S 40
o 5
0 704 204
0/6
60--—T—T—T—TT T T T T T T 0 r \
N D RO BA D00 NN 0 5 10 15
Days Days
C H7N9
1107 100 o
-~ CA4-DeINS1 6/ @ CA4-DelNS1
< 1004 - ca-LAIV 3 801 === ca-LAIV
< -+~ PBS Y -~ PBS
5 901 5 601
s ]
80 > 404
H E
@ 70 @ 20
" 0/6
N b oA D 0,0 NS o 5 10 15
Days Days
D H5N1
110+ 100 °
- CA4-DelNS1 6/6 -~ CA4-DelNS1
100 -= ca-LAIV 3 804 - ca-LAIV
< -+ PBS by -~ PBS
< 90 * 60
% g 2/5
2 80 2 401 [ S_—
;
m 70 0 204
0/6
60—+ 0 . .
N D RO BA DO ,0 NN 0 5 10 15
Days Days
E H1N1 H7N9 H5N1
200-
s1s0{ "
>
3
S 1001 -
S wig L
I 50-'5
.. -
0l —aw— -
N Q2D 2NN 2
FFELFFEL TR
W & W & W &
[ [ [

FIG 3 CA4-DeINST LAIV vaccination protects mice from both homologous and heterologous virus challenge. (A) Timelines for
vaccination and virus challenge. Mice were intranasally vaccinated once with CA4-DeINS1 virus (2 X 106 PFU), ca-LAIV (2 X 10° PFU),
or PBS and then challenged with virus after 3 weeks. (B to D) Vaccinated mice were challenged with 10 MLD;, CA4 (HINT1)
mouse-adapted virus (B), 10 MLD5, H7N9 virus (C), or 100 MLD,, H5N1 virus (D). Body weights and survival were observed for 14 days.
Body weight data represent mean values = standard deviations of results from 6 mice. (E) HI analysis of sera from mice vaccinated
with CA4-DelNS1, ca-LAIV, or PBS, collected prior to virus challenge.
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FIG 4 CA4-DelNST as a master backbone for construction of DeINS1T H3N2 LAIV. (A) Generation of CA4-DelNS1-HK4801 (H3N2) by plasmid transfection.
CA4-DeINS1-HK4801 (H3N2) virus was rescued with HA and NA plasmids derived from the A/Hong Kong/4801/2014 (H3N2) strain and 6 internal gene
plasmids from the CA4-DelNS1 virus containing adaptive mutations, as described for Fig. 1. (B) CA4-DeINS1-HK4801 cannot replicate in IFN-competent
A549 cells. (C) CA4-DelNS1-HK4801 replication efficiency varied with temperature in MDCK cells. (D) CA4-DelNS1-HK68 (H3N2) protects mice from challenge
with homologous HK68-MA virus. Mice were vaccinated with CA4-DeINS1-HK68 (HK68-WT) virus (2 X 106 PFU) or PBS and after 3 weeks were challenged with
HK68-MA (mouse-adapted) virus. (E) CA4-DelNS1-HK4801 protects mice from challenge with heterologous HK68-MA virus. Mice were vaccinated with
CA4-DeINS1-HK4801 (H3N2) virus (3 X 107 PFU) or PBS and were challenged later with HK68-MA virus. Body weight and survival were observed for 14 days.
Body weight data represent mean values *+ standard deviations of results from 6/7 mice. Statistical comparisons between means were performed by Student’s

t test. ***, P < 0.001; **, P < 0.01; *, P < 0.05.

DelNS1 H3N2 live attenuated virus confers broad protection against antigeni-
cally drifted virus. To assess the suitability of the CA4-DelNS1 virus for use as a master
donor backbone, we constructed a DeINS1-H3N2 LAIV using the CA4-DelNS1 backbone
and HA and NA derived from the A/HK/4801/2014 H3N2 virus. The NS1-deleted version
of the A/HK/4801/2014 (H3N2) virus was rescued with the six internal genome seg-
ments of the CA4-DeINS1 (H1N1) virus, which carry the adaptive mutations for virus
growth and temperature restriction (Fig. 4A) (here designated CA4-DelNS1-HK4801 in
subsequent descriptions of experiments). As anticipated, CA4-DeIlNS1-HK4801 (H3N2)
virus is unable to replicate in A549 cells (Fig. 4B). Analysis of growth properties in MDCK
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cells showed that CA4-DelNS1-HK4801 (H3N2) LAIV also exhibits a preference for
replication at 33°C, with growth being restricted at 37°C and 39°C (Fig. 4C). This
demonstrates that CA4-DelNS1 can be used as a donor master strain for the construc-
tion of other HA and NA subtype DelNS1 LAIVs. There are very few mouse-adapted
H3N2 viruses available for use in challenge experiments. To assess the protective
activity of the CA4-DelNS1-HK4801 (H3N2) LAIV, we challenged mice with a mouse-
adapted virus derived from a 1968 H3N2 isolate and also created a DelNS1 version of
the original non-mouse-adapted isolate (CA4-DeINS1-HK68) (35, 36) for use in subse-
quent comparisons. Mice were immunized once with CA4-DelNS1-HK4801 (H3N2) or
CA4-DeINS1-HK68 (H3N2) live attenuated virus and then challenged with a lethal dose
of the mouse-adapted H3N2 (HK68-MA) strain 3 weeks later. As expected, mice immu-
nized with CA4-DeINS1-HK68 were fully protected from HK68-MA virus challenge
(Fig. 4D). Notably, mice immunized with the CA4-DelNS1-HK4801 (H3N2) LAIV, which
carries HA and NA whose origins are separated by nearly 50 years from those of the
challenging HK68-MA virus strain, were completely protected, with no apparent body
weight loss or other disease symptoms being observed (Fig. 4E) and with significantly
lower virus titers in lungs at day 3 postinfection (Fig. S4A). HI analysis showed that
antibodies reactive to the HK4801 strain were induced prior to virus challenge
(Fig. S4B). However, these antibodies were not reactive to the HK68 strain or to a more
recent H3N2 vaccine strain, A/Brisbane/10/2007 (Bris10), similarly to the results seen
with CA4-DeINS1 H1N1 LAIV (Fig. S2E). HI tests revealed a low but detectable level of
antibodies reactive to the HK68 strain present in sera collected from CA4-DelNS1-
HK4801 LAIV-protected mice 2 weeks after HK68-MA virus challenge. Neutralization
tests confirmed the presence of neutralizing antibodies corresponding to both HK4801
and HK68-MA in CA4-DelNS1-HK4801 LAIV-immunized mice prior to challenge and at
2 weeks after challenge (Fig. S4C). Note that levels of both hemagglutinin inhibition
and neutralization antibodies recognizing HK4801 were higher after HK68-MA virus
challenge, suggesting that HK68-MA virus infection boosts the levels of antibodies
initially induced by HK4801 immunization. Given that HK68-MA and HK4801 are
antigenically distinct, it is possible that immunization with CA4-DelNS1-HK4801 induces
a broad antibody repertoire reactive to conserved epitopes present in both strains and
that these antibody repertoires are boosted following subsequent challenge with
HK68-MA virus. However, the use of HK68-MA (mouse-adapted) H3N2 virus to study
cross protection against antigenic drift strain has limitations, since the vaccinated strain
(HK4801) evolved from it. Mouse-adapted H3N2 viruses of more recently isolated H3N2
virus strains are needed to address this issue in future. Taken together, these results
show that CA4-DeINS1 virus can be used as a donor backbone for making DelNS1
viruses of other subtypes which are temperature sensitive but able to replicate effi-
ciently in MDCK cells and embryonated chicken eggs. Importantly, recombinant CA4-
DeINS1-HK4801 (H3N2) LAIV is highly protective against challenge with antigenically
distantly related viral strains. This finding is potentially important, as it suggests that
DeINS1 LAIVs can elicit immunity that is sufficiently broad to overcome influenza
vaccine mismatches caused by antigenic drift of seasonal influenza viruses.

DelNS1 influenza B virus cross protects against different genetic lineages. To
further evaluate the potential of DeINS1 LAIVs for use in influenza vaccine applications,
we generated a DelNS1 influenza B virus using a master donor backbone from a Victoria
lineage influenza B virus, B/Hong Kong/8038/2011. The NS1 coding region was deleted
from the NS segment of B/Hong Kong/8038/2011, and a NS1-deleted version of
influenza B virus was rescued using a reverse genetics protocol (Fig. 5A) as described
above. A NS1-deleted version of B/Hong Kong/8038/2011 influenza B virus adapted to
replicate in MDCK cells and embryonated chicken eggs was obtained using a similar
approach, and the resultant virus was designated DelNS1-B8038. Sequence analysis
identified five unique mutations that were present in the PA (T210C/Y61H), NA
(T1429C/V459A), NP (C182T/P41L), and M (G88C/A22P and A280G/M86V) genes of the
DeINS1-B8038 LAIV genome (Fig. 5B). The effect of these mutations on the growth of
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FIG 5 Generation and characterization of DelNST B LAIV. (A) Generation of DelNS1-B8038 influenza B virus by reverse genetics.
pHW2000 plasmids containing an NS1-deleted (DeINS1) segment and the seven remaining genome segments derived from B/Hong
Kong/8038/2011 (Victoria) virus were transfected into a 293T/MDCK cell mixture. Rescued virus was passaged in MDCK cells until the

(Continued on next page)
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DeINS1-B8038 was verified by testing mutations individually or in combination in a
transfection assay (Fig. S5A). Analysis of growth properties found that DelNS1-B8038
influenza B virus replicates at 33°C in MDCK cells but exhibits reduced replication
efficiency at 37°C (Fig. 5C), similarly to CA4-DelNS1 influenza A viruses. DeINS1-B8038
LAIV cannot replicate in interferon-competent A549 cells (Fig. 5C). There are two
genetically distinct lineages of influenza B viruses, namely, Victoria and Yamagata,
cocirculating in humans. To assess if DeINS1-B8038, a Victoria lineage influenza B virus,
provides protection from infection with both lineages of influenza B virus, mice were
immunized once through the nasal route and were then (after 3 weeks) challenged
with mouse-adapted influenza B virus of either the Yamagata (B/Florida/4/2006) or
Victoria (B/Brisbane/60/2008) lineage (37). Mice mock vaccinated with phosphate-
buffered saline (PBS) died after 6 to 8 days, whereas all DeINS1-B8038 LAIV-immunized
mice survived, with only minor body weight loss observed in the B/Florida/4/2008
(Yamagata) challenge group and no apparent disease symptoms or body weight loss
observed in the B/Brisbane/60/2008 challenge group (Fig. 5D). Virus titers in lungs were
significantly lower in DeIlNS1-B8038 LAIV-vaccinated mice than in the mice in the
control group at day 3 postinfection (Fig. S5B). These results show that the DeINS1 B
LAIV exhibits favorable cold adaptation and temperature restriction properties and is
able to induce cross protective activity against antigenically distinct influenza B virus
strains.

DeIlNS1 LAIV induces cross protective T cell immunity. The results described
above suggested that the cross protective immunity induced by CA4-DelNS1 (H1N1)
may be attributable to non-HA-specific antibodies or cellular immunity. To verify the
role of T cell immunity following DeINS1 LAIV immunization, we first evaluated CD4+
and CD8* responses in CA4-DeINS1 virus-immunized and ca-LAIV-immunized mice.
CD4* and CD8* T cells specific for conserved influenza virus (NP) epitopes were
analyzed using intracellular cytokine staining (ICS) of splenocytes from immunized
mice. Both CA4-DeINST and ca-LAIV HIN1 viruses were found to have induced NP-
specific CD4™ and CD8™" T responses 3 weeks after a single intranasal dose (Fig. 6A; see
also Fig. S6A and B). It appears that CA4-DeINS1 induces significantly higher levels of
CD4+ T cells than ca-LAIV. However, it remains to be determined if this difference may
be caused by the single amino acid difference between the CD4 epitopes in the NP of
ca-LAIV and CA4-DeINS1 virus. To determine if specific CD4+ and CD8* T cells are
critical to the cross protection provided by CA4-DeINS1 (H1N1) LAIV, immunized mice
were treated with anti-CD4 or anti-CD8 antibodies, singly or in combination, to deplete
these T cell subsets and were then challenged with a lethal dose of H7N9 virus (Fig. 6B).
Depletion of T cells was confirmed 1 day before virus challenge to ensure that more
than 98% depletion was achieved compared with the isotype control (Fig. S6C).
LAIV-immunized mice with subsequent CD4* and/or CD8" T cell depletion were then
challenged with H7N9 virus (10 MLD,) and survival and body weight change moni-
tored for 14 days. Combined depletion of CD4* and CD8* T cells severely compro-
mised CD4-DelNS1-immunized mice, with only 1/7 of mice surviving and with these
mice showing significant body weight loss and high virus titers in lungs (Fig. 6C; see
also Fig. S6D). While both CD8* and CD4* T cells are required for optimal cross
protection, CD8" may be the more critical of the two for mediating cross protective
cell immunity against influenza virus infection. However, when CA4-DeINS1 LAIV-

FIG 5 Legend (Continued)

virus titer stabilized. (B) Adaptive mutations in growth-adapted DelNS1-B8038 influenza B virus. Mutations in PA (T210C), NA (T1429C),
NP (C182T), and M (G88C plus A280G) were identified. (C) Growth of DelNS1-B8038 influenza B virus in cell culture. MDCK or A549 cells
were infected with either WT or DeINS1-B8038 virus at 0.01 MOI and incubated at 33°C or 37°C for 72 h. Virus supernatants were collected
and titrated by plaque assay in MDCK cells. Data represent mean values * standard deviations of results from three independent
experiments. Statistical comparisons between means were performed by Student’s t test. ***, P < 0.001. (D) DeINS1-B8038 (B-DelNS1)
LAIV vaccination protected mice from challenge with both Victoria and Yamagata lineage mouse-adapted viruses. Mice were vaccinated
with DeIlNS1-B8038 (2 X 106 PFU) or PBS. After 3 weeks, vaccinated mice were challenged with mouse-adapted B/Brisbane/60/2008
(Victoria) or B/Florida/4/2006 (Yamagata) influenza B virus at 10 MLD,,. Body weight and survival were observed for 14 days. Body weight

data represent mean values = standard deviations of results from 6 mice.
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FIG 6 DelNS1 LAIV induces cross protective T cell responses against influenza viruses. (A) Induction of antigen-specific CD8* and CD4+ é
T cells by CA4-DeINS1 LAIV was estimated by intracellular cytokine staining (ICS) of ex vivo peptide-stimulated splenocytes, followed by zZ
flow cytometric analysis. (B) Schedule of T cell depletion and virus challenge. Vaccinated mice were injected intraperitoneally (i.p.) with ®

100 ng of anti-CD8a or anti-CD4 or with both anti-CD8« and anti-CD4 or with isotype control (IgG2b) antibodies on day 17 (D17), D19,
and D21 after immunization and day 3 after virus challenge. (C) Mice were challenged with H7N9 virus (10 MLD,,) on day 21 after
vaccination and monitored for 14 days. (D) Mice were challenged with mouse-adapted CA4 (H1N1) virus (10 MLD,,) and monitored for
14 days. Body weight data represent mean values *+ standard deviations of results from 7 mice. Statistical comparisons between means
were performed by Student’s t test. ***, P < 0.001; **, P < 0.01.

immunized mice were depleted of CD4" and/or CD8* T cells and then challenged with
a lethal dose of HIN1 virus, all mice remained fully protected and showed no sign of
disease or weight loss (Fig. 6D). The data clearly demonstrate that DeINS1 LAIV induced
both antibody and T cell immunities and that cross protective immunity was mainly
mediated by influenza virus-specific T cells.
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FIG 7 DelINS1 LAIV expression of B-HA1 antigen protected against lethal challenge with both influenza A and B viruses in mice. (A) lllustration of cloning of
B-HAI region into the CA4-DeINS1 NS segment. (B) Mice were vaccinated once with CA4-DeINS1 and then challenged 3 weeks later with mouse-adapted H1N1
influenza A virus (A/California/04/2009, 10 MLDs,) or influenza B virus (B/Brisbane/60/2008, 10 MLD,,) and monitored for 14 days. (C) Mice were vaccinated
twice, 1 month apart, with 10° PFU of either CA4-DeINS1 virus or CA4-DeINS1-BHA1, which contains the HA1 gene of influenza B virus (B/Brisbane/60/2008)
at the site in the NS segment from which NS1 was deleted. Mice were challenged with mouse-adapted B/Brisbane/60/2008 (10 MLD,,) 1 month after the
second vaccination and monitored for 2 weeks. (D) Mice were vaccinated once with 1 X 107 PFU of either CA4-DeINS1-HK4801 (H3N2) virus or CA4-DeINS1-
HK4801-BHA1 LAIV. Vaccinated mice were challenged with mouse-adapted B/Brisbane/60/2008 (10 MLD,,) 1T month after the second dose of vaccination. Mice
were monitored for body weight change and survival for 2 weeks. Body weight data represent mean values = standard deviations of results from 6 (B and
C) or 7 (D) mice.

Delivery of additional viral antigens using the DelNS1 LAIV system. While
CA4-DeINS1 (HTNT) immunization induced cross protective immunity against challenge
with H7N9, H5N1, and HK68 (H3N2) influenza A viruses (Fig. 3; see also Fig. S2 and S3),
no protection was observed when mice were challenged with influenza B virus (Fig. 7B).
This indicates that the cross protective immunity induced by CA4-DelNS1 (H1NT) LAIV
is influenza A specific and does not extend to other types of influenza virus or to other
viruses. Since NS1 is deleted from the viral genome in DelNS1 LAIV, there is an
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opportunity to express a new or additional antigen in its place. We tested this
possibility by expressing the influenza B HA1 domain in the NS1 site of the CA4-DeINS1
LAIV genome to generate a chimeric virus, CA4-DeINS1-BHA1, expressing BHA1 from
the CA4-DelNS1 (H1NT1) backbone (Fig. 7A). Expression of influenza B virus HA1 was
confirmed by Western blot analysis, and the genome of the chimeric CA4-DelNS1-BHA1
virus found to be stable during continuous passage in MDCK cells (Fig. S7A and B).
Notably, full protection was observed when mice immunized with two doses of
CA4-DeINS1-BHA1 virus were challenged with a lethal dose of mouse-adapted B/Bris-
bane/60/2008 virus, while all mice vaccinated with CA4-DeINS1 LAIV without B-HA1
died (Fig. 7C). Using an H3N2 version, CA4-DelNS1-HK4801-BHA1 LAIV, 6 of 7 mice in
the group immunized with vaccine expressing the influenza B HA1 antigen survived,
while all mice immunized with one dose of vaccine without additional BHA1 died
(Fig. 7D). These data highlight a novel strategy to improve the current influenza vaccine
regime by using DeINS1 LAIV to express additional viral antigens and thereby broaden
and enhance specific immunity to influenza viruses.

DISCUSSION

Currently available inactivated influenza vaccines are suboptimal, particularly in the
groups that are most highly at risk, and do not induce sufficiently broad cross
protective activity to protect against strains that have antigenically drifted (38, 39).
Alternative strategies for the development of more highly effective and cross protective
and long-lasting influenza vaccines must be pursued. Influenza viruses in which the NS1
protein is deleted are avirulent and are postulated to be more immunogenic, due to the
absence of the immune response suppression usually mediated by the NS1 protein.
With this assumption, we established a panel of DeINS1 live attenuated influenza
viruses (LAIVs) bearing adaptive mutations that support their replication in MDCK cells
and embryonated chicken eggs, enabling large-scale production without helper virus
assistance. Master donor backbone viruses were established for both influenza A virus
and influenza B virus and were verified in in vitro and in vivo systems. The currently
available LAIV vaccine utilizes cold adaptation and temperature restriction to ensure
attenuation in humans. We found that DeINS1 LAIVs are nonpathogenic and have a
spontaneous preference for replication at the lower temperature of 33°C. Given the
rapid evolution of influenza viruses and the uncertainty regarding the emergence of
novel strains, future influenza vaccines should ideally provide cross protection against
antigenically drifted viral strains and novel subtypes of zoonotic influenza viruses. Our
data strongly support the use of a strategy involving removal of the NS1 protein, a viral
antagonist of the host immune response, to make DeINS1 LAIV vaccines which induce
more-effective and broader immunity for protection against seasonal and pandemic
influenza virus strains. We have shown DeIlNS1 H1N1, H3N2, and B LAIVs to possess
marked cross protective activities in terms of cross subtype and/or antigenically drifted
variants in mouse challenge experiments. Importantly, we have also tested a strategy
to enhance specific immunity through expression of additional viral antigens in the
DelNS1 LAIV system. These findings clearly demonstrate that DeINS1 LAIVs with adap-
tive mutations that support replication in MDCK cells and embryonated chicken eggs
and the capacity to express extra viral antigens will make better influenza vaccines,
addressing some critical pitfalls of existing products.

One of the advantages of LAIV vaccines over inactivated split or subunit influenza
virus vaccines is the ability to induce both humoral and cellular immunity. The currently
available commercial LAIV (Influenza Mist) is based on cold adaptation/temperature
sensitivity/attenuation (ca/ts/att) phenotypic features which allow the vaccine virus to
replicate at the lower temperatures experienced in the upper respiratory tract but
which restrict or attenuate replication at the higher temperature within the lungs (40).
LAIVs have been shown to induce a significant amount of mucosal IgA but modest
levels of serum IgG (41, 42). Blocking virus transmission is one of the key criteria for
seasonal and pandemic influenza vaccines. The superior ability of LAIVs to induce
potent mucosal immunity could be important for limiting virus transmission, especially
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when used in response to a pandemic or a severe epidemic. However, this cold-adapted
LAIV vaccine replicates so efficiently in the upper respiratory tract of young children
who are seronegative or who have not experienced previous infection with influenza
viruses, being shed at a comparatively high titer for a long period of time (41), that it
is not recommended for use in children below 2 years old, who are commonly naive
with respect to influenza virus infection. On the other hand, preexisting immunity from
previous exposure to similar viruses may limit the replication of the current LAIV
vaccine in adults. Therefore, an improved LAIV with a lower level of associated virus
shedding that more potently induces a full spectrum of protective immunity in the
elderly is necessary. Other strategies used to construct different forms of LAIV include
acquisition of interferon-sensitive mutations and use of premature termination codons
to attenuate or completely block influenza virus replication in normal cells (6, 14-16).
Those studies were performed mainly on the basis of the genetically well-characterized
A/WSN/1933 or A/PR8/1934 H1NT1 strains, and it is not clear if such strategies can be
applied in other subtypes of influenza A or influenza B viruses, given that strain-specific
adaptive mechanisms are relatively common in influenza viruses. There is also concern
regarding the stability of attenuation and the risk of reversion resulting in the virulence
of original strains being regained during infection with LAIV vaccines. Live attenuated
influenza vaccines with modified NS1 or lacking the entire NS1 coding region have
been extensively explored and evaluated in two previous human trials (22, 28, 29).
DeINS1 LAIV is made by permanently removing the NS coding region from the viral
genome, making the resultant vaccine virus fully attenuated and unable to cause
disease in the host. The NS1 protein has important roles in virus replication, and the
introduction of a novel NS segment would make the constellation of viral genes unfit
for replication. As such, the risk of DeINS1 LAIV reassortment with a recently emerged
novel strain to regain the NS1 in the situation of a pandemic is greatly minimized.
However, the lack of an effective production system has limited the further develop-
ment of modified and NS1-deleted vaccines. The panel of DelNS1 LAIVs described here
contained adaptive mutations facilitating efficient replication in vaccine-producing
MDCK cells or in embryonated eggs. These DeINST LAIVs are not expected to release
significant levels of virus particles from normal epithelial cells in the upper respiratory
tract, as suggested by the attenuation seen in in vitro cultures of A549 cells (Fig. 2A).
This property will make the DeINS1 virus safer than the current LAIV vaccine, preventing
excess shedding of virus following immunization of immunologically naive or serone-
gative young children or of individuals who had not previously been infected with
influenza virus. The safety features inherent with the removal of a key virulence
element, together with the advantage of inducing more-potent immunity in the
absence of NS1 interference, make DeINS1 LAIV a much-improved version of the LAIV
vaccine for use against both seasonal and pandemic influenza virus strains.

Influenza virus is unique in its ability to infect multiple host species and to sustain
circulation in humans despite limited genome coding capacity, which may be partly
attributable to the plasticity of the hemagglutinin and NST proteins (43, 44). Influenza
viruses utilize the multiple functions of the NS1 protein to modulate host innate and
adaptive immunity, allowing reinfection of humans and mediation of host adaptation
(17, 18, 45). Deletion of the NST gene from the viral genome may make the DeINS1 LAIV
vaccine a perfect immunogen to prime the host, maximizing the spectrum of B cell and
T cell repertoires recognizing most or all viral components, which may be critical for
boosting immune responses to conserved epitopes upon subsequent infection with a
similar or novel strain. DeINS1 LAIV has the ability to induce high-level protective
humoral and T cell responses to influenza viruses. Our data show that cross protective
immunity elicited by CA4-DeINS1 (HT1N1) is mediated by long-lasting T cell immunity,
in particular, by CD8™ T cells (Fig. 3; see also Fig. 6). Importantly, the antibodies induced
by CA4-DeINS1 (H1N1) are sufficient to protect mice from lethal challenge with 2009
H1N1 virus, even after depletion of both CD4* and CD8™* T cells (Fig. 6). Seasonal H3N2
viruses evolve rapidly, with more H3N2 epidemics being recorded than H1N1 or
influenza B virus epidemics in the years since H3N2 emerged in 1968 (46-48). The
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HK4801/2014 virus is distinct from the HK68 H3N2 strain in terms of antigenicity.
However, priming with HK4801/2014 rapidly induces immunity in mice to fully protect
them against challenge with HK68-MA virus. One strategy to improve the current
influenza vaccine regime is to induce immunities to multiple viral targets. Since NS1 is
deleted from the viral genome, there is an opportunity to include other antigens in the
vaccine strain; we have demonstrated that expressing the HA1 domain of influenza B
virus in the CA4-DelNS1 system protects immunized mice from challenge with B/Bris-
bane/60/2008 virus (Fig. 7). The DeINS1 backbones described in this study could
therefore be used as viral vectors to express extra antigens to enhance specific
immunity against influenza or to serve as vaccines for other respiratory viruses. Further
studies are necessary to more precisely define the associated immune responses, in
particular, the adaptive immune response, induced by DeINS1 LAIV versus wild-type
virus in mice and other animal models. It remains to be investigated whether other
biomarkers may more accurately reflect the protective efficacy of DeINS1 LAIVs, and it
will also be important to characterize the immune profile induced by DeINS1 LAIVs in
humans. This study tested only monovalent DeINS1 vaccines, and further studies to
evaluate multivalent vaccines consisting of combinations of DeINS1 live attenuated
viruses are necessary. While cross protective activity was observed using individual
DeINS1 H1N1, H3N2, and B LAIVs, it may be still necessary to test combinations of HIN1
and H3N2 LAIVs together with LAIVs representing either of the influenza B virus
lineages to optimize cross protection against wild-type viruses.

MATERIALS AND METHODS

Cells and viruses. All cell lines were obtained from ATCC. Human embryonic kidney cells (293T) and
lung adenocarcinoma cells (A549) were maintained in Dulbecco’s minimal essential medium (DMEM)
supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 ng/ml streptomycin sulfate
(P/S) (Life Technologies). Canine MDCK cells were cultured in Eagle’s minimal essential medium (MEM)
supplemented with the same amount of serum and antibiotics. HIN1 virus A/California/04/2009, H5N1
virus A/Vietnam/1194/2004, H7N9 virus A/Zhejiang/DTID-ZJU01/2013, and influenza B virus B/HK/8038/
2011 were rescued by reverse genetics (49, 50). CA4-DelNS1-HK4801 (H3N2) was made with HA and NA
derived from A//Hong Kong/4801/2014 virus (GenBank accession no. EPI1026704-11). CA4-DelNS1
(H1N1), WSN-DelINS1 (H1N1), CA4-DelNS1-HK4801 (H3N2), H7N9-DeINS1, and B-DelNS1 (influenza B)
LAIVs were constructed and rescued according to the protocols described here and in our previous
report (31). CA4-DeIlNS1-BHAT and CA4-DelNS1-HK4801-BHA1 were constructed to express HA1 of
B/Brisbane/60/2008 in the NS1 site of either the CA4-DeINS1 (H1N1) or CA4-DeINS1-HK4801 LAIV
backbone. Viral gene segments were amplified and cloned into pHW2000 plasmids, resulting in eight
pHW2000 plasmids, which were transfected into 293T/MDCK cell mixtures. Rescued virus was amplified
in MDCK cells or embryonated chicken eggs. Mouse-adapted H1N1 A/California/04/2009, H3N2 A/HK/
1/1968, B/Florida/4/2006, and B/Brisbane/60/2008 viruses were as described previously (35-37, 51).
Cold-adapted live attenuated influenza vaccine (ca-LAIV-H1N1) was purified from the Influenza Mist LAIV
vaccine available in the 2012 influenza season.

Construction of plasmids. NS1 deletion plasmid pHW2000-DeINS1 was constructed as described
before (31). Inverse PCR was performed to delete the NS1 gene using plasmid pHW2000-CA4-NS
(influenza A virus) or plasmid pHW2000-8038-NS (influenza B virus) as a template. The PCR product was
then gel purified, phosphorylated, and self-ligated using a standard protocol. Primers for CA4-DeNS1
inverse PCR were 5'-GACATACTTATGAGGATGTC-3’ (CA4-DelNS1-F) and 5'-CTGAAAGCTTGACATGGTGTT
G-3' (CA4-DeINS1-R). Primers for influenza B DelNS1 inverse PCR were 5'-CTCAATTTGTGTTGTGGTCATG
TTGTCCGCC-3’ (Influenza b-DelNS1-F) and 5'-TGGAGGATGAAGAAGATGGCCATCGGATCCTC-3’ (Influenza
b-DeINS1-R). A QuikChange Il site-directed mutagenesis kit (Agilent) was used to generate point
mutations.

Generation and passage of DelNS1 viruses. Eight pHW2000 plasmids containing the DelNS1
segment and the other 7 influenza virus genomic segments, together with an NS1 expression plasmid,
were transfected into a 293T/MDCK cell mixture and incubated overnight. The DNA mixture was
removed and MEM supplemented with 1 pg/ml N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-
treated trypsin (Sigma) added. Virus supernatant was collected 72 h later and designated passage 0 (P0)
virus and was subsequently passaged in MDCK cells or embryonated chicken eggs. For CA4-DelNS1 virus,
rescued virus was passaged in MDCK cells 10 times at 37°C and then a further 10 times at 30°C. For the
H3N2 reassortant DelNS1 viruses of CA4-DeINS1-HK4801 and CA4-DelNS1-HK68, 6 plasmids containing
CA4-DeINS1 internal genes and H3N2 HA and NA plasmids derived from either A/Hong Kong/4801/2014
or A/Hong Kong/1/1968 virus were used for virus rescue. For influenza B DeINS1 virus DelNS1-B8038,
rescued virus was passaged 10 times at 33°C in MDCK cells. For all DeINS1 viruses, deletion of the NS1
gene was confirmed by reverse transcription-PCR (RT-PCR) and sequencing. After several passages, the
genomes of DeINS1 viruses were sequenced to identify adaptive mutations.

Growth kinetics. Confluent cells (A549 or MDCK) seeded in 24-well plates were infected with viruses
at the indicated multiplicity of infection (MOI). After 1 h of adsorption, the viral supernatant was removed
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and the cells were washed twice with phosphate-buffered saline (PBS) and then overlaid with MEM
containing 1 ug/ml TPCK-treated trypsin and incubated at the indicated temperature. Supernatants were
collected at different time points, and titers were determined by plaque assay in TPCK-treated MDCK
cells.

Plaque assay. Viruses were 10-fold serially diluted and added to confluent MDCK cells in 6-well
plates and then incubated at 37°C for 1 h. The supernatant was removed, and the cells were washed
twice with PBS and then overlaid with 1% MEM agarose containing 1 ug/ml TPCK-treated trypsin. The
plates were incubated at 33°C for 48 h and then fixed with 10% PBS-buffered formaldehyde solution for
at least 2 h. Plaques were visualized by staining with 1% crystal violet solution.

Detection of defective interfering (DI) RNA. Detection of DI RNA of different segments (PB1, PB2,
and PA) was done according to a previously described method (34). For comparisons, passaged
CA4-DeINS1, commercial coadapted Flumist live attenuated influenza vaccine (2014-2015 season),
plaque-purified cold-adapted HIN1 CA7 from Flumist, and passaged Flu B-DeIlNS1 were examined. RNA
was extracted by using a viral RNA extraction kit (Qiagen). Viral RNAs were subjected to reverse
transcription using a High-Capacity cDNA synthesis kit (Invitrogen) and Uni-12 (Flu A) or Uni-9 (Flu B).
Segment-specific viral genes were amplified using Hot start Tag (TaKaRa) and long-segment-specific
primers. The NS segment was also amplified as a control. PCR products were resolved by the use of 1.5%
agarose gels and stained using gel red (Biotium). Images were captured by an Azure 150 system (Azure).

Mouse vaccination and challenge. Female BALB/c mice (4 to 6 weeks old) were obtained from the
Laboratory Animal Unit, the University of Hong Kong. Mice were vaccinated intranasally with DelNS1
viruses (for CA4-DelNS1, 2 X 10¢ PFU; for CA4-DelNS1-HK4801, 3 X 107 PFU; for DeINS1-B8038, 2 X 10°
PFU; for CA4-DelNS1-HK68, 2 X 106 PFU; for ca-LAIV, 2 X 106 PFU; for CA4-DeIlNS1-BHA1, 1 X 106 PFU; for
CA4-DeINS1-HK4801-BHA1, 1 X 107 PFU) 3 weeks prior to virus challenge. Blood was collected for
hemagglutination inhibition assay on the day before virus challenge and from the surviving mice at
14 days postinfection. To test for long-lasting immunity, mice were immunized 10 weeks before chal-
lenge with different viruses. For virus challenge, vaccinated mice were inoculated intranasally with the
indicated viruses (for mouse-adapted H1N1, 10 MLD,,, 1 X 10° PFU; for H5N1, 100 MLD,,, 100 PFU; for
H7N9, 10 MLD,, 2 X 10> PFU; for mouse-adapted influenza B/Florida/4/2006 virus, 10 MLD,,, 5 X 10°
PFU; for mouse-adapted influenza B/Brisbane/60/2008 virus, 10 MLD,,, 5 X 10° PFU; for mouse-adapted
H3N2 A/HK/1/68 virus, 10 MLD,,). Body weights, disease symptoms, and survival rates were observed for
14 days. Mice with a body weight loss of greater than 25% were euthanized, in accordance with animal
ethics guidelines. To evaluate viral replication in mouse lungs, lungs were collected at day 3 and
homogenized in 1 ml PBS. Viral titers were determined by plaque assay in MDCK cells. The protocols used
in this experiment were approved by the Committee on the Use of Live Animals in Teaching & Research
(CULATR-3064-13), the University of Hong Kong. The CULATR follows Hong Kong legislation-
recommended and Association for Assessment and Accreditation of Laboratory Animal Care Interna-
tional (AAALAC)-recommended standards/guidelines (http://www.aaalac.org/about/guidelines.cfm).

Hemagglutination inhibition (HI) and microneutralization (MN) assays. Sera from immunized
mice were treated with receptor-destroying enzyme (RDE; Merck). Control antibodies and sera were then
2-fold serially diluted in 96-well plates. Subsequently, a total of 8 HA units of virus was added into each
well and incubated at room temperature for 1 h, and then 50 ul of 0.5% turkey red blood cells was added
to the serum/virus mixture followed by incubation for 30 min. The Hl titer is defined as the reciprocal of
the highest dilution of sera that completely inhibits hemagglutination. For microneutralization assay,
RDE-treated sera were mixed with 100 50% tissue culture infective doses (TCID,) of virus and were then
incubated for 1 h at 37°C. The mixture was added to confluent MDCK cells in MEM supplemented with
1 ng/ml TPCK-treated trypsin in a 96-well plate and incubated at 37°C for 3 days. Presence of virus was
confirmed by hemagglutination (HA) assay. The neutralizing titer is defined as the reciprocal of the
highest dilution of sera that completely neutralizes infectivity of 100 TCID, of virus in MDCK cells.

Intracellular cytokine staining (ICS). Antigen-specific CD8" and CD4* T cells were examined after
ex vivo peptide stimulation by ICS. After 3 weeks, vaccinated mice were euthanized; spleens were then
removed and homogenized using a cell strainer (BD), and splenocytes were resuspended in DMEM
(supplemented with 10% fetal bovine serum [FBS] and P/S). Red blood cells were lysed by addition of
lysing solution (BD). Cells were counted and resuspended in DMEM. Cultures (100-ul volumes containing
1 X 106 cells) were grown at 37°C for 1 h with 1 uM NP-specific peptide (GenScript) (for CD4*-specific NP,
RLIQNSITIERMVLS; for CD8*-specific NP, TYQRTRALV) or no peptide. Brefeldin A (BFA) was then added to
reach a final concentration of 5 ng/ml, and the cells were incubated for 3 h. Cells were then washed with
fluorescence-activated cell sorter (FACS) buffer (2% FBS-PBS) and stained with anti-CD8c-PB, anti-CD4-
allophycocyanin (APC), and Zombie (BioLegend) for 30 min at 4°C. Cells were washed and fixed with
Perm/Wash buffer (BD) and then stained with anti-gamma interferon (IFN-y)-phycoerythrin (PE), anti-
tumor necrosis factor alpha (TNF-a)-fluorescein isothiocyanate (FITC), and anti-interleukin-2 (IL-2)-PE/Cy7
(BioLegend) overnight at 4°C. Cells were then washed with FACS buffer twice and resuspended in FACS
buffer. The samples were acquired with a BD FACSAria Il cell sorter and the generated data analyzed with
Flowjo V9. Frequencies of IFN-y-positive (IFN-y*) Zombie-negative (Zombie~) CD8* and CD4* T cell
populations were determined. Backgrounds were determined using no peptide in stimulations, and the
results were subtracted from the values reported.

Depletion of T cells. T cell depletion was performed according to previously established protocols
(36, 52). Briefly, vaccinated mice were injected intraperitoneally (i.p.) with 100 g of anti-CD8« antibody
(clone 2.43) or anti-CD4 antibody (clone GK1.5) or with both anti-CD8 and anti-CD4 or isotype control
(IgG2b) antibodies (Bio X Cell) at days —4, —2, 0, and 3. Depletion of T cells was confirmed at day —1
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to ensure greater than 98% depletion compared with the results seen with the isotype control. Mice were

challenged with H7N9 virus (10 MLD,,) at day 0 and monitored for 14 days.
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