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ABSTRACT Together with inactivated influenza vaccines (IIV), live attenuated influ-
enza vaccines (LAIV) are an important tool to prevent influenza A virus (IAV) illnesses
in patients. LAIVs present the advantages to have a needle-free administration and
to trigger a mucosal immune response. LAIV is approved for healthy 2- to 49-year
old individuals. However, due to its replicative nature and higher rate of adverse
events at-risk populations are excluded from the benefits of this vaccine. Using tar-
geted mutagenesis, we modified the nonstructural protein 1 of the currently licensed
LAIV in order to impair its ability to bind the host cellular protein CPSF30 and thus
its ability to inhibit host mRNA poly-adenylation. We characterized our optimized
LAIV (optiLAIV) in three different mouse models mimicking healthy and high-risk
patients. Using a neonatal mouse model, we show faster clearance of our optimized
vaccine compared to the licensed LAIV. Despite lower replication, optiLAIV equally
protected mice against homosubtypic and hetesubtypic influenza strain challenges.
We confirmed the safer profile of optiLAIV in Stat12/2 mice (highly susceptible to vi-
ral infections) by showing no signs of morbidity compared to a 50% mortality rate
observed following LAIV inoculation. Using a human nasal 3D tissue model, we
showed an increased induction of ER stress-related genes following immunization
with optiLAIV. Induction of ER stress was previously shown to improve antigen-spe-
cific immune responses and is proposed as the mechanism of action of the licensed
adjuvant AS03. This study characterizes a safer LAIV candidate in two mouse models
mimicking infants and severely immunocompromised patients and proposes a sim-
ple attenuation strategy that could broaden LAIV application and reduce influenza
burden in high-risk populations.

IMPORTANCE Live attenuated influenza vaccine (LAIV) is a needle-free, mucosal vaccine
approved for healthy 2- to 49-year old individuals. Its replicative nature and higher rate
of adverse events excludes at-risk populations. We propose a strategy to improve LAIV
safety and explore the possibility to expand its applications in children under 2-year old
and immunocompromised patients. Using a neonatal mouse model, we show faster
clearance of our optimized vaccine (optiLAIV) compared to the licensed LAIV. Despite
lower replication, optiLAIV equally protected mice against influenza virus challenges. We
confirmed the safer profile of optiLAIV in Stat12/2 mice (highly susceptible to viral infec-
tions) by showing no signs of morbidity compared to a 50% mortality rate from LAIV.
OptiLAIV could expand the applications of the current LAIV and help mitigate the bur-
den of IAV in susceptible populations.

KEYWORDS influenza, high-risk patient, live attenuated vaccine, optimization, vaccine

Influenza A viruses (IAV) are the etiological agents of one of the most significant respira-
tory tract infections, accounting for approximately 2% of all annual respiratory deaths (1).

Hospitalizations and deaths occur mainly among high-risk groups, which include children,
elderly, pregnant women and immunocompromised patients (2–4). One of the most
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effective ways to prevent influenza illnesses is vaccination. Three types of vaccines are
available against IAV: recombinant influenza vaccines (RIV) and split-virus inactivated influ-
enza vaccine (IIV), both injected intramuscularly, and a live-attenuated influenza vaccine
(LAIV), in the form of a nasal spray. LAIV uses the genetic backbone of a temperature sensi-
tive (ts), cold-adapted (ca), attenuated (att) influenza strain derived from A/Ann Arbor/6/
1960. These features restrict vaccine virus replication to the upper respiratory tract at 33°C,
thus preventing disease onset (5, 6). LAIV mimics a natural infection, which brings the
advantage of triggering mucosal (7), cellular and cross-protective (8, 9) immune responses.
Hence, LAIV vaccine effectiveness (VE) ranges from 40 to 69%, which is equivalent to the
VE observed for IIVs (10–14). The nature of this vaccine, however, excludes key-populations
from LAIV recommendation guidelines. The major concern being higher rates of fever,
rhinorrhea and wheezing observed following LAIV administration in children younger than
2 years old. Uncontrolled replication of the vaccine virus and reversion to virulence in
immunocompromised patients has been reported for other attenuated vaccines (15–18).
Therefore, different strategies have been explored to improve the safety of the LAIV with a
particular focus on the modulation of IAV nonstructural protein 1 (NS1) (19–21).

NS1 is a virulence factor that modulates the cellular antiviral response (22). In part this
was attributed to its interference with host mRNA maturation by interacting with the
30 kDa subunit of the cleavage and polyadenylation specificity factor (CPSF30). CPSF30 is a
key factor in the polyadenylation complex. In its absence, cellular pre-mRNAs are not polya-
denylated and thus rapidly degraded leading to a reduced host cell protein production.
The interaction between NS1 and CPSF30 is well described in the literature (23) with a crys-
tal structure showing the amino acids responsible for it (24). While positions 103 and 106
are important to stabilize the interaction, positions 108, 125 and 189 were shown to antag-
onize the innate immune response by reducing antiviral genes expression (25, 26). We
recently demonstrated that during IAV infection, NS1 binding to CPSF30 is also essential to
limit the unfolded protein response (UPR) induced by excessive neuraminidase production
in the endoplasmic reticulum (ER) (27). UPR is an intrinsic mechanism cells use to adjust
the folding capacity of the ER in times of elevated glycoprotein production. Viruses often
exploit the UPR to enhance their replication (28, 29). Recent findings describe a cross talk
between UPR and innate immune responses with implications on viral clearance and
induction of an antiviral state (30, 31). Moreover, UPR contributes to the adjuvant effect of
AS03, a licensed adjuvant present in the formulation of the inactivated influenza vaccine
Prepandrix (32).

In this study, we applied a targeted approach to mutate the NS1 protein of the LAIV
backbone rendering it unable to bind the host factor CPSF30. The goal is to improve
the safety profile of the existing LAIV and present a suitable vaccine candidate for a
broader target population. We confirm that our approach would not reduce vaccine
manufacture efficiency or production using standard models. We demonstrate a safer
replication profile of our optimized vaccine (optiLAIV) in three relevant in vivo models
representative of adult, infant and highly susceptible populations. OptiLAIV provided
similar protection compared to the current LAIV. As a mechanism of action, we pro-
pose a self-adjuvanted effect through activation of the UPR, independent of the cellu-
lar interferon response.

RESULTS
Limiting NS1-CPSF30 binding ability does not impact vaccine virus growth. We

generated a LAIV parental strain encoding the genetic backbone (segments 1, 2, 3, 5, 7
and 8) of the cold-adapted influenza A/Ann Arbor/6/1960 (H2N2) and segments 4 and
6 (hemagglutinin and neuraminidase) from A/Puerto Rico/8/1934 (H1N1) as described
previously (33). We refer to this 6 1 2 virus as LAIV. In a targeted approach, we abol-
ished exclusively the ability of NS1 to interact with the cellular host factor CPSF30. We
used targeted mutagenesis to introduce the following amino acid changes in the LAIV
backbone: F103S, M106I, K124E, D144R and D189G. We then rescued the mutant virus
by reverse genetics and refer to this vaccine candidate as optiLAIV.

Optimized Live Attenuated Influenza Vaccine in High Risk groups Journal of Virology

October 2022 Volume 96 Issue 20 10.1128/jvi.00871-22 2

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00871-22


To confirm that the five amino acids mutations introduced abrogate NS1-CPSF30
binding in context of infection, we overexpressed a flag-tagged CPSF30 protein in HEK
293T cells and superinfected those cells with either vaccine virus. Following immuno-
precipitation of CPSF30, we successfully retrieved LAIV NS1. Compared to LAIV,
optiLAIV NS1 coprecipitation was reduced by 80%, indicating reduced CPSF30-NS1
interaction (Fig. 1A). Enhanced attenuation of LAIV could result in deleterious replica-
tion defects, with unwanted consequences for large scale vaccine production (19, 21).
We thus compared the replication of LAIV and optiLAIV in embryonated chicken eggs
and MDCK cells, two relevant vaccine production models. Titers of LAIV and optiLAIV
were similar in both production systems (Fig. 1B).

These results indicate that the targeted mutagenesis used to produce optiLAIV sig-
nificantly impaired its NS1 protein ability to bind CPSF30 without compromising its
potential for large-scale vaccine production.

OptiLAIV is attenuated without compromising protection in adult mice. In order
to demonstrate that our targeted NS1 mutagenesis strategy results in an attenuated
phenotype in vivo, adult mice were vaccinated with a weight-adjusted dose of LAIV or
optiLAIV according to recommendations for human adults (34) (Fig. 2A and Fig. S1).
Then we monitored body weight as a general indication of well-being and viral titers
in the upper and lower respiratory tract as an indication of viral fitness. In comparison
to mock-vaccinated animals, neither vaccine virus caused alterations in body weight of
adult mice (Fig. 2B), reflecting the already attenuated phenotype of the parental vac-
cine virus in immunocompetent hosts. However, we observed a clear difference in viral
replication both in the upper and lower respiratory tract. Indeed, at 4 days postvaccina-
tion, we detected LAIV in both upper and lower respiratory tracts of vaccinated mice,
while optiLAIV was absent in all snout samples and was present in only 2 out of 7
(28%) lung samples at viral loads close to the limit of detection (Fig. 2C).

FIG 1 OptiLAIV NS1 binds to CPSF30 without compromising vaccine virus growth in eggs or MDCK cells.
(A) 293T cells were transfected with pCAGGS.Flag-CPSF30 or pCAGGS.Flag-ZsGreen for 24 h prior to
infection with either LAIV or optiLAIV at a multiplicity of infection (MOI) of 5. Cells were incubated for 16
h at 33°C and then lysed. Anti-Flag M2 affinity beads were used to immunoprecipitate (IP) the flag-tagged
protein and its interactors. Precipitates were separated by SDS-PAGE and detected by Western blotting
(WB) using the anti-flag antibody and the anti-NS1 antibody. The amount of NS1 protein that was bound
to Flag-CPSF30 was quantified via a densiometric analysis (n = 2). (B) 10-day-old embryonated chicken
eggs were infected with 100 PFU, and MDCK B cells were infected at a MOI of 0.1. After 46 h at 33°C,
allantoic fluid and supernatant were collected. Viral titers were determined via plaque assay in MDCK
cells at 33°C. Graphs represent the mean 6 standard deviation (SD) of n = 3 to 7 repeats. Statistical
significance was determined using a Mann-Whitney test.
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The mutation introduced in the NS1 of the optiLAIV renders it less efficient in limit-
ing host transcription (35, 36), which might result in undesired detrimental inflamma-
tory responses. A hallmark of lung inflammation is the infiltration of immune cells into
the lung tissue. Thus, we characterized the immuno-population of the respiratory tract
of vaccinated mice at 4 days postvaccination. When comparing lungs and snouts of
mice administered with PBS, we observed that, optiLAIVdoes not significantly changes
the total of cell infiltrates or population composition compared to the LAIV (Fig. S2).
When considering the optiLAIV as an alternative candidate for LAIV, the absence of

FIG 2 OptiLAIV is attenuated and protects adult mice against a homosubtypic/heterologous challenge. (A)
Scheme of mouse immunization and challenge. (B) Female 8-week-old mice were vaccinated intranasally
under anesthesia with 104 PFU LAIV or optiLAIV in 25 mL PBS and body weight was monitored for 14 days
postvaccination. (C) Female 8-week-old mice were vaccinated intranasally under anesthesia with 105 PFU
LAIV or optiLAIV in 25 mL and at 4 days postvaccination snouts (left panel) and lungs (right panel) were
collected and vaccine viral titters were determined by plaque assay (n = 7 per group). (D) Female 8-week-
old mice vaccinated with 104 PFU of LAIV or optiLAIV were challenged at day 21 postvaccination with 20
PFU (10�LD50) of mouse adapted A/Netherlands/602/2009 (H1N1) in 20 mL PBS under light anesthesia
(n = 14 per group). Body weight (left panel) and survival (right panel) were monitored for 14 days
postchallenge. The statistical significances between LAIV group and optiLAIV group were determined using
Mann-Whitney test in panel C; two-way ANOVA with the Geisser-Greenhouse correction and post hoc
Dunn’s multiple-comparison test in panels B and D and Mantel-Cox test for survival curve. P-values are
indicated in the figure. L.o.D. = limit of detection (5 PFU). Graphs are representative of 3 independent
experiments and indicate geometric mean for panel C or mean 6 SEM for panels B and D. Symbols
represent data from individual mice for panels a and b. In D, black dotted line represents 15% body weight
loss cutoff.
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viral load and comparable cellular infiltration in the respiratory tract argue in favor of a
generally increased safety profile.

Since, previous studies associated lower replication fitness of different LAIV strains
to lower immunogenicity and decreased vaccine effectiveness (37, 38), we evaluated if
the protection elicited by optiLAIV was compromised compared to LAIV. 8 weeks-old
mice were vaccinated intranasally with increasing doses of LAIV or optiLAIV. At 21 days
postvaccination, the animals were challenged with influenza A/Netherlands/602/2009
(H1N1) strain, simulating a severely drifted virus based on HA sequences (homosub-
typic/heterologous challenge). We monitored body weight (Fig. 2D – left panel) and
survival (Fig. 2D – right panel) for 14 days after challenge. All animals were protected
after a weight-adjusted dose for either vaccine (Fig. 2D). While we found a trend to-
ward a longer recovery of the initial body weight (Fig. S1A) and a reduced protection
with lower vaccine doses of optiLAIV (Fig. S1B), there was overall no statistically signifi-
cant difference observed for the protective dose 50 (PD50) of both vaccines (Fig. S1C).
In conclusion, compared to LAIV, our vaccine candidate presented impaired replication
in the respiratory tract of adult mice, while still conferring similar protection against
infection with a virus harboring a severely drifted HA.

OptiLAIV is attenuated without compromising protection in neonatal mice. An
important target population outside the recommendation guidelines for LAIV adminis-
tration are children under 2 years of age (39, 40). Indeed, clinical trials have reported
higher incidence of adverse events, such as wheezing and coughing following vaccina-
tion (41, 42). To demonstrate an improved safety profile of optiLAIV in an animal model
closer to this target population, we vaccinated neonatal mice (7 days old) with an adult
dose of LAIV and optiLAIV. We then monitored body weight daily for 14 days and
vaccine virus replication in the respiratory tract every other day up to 9 days after vac-
cination (Fig. 3A). Neither vaccine caused any significant alteration in body weight gain of
neonatal mice (Fig. 3B), once again reflecting the already attenuated phenotype of LAIV. In
line with the results obtained in adult mice, at 2 days postvaccination we observed lower
viral titers in optiLAIV-vaccinated animals compared to LAIV in the upper respiratory tract
(Fig. 3C). While at day 4 viral loads of both vaccines were reduced compared to day 2, we
observed that at day 8 postvaccination, LAIV was still present in 7 out of 13 (53%) vacci-
nated animals. This was not the case for the optiLAIV group, where only 2 out of 12 (16%)
vaccinated animals had detectable virus. After 9 days, both vaccine viruses were cleared
from the upper respiratory tract. In lungs, we did not consistently detect virus after infec-
tion with either vaccine (data not shown), which is most likely a consequence of vaccine
administration in the absence of anesthesia. We conclude from these data that optiLAIV
reaches lower peak titers and is cleared faster from the airways of neonatal mice compared
to LAIV.

The immune system of young children is in an immature state with compromised
immune responses to vaccines (43). Thus, we asked if LAIV administered in our neona-
tal mouse model could elicit protection and if the attenuated phenotype of optiLAIV
would impair this effect. To answer this question, we evaluated protection after a het-
erosubtypic challenge with A/Vietnam/2004 (H5N1) (Fig. 3D) or a homosubtypic/heter-
ologous challenge with influenza A/Netherlands/09 (H1N1) (Fig. 3E). In both challenge
models, significant protection was observed for both vaccines in a similar fashion (Fig.
3D and E – right panels). Unexpectedly, after heterosubtypic challenge, mock-vacci-
nated mice showed 50% survival after challenge with 20 adult LD50, nevertheless sig-
nificant protection was still observed in vaccinated animals even with lower doses of
both vaccines (Fig. S3A, B). After the homosubtypic/heterologous challenge, only the
adult-dose of optiLAIV was protective compared to LAIV (Fig. 3E and Fig. S3C, D).
However, there was no overall statistically significant difference observed for the pro-
tective dose 50 (PD50) of each vaccine (Fig. S3E). In conclusion, similar to LAIV, our vac-
cine candidate optiLAIV protects neonatal mice against both a homosubtypic and a
heterosubtypic challenge.

Higher adverse reactions observed in young children might be explained by an
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FIG 3 OptiLAIV is attenuated and protects neonatal mice against homosubtypic/heterologous challenge
and heterosubtypic challenge. (A) Scheme of mouse immunization and challenge. (B) Seven-day-old mice

(Continued on next page)
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exacerbated host response to a replicating virus (41, 44, 45). By unblocking host tran-
scription and protein translation, optiLAIV could induce a damaging host response in
young patients and worsen potential adverse reactions in this target population.
Hence, we assessed the expression of two inflammatory genes implicated in a deleteri-
ous response in neonatal mice respiratory tract at 2 days postvaccination, when vac-
cine titers peaked (Fig. 3C). No significant expression of Tnfa and Il6 was observed com-
pared to mock-vaccinated animals (Fig. 3F). Furthermore, both vaccines induced
expression of antiviral cytokines Cxcl10 and Ccl5 at similar levels. Overall, our data do
not support a differential induction of innate immune or inflammatory genes by
optiLAIV that could exacerbate any unwanted reactions compared to LAIV.

OptiLAIV is attenuated and safer in Stat12/2 adult mice. Due to its replicative na-
ture, LAIV is not recommended for immunocompromised patients (39, 40) who might
struggle to clear the vaccine virus. Further attenuation of this vaccine could be benefi-
cial to this target population. To simulate a patient highly susceptible to viral infec-
tions, we used Stat1-deficient (Stat12/2) adult mice, which are largely devoid of type I,
II and III interferon responses and consequently lack key defense mechanisms to com-
bat pathogen challenges. Stat12/2 adult mice were vaccinated with an adult dose of
LAIV or optiLAIV and we monitored body weight after vaccination as a general indica-
tion of well-being (Fig. 4A). OptiLAIV vaccinated mice showed no weight loss and no
mortality while vaccination with LAIV resulted in weight loss 5 days postvaccination
and 50% mortality (Fig. 4B).

This pronounced difference led us to explore the dose-range equivalence between
LAIV and optiLAIV for the induction of adverse effects (Fig. S5A). We found that a LAIV
dose of 103 PFU caused equivalent body weight loss as a 105 PFU dose of optiLAIV (Fig.
S5B). Notably, one out of five animals vaccinated with 103 PFU of LAIV lost more than
15% body weight and had to be sacrificed, while all optiLAIV vaccinated mice stayed
above this threshold. In order to evaluate if the two vaccines might protect Stat12/2

mice, the remaining animals were challenged with a lethal dose of A/Netherlands/602/
2009 (H1N1) (Fig. S5C). We observed that all optiLAIV vaccinated mice survived with an
overall mild weight loss, while LAIV vaccinated mice had a more pronounced weight
loss, with one animal crossing the experimental threshold. Considering both vaccina-
tion and challenge, our results point toward a safety window of 100-fold between LAIV
and optiLAIV doses.

In order to understand the differences in morbidity and mortality observed in
Stat12/2 mice, we quantified vaccine virus replication in both upper and lower respiratory
tract. Compared to wild-type animals, Stat12/2 animals have approximately 100-fold higher
viral titers in both upper and lower respiratory tracts at 4 days postvaccination.

FIG 3 Legend (Continued)
were vaccinated intranasally with 104 PFU LAIV or optiLAIV in 5 mL PBS and body weight was monitored
for 14 days postvaccination. Cutoff was defined as twice the difference between the average weight of
the nonvaccinated group and the lightest mouse of that group, calculated daily. (C) Seven-day-old mice
were vaccinated intranasally with 105 PFU of LAIV or optiLAIV in 5 mL PBS. At 2, 4, 6, 8 and 9 days
postvaccination vaccine viral titters in the snouts were determined by plaque assay (n = 11 to 19 per
group). (D) Seven-day-old mice vaccinated with 104 PFU of LAIV or optiLAIV were challenged at day 21
postvaccination with 103 PFU (20�LD50) of A/Vietnam/1203/2004 (H5N1) in 20 mL PBS under anesthesia
(n = 11 per group). Body weight (left panel) and survival (right panel) were monitored for 14 days
postchallenge. (E) Seven-day-old mice vaccinated with 104 PFU of LAIV or optiLAIV were challenged at
day 49 postvaccination with 20 PFU (10�LD50) of A/Netherlands/602/2009 (H1N1) in 20 mL PBS under
anesthesia (n = 11 to 17 per group). Body weight (left panel) and survival (right panel) were monitored
for 14 days postchallenge. (F) Seven-day-old mice (n = 11 to 12) were vaccinated intranasally with 105

PFU of LAIV or optiLAIV in 5 mL PBS. At 2 days postvaccination snouts were harvested and RT-qPCR was
performed from isolated RNA. The statistical significances between LAIV group and optiLAIV group were
determined using multiple Mann-Whitney tests in panel C; two-way ANOVA with the Geisser-Greenhouse
correction and post hoc Dunn’s multiple-comparison test in panels B, D and E and Mantel-Cox test for
survival curves; Kruskal-Wallis test and post hoc Dunn’s multiple-comparison test in panel F. P-values are
indicated in the figure. *, comparison between LAIV and optiLAIV; #, comparison between mock and
optiLAIV. L.o.D. = limit of detection (5 PFU). Graphs are representative of 2 independent experiments and
indicate geometric mean for panel C; mean 6 SEM for panels B, D and E; mean 6 SD for panel F.
Symbols represent data from individual mice for panel C. In D and E, black dotted line represents 15%
body weight loss cutoff.
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Importantly, optiLAIV titers remained lower than LAIV titers in the lower respira-
tory tract, confirming its enhanced attenuated phenotype (Fig. 4C).

In conclusion, in the absence of a functional type I, II and III interferon response,
optiLAIV vaccine virus safety profile was improved compared to LAIV.

OptiLAIV induces the unfolded protein response in vitro. The ability of NS1 to
bind CPSF30 was thought to only antagonize the innate antiviral host response (46, 47).
However, mutations of the CPSF30-binding domain of NS1 were recently described to
modulate ER stress activation and the UPR through the XBP1 pathway (27). We introduced

FIG 4 OptiLAIV is attenuated and safe in Stat12/2 mice. (A) Scheme of mouse immunization. (B) 8-week-
old Stat12/2 mice were vaccinated intranasally under anesthesia with 104 PFU LAIV or optiLAIV in 25 mL
and body weight (left panel) and survival (right panel) were monitored for 14 days postvaccination (n = 4
mock-vaccinated group; n = 8 per vaccinated group). (C) 8-week-old Stat12/2 mice were vaccinated
intranasally under anesthesia with 105 PFU LAIV or optiLAIV in 25 mL PBS. At 2, 4 and 6 days
postvaccination snouts (left panel) and lungs (right panel) were collected and viral titers were determined
by plaque assay (n = 5 per group). The statistical significances between LAIV group and optiLAIV group
were determined using two-way ANOVA with the Geisser-Greenhouse correction and post hoc Dunn’s
multiple-comparison test in panel B and Mantel-Cox test for survival curve; multiple Mann-Whitney tests
in panel C;. P-values are indicated in the figure. *, comparison between LAIV and optiLAIV. L.o.D. = limit of
detection (5 PFU/mL). Graphs are representative of 2 independent experiments and indicate mean 6 SEM
for panel B and geometric mean for panel C. Symbols represent data from individual mice for panel B. In
C, black dotted line represents 15% body weight loss cutoff.
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the same mutations in the NS1 of optiLAIV and hypothesized that the establishment of a
host response, mediated by UPR, could explain the attenuated phenotype of optiLAIV.
Indeed, the reduced viral replication of optiLAIV was STAT1-independent, pointing to a
mechanism independent of the canonical interferon-mediated antiviral response.

Proving an involvement of ER stress in vivo is technically challenging. While knock-
out of the main UPR component, XBP1, is lethal during embryonic development, the
fast turnover of this response largely narrows the window of detectable signal in vivo.
In addition, there is high background signal from unspliced XBP1 mRNA present in
uninfected cells. This technical hurdle was confirmed by analysis of two UPR-induced
genes at vaccine virus peaks in neonatal mice respiratory tract (Fig. S4A). Thus, we
turned to in vitromodels to address our hypothesis.

First, we asked if the lower CPSF30 binding ability of optiLAIV NS1 allowed the
establishment of the UPR upon infection. We infected A549 human lung epithelial cells
and evaluated the splicing of XBP1 mRNA by semiquantitative RT-PCR and the expres-
sion of the spliced form of XBP1 protein (sXBP1) by Western blot. sXBP1 mRNA levels
in optiLAIV-infected A549 increased compared to LAIV (Fig. 5A). Accordingly, we
observed that sXBP1 protein expression increased in a time-dependent manner after
infection, an increase that was more pronounced in cells infected with optiLAIV (Fig.
5B). We also analyzed by RT-qPCR the induction of genes downstream of the transcrip-
tion factor sXBP1, namely, DDIT3 and DNAJB9. Compared to LAIV, expression of these
two genes increased in cells infected with optiLAIV (Fig. 5C, upper panel), in line with
previous published results (27). Of note, induction of UPR genes by optiLAIV was inde-
pendent of Stat1 signaling (Fig. 5C, lower panel). This increase was also observed when
we used a murine lung epithelial cell line (Fig. S4B) indicating that this phenomenon is
species independent and could occur in our murine in vivo models. Additionally, viral
replication was similar in all three cell models ruling out possible differences in replica-
tion kinetic as an explanation for the phenotype observed (Fig. 5D and Fig. S4C).

Next, we used a relevant 3D cell model of stratified primary human nasal epithelial
cells grown in air-liquid interface. In line with the results obtained with immortalized
epithelial cell lines, we observed an increased induction of UPR-induced genes in
optiLAIV infected tissues compared to LAIV, and no differences in the induction of anti-
viral response genes or inflammatory cytokine genes (Fig. 5E). These cells would be the
first in contact with LAIV virus in case of vaccination of human patients and the upreg-
ulation of DNAJB9 and DDIT3 in this model, corroborates our hypothesis of UPR as a
potential optiLAIV attenuation mechanism.

DISCUSSION

From a medical and immunological point of view the LAIV platform provides advan-
tages over the inactivated vaccine, including easier, needle-free application, a broader
immune response against IAV and a reduction of viral transmission due to mucosal immu-
nity as demonstrated in animal models (48, 49). Regrettably, safety concerns exclude highly
susceptible populations to IAV from benefiting from this vaccine platform.

In the present work, we modify LAIV protein NS1 in a targeted manner and characterize
optiLAIV, a vaccine candidate with an increased attenuated profile without affecting its effi-
cacy. Other groups described that an IAV with full NS1 deletion used as a single intranasal
dose was well tolerated, safe, and able to induce neutralizing antibodies in three different
clinical trials (20, 50, 51). Similarly, IAV vaccines expressing truncated NS1 were safe and pro-
tected both adult ferrets and aged mice (52, 53). These approaches, however, rely on blunt
removal of the effector domain of NS1 affecting multiple host-pathogen interaction path-
ways. Additionally, efficacy and safety were not assessed against the current standard of care
(LAIV). Our strategy to attenuate LAIV exploits a more targeted approach by performing five
single amino acid substitutions in the currently licensed LAIV backbone and we characterized
its safety profile in two relevant animal models that are representative of high-risk patient
groups. Moreover, we compare efficacy and safety to the parental LAIV. Interestingly, a simi-
lar targeted approach mutated two key amino acids for CPSF30 binding (F103S/M106I)
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FIG 5 OptiLAIV NS1 allows unfolded protein response activation in human cell models. (A–B) A549 cells were
infected at an MOI of 5 with LAIV or optiLAIV or treated with tunicamycin at 5 mg/mL. At 16 h and 24 h
postinfection RT-PCR was performed from isolated RNA for the spliced form of XBP1 mRNA (A). In parallel at
8 h, 16 h and 24 h postinfection, lysates were analyzed by Western blot for expression of sXBP1, actin, NP and
NS1 proteins (B). (C) A549wt cells (upper panel) or A549Stat12/2 cells (lower panel) were infected at an MOI of
5 with LAIV or optiLAIV and RT-qPCR for UPR-induced genes DNAJB9 and DDIT3 was performed in RNA lysates
at 16 h and 24 h postinfection. (D) A549wt cells (upper panel) or A549Stat12/2 cells (lower panel) were infected
at an MOI of 0.01 with either LAIV or optiLAIV. Supernatants were collected at indicated time postinfection and
viral titers determined by plaque assay. (E) Primary human nasal epithelial cells (Mucilair) were infected at an
MOI of 5 with LAIV or optiLAIV. Cells were lysed at 24 h postinfection and RT-qPCR for each respective gene
was performed. The statistical significances between LAIV group and optiLAIV group were determined using
one-way ANOVA with post hoc Tukey’s multiple-comparison test for panels A, C and E; two-way ANOVA with
the Geisser-Greenhouse correction and post hoc Dunn’s multiple-comparison test for panel D. *, comparison
between LAIV and optiLAIV; #: comparison between mock and optiLAIV; ns = nonsignificant. Graphs are
representative of 3 independent experiments and indicate mean 6 SD.
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in the LAIV A/Ann Arbor/6/60 backbone; however, this strategy failed to revert the shutoff of
the host response and did not increase LAIV safety in adult mice (54). Our data suggest that
the additional three mutations in NS1 (K108R/D125E/D189G) are responsible for the acceler-
ated clearance of optiLAIV from adult and neonatal mice.

Abrogation of NS1 binding to CPSF30 is largely associated with an increased expression
of IFN-mediated genes (23–25, 35), however, optiLAIV’s attenuated phenotype was Stat1-
independent, pointing to an alternative mechanism of attenuation. A thorough RNA-seq
analysis performed in cells infected with weak NS1-CPSF30 binding influenza strains
showed upregulation of UPR-induced genes (55). This observation led us to postulate that
UPR activation during optiLAIV replication induces a self-adjuvanting mechanism contrib-
uting to its faster clearance without affecting its protective efficacy. In accordance, UPR
activation was described in mice as the mechanism of action of AS03, a licensed adjuvant
used in IIV formulation (32). Furthermore, upregulation of UPR-induced XBP1 after IIV
administration in human patients was suggested as a molecular marker for seroconversion
against the three vaccine strains present in the vaccine’s formulation (56).

One limitation of the present study is the lack of in vivo data linking UPR to the atte-
nuated profile of optiLAIV. The transient nature of this pathway, together with the
background noise from uninfected cells makes detection of ER stress in vivo challeng-
ing. On top, mice deficient for central elements of the ER stress sensing pathway are
unviable (57). Still, our data encourages future studies to explore how UPR impacts the
immune response to live replicating viral vaccines (58).

LAIV is approved for 2 to 49 years old immunocompetent patients. Our data pro-
vides the first attempt to characterize and improve it in a neonatal mouse model. We
provide unprecedented evidence of LAIV cross-protection in a neonatal mouse model.
Furthermore, the observed optiLAIV attenuation in this model could be used in combi-
nation with strategies to develop a universal vaccine against influenza. For example,
matching internal influenza segments to circulating strains (59) and inducing immunity
against conserved epitopes in the stem region of HA (60) could be strategies incorpo-
rated into the optiLAIV backbone. Generating an immunogenic yet safer vaccine could
broaden LAIV application to high-risk patients. This is particularly interesting in chil-
dren under 2 years old. In France alone, more than 28’000 children below the age of 2
were admitted to a hospital with an IAV infection for the period of 2011 to 2020 (61).
While IIV is available for this target population, a needle-free applicable LAIV, which
does not cause severe side effects, could increase the willingness of parents to vacci-
nate their children. Additionally, mathematical models predict better efficacy for live
attenuated vaccines if vaccinees are children without previous exposure to circulating
strains (62), which encourages LAIV implementation in this population in which protec-
tion from maternal antibodies start to wane (63, 64). This is specifically interesting since
the first exposure to IAV is believed to imprint later immune responses (65). This bias
could potentially be overcome by an early targeted exposure to H1 and H3 antigens in
context of LAIV administration.

We also characterize for the first time LAIV in a a severely immunocompromised
Stat1-deficient mouse model. While Stat1-deficient mice do not reproduce the full
spectrum of phenotypes from a chemically induced immunosuppression, the absence
of clinical signs after vaccination of optiLAIV in this model suggests that it could be
safely used in target populations with milder immunosuppression such as organ trans-
plant recipients or patients with other comorbidities. In fact, LAIV has already been
shown safe without causing any adverse reactions in ferrets under a regimen of immu-
nosuppressors (66). We hypothesize that the use of optiLAIV in immunocompromised
patients would represent an additional safety measure to ensure the absence of side
effects. Also, we showed in a preliminary proof-of-concept experiment that a higher
dose of optiLAIV could be safely administered and achieved full protection. It would be
of interest to further investigate the relation between optiLAIV vaccine dose and pro-
tection in clinically relevant animal models.

In summary, we propose here an optimized LAIV backbone, with an improved
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safety profile in adult, neonatal and immunocompromised hosts, while still protecting
against lethal infection. Deriving from an already licensed vaccine, optiLAIV possesses
the scalability to be produced at similar titers as the current LAIV, without major chal-
lenges. It would be interesting to study in more detail the immune responses triggered
by this vaccine and its safety in higher mammal models before proceeding to clinical
studies. In addition, the mechanism of attenuation remains to be fully characterized,
although our data suggest a potential role of the UPR. Our approach opens the possi-
bility to expand the applications of the current LAIV with the possibility of targeting
high-risk populations in which IAV burden is still a serious problem.

MATERIALS ANDMETHODS
Materials availability. All unique/stable reagents generated in this study are available from the

Lead Contact with a completed Materials Transfer Agreement.
Reagents. Antibodies for immunoblotting include: mouse anti-actin HRP (Abcam number ab49900),

mouse anti-Flag HRP (Sigma number A8592), rabbit anti-XBP1 (ThermoFisher number PA5-27650), rabbit
anti-influenza NP (ThermoFisher number PA5-32242), rabbit anti-influenza NS1 (1-93) (kind gift from A.
Garcìa-Sastre) and goat anti-rabbit IgG HRP (Sigma-Aldrich number A8275).

Antibodies and dyes for flow cytometry staining are detailed in Table 1.
All oligonucleotides (Table 2) were purchased from Microsynth (France).
Plasmids. pCAGGS.Flag-CPSF30 and pCAGGS.Flag-ZsGreen. The plasmids of the LAIV strain A/AA/

1960 ca (AA) were kindly provided by Peter Palese and Adolfo García-Sastre (Icahn School of Medicine at
Mount Sinai, New York, NY, USA). pDZ plasmids contain a bidirectional expression cassette for a given
influenza A gene segment and have been described previously (67). The AA NS viral segment was

TABLE 2 Oligonucleotides

Application Name Forward (59 to 39) Reverse (59 to 39)
Mutation of CPSF30 binding site in flank TCGCTCTTCTGGGAGCAAAAGCAGGGTG TCGCTCTTCTATTAGTAGAAACAAGGGTGTTTT

IAV NS1 mut1 CAAGGGACTGGAGCATGCTAATCCCCAGACAGA
AAGTGGC

GCCACTTTCTGTCTGGGGATTAGCATGCTCCAG
TCCCTTG

mut2 GACCAGGCAATCATGGAGAAGAACATCATATTG CAATATGATGTTCTTCTCCATGATTGCCTGGTC
mut3 GGACTTGAATGGAATGGTAACACAGTTCGAGTC GACTCGAACTGTGTTACCATTCCATTCAAGTCC

PCR hXBP1 TTACGAGAGAAAACTCATGGCC GGGTCCAAGTTGTCCAGAATGC
bactin GGGTCAGAAGGATTCCTATG GGTCTCAAACATGATCTGGG

qPCR hCXCL10 GGAACCTCCAGTCTCAGCACCA AGACATCTCTTCTCACCCTTC
hIL29 GCCCCCAAAAAGGAGTCCG AGGTTCCCATCGGCCACATA
hDDIT3 AGAACCAGGAAACGGAAACAGA TCTCCTTCATGCGCTGCTTT
hDNAJB9 TCTTAGGTGTGCCAAAATCGG TGTCAGGGTGGTACTTCATGG
mcxcl10 TTCACCATGTGCCATGCC GAACTGACGAGCCTGAGCTAGG
mddit3 GGAGGTCCTGTCCTCAGATGAA GCTCCTCTGTCAGCCAAGCTAG
mdnajb9 CTCCACAGTCAGTTTTCGTCTT GGCCTTTTTGATTTGTCGCTC
mccl5 TGCCCACGTCAAGGAGTATTTC TCCTAGCTCATCTCCAAATAGTTGATG
mtnfa-fwd AGAAACACAAGATGCTGGGACAGT CCTTTGCAGAACTCAGGAATGG
mil6 TGAGATCTACTCGGCAAACCTAGTG CTTCGTAGAGAACAACATAAGTCAGATACC

TABLE 1 Antibodies and dyes for flow cytometry staining

Antibodies Source Clone Cat. number
eBioscience Fixable Viability eFluor 780 Thermo Fischer NA 65-0865-14
CD45 BUV395 BD biosciences 30-F11 564279
CD11b BV605 biolegend M1/70 101237
CD11c Pecy7 Thermofischer N418 25-0114-82
F4/80 PE e610 Thermofischer BM8 61-4801-82
MHCII A700 Biolegend M5/114.15.2 107622
Ly6G APC Thermofischer 1A8-Ly6g 17-9668-82
Ly6C BV510 Biolegend HK1.4 128033
CD68 BV421 Biolegend FA-11 137017
NK1.1 PercPcy5.5 Thermofischer PK136 45-5941-82
Siglec F PE Thermofischer 1RNM44N 12-1702-82
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subcloned into a pDZ plasmid (68) to introduce the following mutations using site-directed mutagene-
sis: T333A, T334G (F103S), G344C (M106I), A349G, G350A (K108R), T401G (D125E) and A592G (D189G).

Cell lines. A549 and A549 STAT12/2 (adenocarcinomic human alveolar basal epithelial cells, ATCC) were
grown in DMEM/F12 (Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12, Gibco) supplemented with
10% (vol/vol) heat-inactivated fetal bovine serum (Gibco) and 100 U/mL Pen/Strep. HEK 293T (human embry-
onic kidney, ATCC) and MDCK (Madin-Darby canine kidney, ATCC) cells were grown in DMEM (Dulbecco's
Modified Eagle Medium, Gibco) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Gibco)
and 100 U/mL Pen/Strep. LA4 (lung adenoma) cells were grown in DMEM/F12 (Dulbecco's Modified Eagle
Medium: Nutrient Mixture F-12, Gibco) supplemented with 15% (vol/vol) heat-inactivated fetal bovine serum
(Gibco) and 100 U/mL Pen/Strep. Human airway epithelia (MucilAir, Epithelix Sàrl, Switzerland) were main-
tained in Mucilair medium (Epithelix Sàrl, Switzerland) that was changed every 2 days. The total number of
differentiated cells was estimated to be 200,000 cells per well. All cells were maintained at 37°C with 5% CO2

and 90% humidity.
Animals. All animal procedures were in accordance with federal regulations of the Bundesamt für

Lebensmittelsicherheit und Veterenärwesen (BLV) Switzerland (Tierschutzgesetz) and approved by an
institutional review board and the cantonal authorities (license number GE/105/19 and GE96). C57BL/6J
mice and C57BL/6J Stat12/2 (7 to 8 weeks of age) were purchased from Charles River Laboratories
(France) and housed under SPF/BSL2 conditions. All animals were housed for 7 days to adjust to housing
conditions under a strict 12 h light/dark cycle and fed ad libitum before entering an experiment or the
breeding process. Breeding cages were checked three times a day during labor period and time of birth
was recorded for each dam. Litters born in the same day were divided into equal groups and left with
the lactating parent until weaning at 21 days of age. After weaning, males and females were separated
in groups of 4 to 5 animals/cage.

Viruses. A/Netherlands/602/09 (H1N1) (mouse adapted after two passages in mice) (Neth602) was
kindly provided by Krammer (Icahn School of Medicine at Mount Sinai, New York, NY, USA). A/Viet Nam/
1203/2004 HALo (low pathogenic version) (H5N1) (VN1203) was rescued by reverse genetic as described
previously (27).

Recombinant LAIV virus was produced using the eight-plasmid rescue system (68). The A/AA/1960
ca PB2, PB1, PA, NP, M and NSwt (GenBank: M23968.1) or NSmut pDZ plasmids and PR8 HA and NA pDZ
plasmids were used to rescue the vaccine virus LAIV and optiLAIV. Briefly, HEK293T (6-well plate format,
1 � 106 cells/well) were cotransfected in suspension, using Lipofectamine 2000 and Opti-MEM medium
with 500 ng of each plasmid and incubated at 37°C. At 24 h posttransfection, supernatants were col-
lected and used to infect fresh monolayers of MDCK cells (6-well plate format, 1 � 106 cells/well) and
incubated at 33°C with 5% CO2. After 48 h, unique viral clones were isolated after plaque assay on MDCK
and grown either in embryonated eggs or in MDCK cells, as described before (69). Virus stocks were
quantified by plaque assay in MDCK cells at 33°C and sequenced.

Immunoprecipitation assay. 293T were transfected with 1 mg of pCAGGS.Flag-CPSF30 or with 0.5 mg
of pCAGGS.Flag-ZsGreen using 2 mL/mg DNA of TransIT-LT1 (Mirus number Mir2304). 24 h posttransfection,
cells were infected at an MOI of 5 with either LAIV or optiLAIV. Cells were lysed on ice after 16h in 300 mL IP
lysis buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5% vol/vol NP-40, 5 mM EDTA with protease inhibitors
[Pierce number 88266]). 50 mL of the cleared lysate were mixed 1:1 with protein lysis buffer (50 mM Tris HCl
pH 6.8, 10% glycerol, 2% SDS, 0.1 M DTT and 0.1% bromophenol blue in H2O) to serve as whole-cell lysate
control, while the remaining 200mL was processed for immunoprecipitation over night at 4°C using anti-Flag
M2 affinity gel (Sigma number A2220). Samples were then used in a Western blot.

Viral growth kinetic. Multicycle growth kinetics were carried out by infecting A549 cells (12-well
plate format, 2 � 105 cells/well, triplicates) with indicated viruses at a multiplicity of infection (MOI) of
0.01. After 45 min of viral adsorption at 33°C, supernatants were replaced by fresh infection medium
supplemented with 0.1 mg/mL of N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin
(Sigma number T1426) and plates were incubated at 33°C with 5% CO2. Supernatants were collected at
the indicated times postinfection and viral titers were determined by plaque assay in MDCK cells.

Infections. For A549 and LA4, infections were carried out in a 12-well plate format (2 � 105 cells/well)
with indicated viruses at a multiplicity of infection (MOI) of 5. After 45 min of viral adsorption at 33°C, super-
natants were replaced by fresh infection medium and incubated at 33°C with 5% CO2. Tunicamycin (Merck
number T7765) was added to the culture medium at 5mg/mL. At the indicated time point, cells were washed
with PBS and either TRK lysis buffer (E.Z.N.A) or protein lysis buffer (TrisHCl 50 mM pH 6.8, glycerol 10%, SDS
2% and DTT 100 mM) was added to the wells and stored at270°C until further analysis.

For human airway epithelia, cells were incubated with PBS supplemented with Ca21 and Mg21

(100 mg/L of CaCl2 and 100 mg/L of MgCl226H20) for 45 min at 37°C, 5% CO2 and subsequently washed
three times with PBS with Ca21 and Mg21. Cells were then inoculated in triplicates with LAIV or optiLAIV
at MOI 5 for 3 h at 33°C, 5% CO2. Cells were then washed three times with PBS with Ca21 and Mg21 and
then left at the air-liquid interface at 33°C with 5% CO2 and 90% humidity. At the indicated time point,
cells were washed with PBS and TKR lysis buffer (E.Z.N.A) was added to the apical side. Lysates were col-
lected and stored at 270°C until further analysis.

RT-PCR and RT-qPCR. Following infection, total cellular RNA was isolated using E.Z.N.A Total RNA
kit 1 (Omega Bio-Tek number R6834-01) according to manufacturer’s instructions. cDNA was synthesized
using M-MLV Reverse transcriptase (Promega number M170A) according to manufacturer’s instructions
using 500 ng of RNA as starting material and 500 ng of oligo dT as primers.

To perform PCR, GoTaq G2 DNA polymerase (Promega number M784B) was used with 5� Green GoTaq
reaction buffer (Promega number M791A). The primers were designed to flank the splicing site of XBP1
mRNA in order to amplify both the unspliced and spliced form. A PCR for b-actin was used as a control. PCR
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products were separated on a 3% agarose gel containing EtBr for visualization. Images were acquired using
GelDoc XR1 System (Bio-Rad) and analyzed with Image Lab software (v4.1 from Bio-Rad).

To perform qPCR, 1 mL of cDNA was mixed with 10 mL of 2� KAPA SYBR FAST qPCR Master Mix-uni-
versal (KAPA Biosystems, USA), 1 mL of each respective forward (0.5 mM) and reverse (0.5 mM) primers in
a final volume of 20 mL with RNase, DNase Free Molecular Biology Grade Water (Amimed, BioConcept,
Switzerland). Quantitative PCR was performed following a thermal cycling protocol of an initial denatu-
ration step at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 30 s and annealing/exten-
sion at 60°C for 60s. After each reaction melting curves were determined for each primer set to confirm
the correct amplification of the target gene.

Western blots. Cell lysates were sonicated and boiled for 5 min at 95°C. The same volume of lysates
was loaded on a denaturing SDS-polyacrylamide gels, transferred to Polyvinylidene fluoride (PVDF) mem-
branes (GE Healthcare), blocked with 5% skimmed milk in TBS containing 0,1% Tween 20 (Applichem) and
incubated with the respective primary antibodies overnight at 4°C. Secondary anti-mouse or anti-rabbit con-
jugated to HRP were incubated for 1 h and developed using the WesternBright ECL-spray (Advansta).

Plaque assays. Monolayers of MDCK cells (6-well plate format, 1,5 � 106 cells/well) were infected
with 10-fold serial dilutions in PBS 1 0,2% BSA of the correspondent virus for 45 min at 33°C.
Supernatants were replaced by fresh overlay medium supplemented with 1mg/mL of N-tosyl-L-phenylal-
anine chloromethyl ketone (TPCK)-treated trypsin (Sigma) and 0,6% purified agar (Oxoid) and plates
were incubated at 33°C 5% CO2 (70). After 48 h, cells were fixed for 1 h at RT with 4% paraformaldehyde
(PFA) and the overlays were removed. Cells were stained using a solution of 16% Metanol and crystal
violet and plaques were counted visually.

Flow cytometry. Lungs and snouts were cut into small pieces and digested in RPMI containing 1 mg/
mL collagenase IV (cat. number LS004189, Worthington Biochemical Corporation), 40 mg/mL DNase I, and
2% FCS for 30 min at 37°C. Any tissue remaining after 30 min was further digested with 1 mg/mL collage-
nase D (cat. number 11088882001, Roche), and 40 mg/mL DNase I and 1% of FCS for 20 min at 37°C. The
reaction was stopped by addition of 5 mmol/L EDTA and 10% BSA. Samples were further disaggregated
through a 70-mm cell strainer and blocked with anti-CD16/32 (cat. number 14-0161-86, Invitrogen). Single-
cell suspensions were counted and stained with antibodies as previously described (71). Intracellular stain-
ing with anti-CD68 was done using the Intracellular Fixation and Permeabilization buffer set (Thermo
Fisher): Fixation/permeabilization concentrate (cat. number 00-5123-43) and Diluent (cat. number 00-5223-
56), Permeabilization Buffer 10� (cat. number 00-8333-56). Cells were acquired on a Fortessa and analyzed
using FlowJo software using the gating strategy depicted in Fig. S2A.

Animal vaccination. For neonatal mice, at 7 days postbirth, pups were weighed and marked. All ani-
mals over 3 g in weight were inoculated with 5 mL of the indicated dose of vaccine diluted in cold-PBS
via the intranasal route.

For adult mice, 8 weeks-old females were weighed, marked and injected intraperitoneally with 10
mL/g of ketamin/xylazine (100 mg/kg and 5 mg/kg, respectively) diluted in sterile PBS. Upon reaching
deep anesthesia, mice were inoculated with the respective doses of each vaccine in 20 mL PBS via the
intranasal route.

To assess vaccine susceptibility, body weight was monitored for 14 days after vaccination. For neo-
natal mice, the cutoff threshold was determined as the interval from the difference between the average
weight of the mock-vaccinated group and the lightest mouse of that group (biological variation of the
pups’ weight), times two, calculated for each day postvaccination. For adults, a 15% body weight loss
from the initial weight was used.

To assess virus replication, 7 days-old mice or 8 weeks-old females were vaccinated with 1 � 105

PFU of either vaccine and at the indicated day postvaccination animals were euthanized by decapitation
(pups) or controlled CO2 exposure (adults). Snouts and lungs were harvested immediately after euthana-
sia using sterile tools in 1 mL cold-PBS and homogenized twice with ¼’’ ceramic grinding balls (MPBio,
USA) using a Bead Blaster 24 (Benchmark Scientific, USA) with a speed setting of 6 m/s for 30 s with a
30 s break on ice between each cycle. Samples were centrifuged at 10,000 � g for 10 min at 4°C.
Supernatants were collected and frozen at 270°C to be used in plaque assays. Pellets were resuspended
in 1 mL TRIzol (Invitrogen) and frozen at 270°C for further RNA extraction.

To assess antibodies response, blood samples were harvested on the respective days by lateral tail-
vein bleeding. Briefly, mice were placed under a plastic restrainer and an orthogonal incision was made
on the left vein of the tail. Blood was collected in 1,5 mL polystyrene tubes and incubated at room tem-
perature for 30 min to 1 h to allow coagulation. Samples were centrifuged at 10,000 � g for 5 min at
room temperature and supernatants collected into fresh tubes and stored at 220°C to be used in micro-
neutralization assays.

Animal challenge. At the indicated day, vaccinated mice were injected intraperitoneally with 10mL/
g of ketamin/xylazine (100 mg/kg and 5 mg/kg, respectively) diluted in sterile PBS. Upon reaching deep
anesthesia, mice were challenged with 20 mL of 10 � LD50 of A/Netherlands/2009 (H1N1) or 20 � LD50

of A/VietNam/1203/2004 (H5N1) HALo (low pathogenic version) in cold-PBS via the intranasal route.
Body weight was monitored for 14 days postchallenge and upon reaching experimental or humane end-
points (85% of initial body weight) animals were euthanized using controlled CO2 exposure.

Statistics. Statistical analysis was performed using GraphPad Prism 8 and statistical tests applied are
indicated in each respective figure legend.

Data availability. The data generated and analyzed during this study are available from the corre-
sponding author upon reasonable request.

Optimized Live Attenuated Influenza Vaccine in High Risk groups Journal of Virology

October 2022 Volume 96 Issue 20 10.1128/jvi.00871-22 14

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00871-22


SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.8 MB.

ACKNOWLEDGMENTS
We specially thank the Service Zootechnie of the CMU for their continuous technical

support with animal experiments.
Mouse icons were printed with permission from The Jackson Laboratory.
We declare no competing interests.
J.P.P.L.B., L.G., S.H., M.S., and B.M.-S. contributed to the conception and design of the

work. J.P.P.L.B., N.W., L.G., and B.M.-S. contributed to the acquisition of the data.
J.P.P.L.B., L.G., M.S., and B.M.-S. contributed to the analysis and interpretation of the
data. J.P.P.L.B., M.S., and B.M.-S. wrote the manuscript.

REFERENCES
1. Paget J, Spreeuwenberg P, Charu V, Taylor RJ, Iuliano AD, Bresee J, Simonsen

L, Viboud C. 2019. Global mortality associated with seasonal influenza epi-
demics: new burden estimates and predictors from the GLaMOR Project. J
Glob Health 9. https://doi.org/10.7189/JOGH.09.020421.

2. Collins JP, Campbell AP, Openo K, Farley MM, Cummings CN, Hill M,
Schaffner W, Lou Lindegren M, Thomas A, Billing L, Bennett N, Spina N,
Bargsten M, Lynfield R, Eckel S, Ryan P, Yousey-Hindes K, Herlihy R, Kirley
PD, Garg S, Anderson EJ. 2020. Outcomes of immunocompromised adults
hospitalized with laboratory-confirmed influenza in the United States,
2011–2015. Clin Infect Dis An Off Publ Infect Dis Soc Am 70:2121–2130.
https://doi.org/10.1093/cid/ciz638.

3. Wang X, Li Y, O'Brien KL, Madhi SA, Widdowson M-A, Byass P, Omer SB,
Abbas Q, Ali A, Amu A, Azziz-Baumgartner E, Bassat Q, Abdullah Brooks W,
Chaves SS, Chung A, Cohen C, Echavarria M, Fasce RA, Gentile A, Gordon A,
Groome M, Heikkinen T, Hirve S, Jara JH, Katz MA, Khuri-Bulos N, Krishnan A,
de Leon O, Lucero MG, McCracken JP, Mira-Iglesias A, Moïsi JC, Munywoki PK,
Ourohiré M, Polack FP, Rahi M, Rasmussen ZA, Rath BA, Saha SK, Simões EA,
Sotomayor V, Thamthitiwat S, Treurnicht FK, Wamukoya M, Yoshida L-M, Zar
HJ, Campbell H, Nair H, Nair H, Campbell H, et al. 2020. Respiratory Virus
Global Epidemiology Network, global burden of respiratory infections associ-
ated with seasonal influenza in children under 5 years in 2018: a systematic
review and modelling study. Lancet Glob Heal 8:e497–e510. https://doi.org/
10.1016/S2214-109X(19)30545-5.

4. Lafond KE, Porter RM, Whaley MJ, Suizan Z, Ran Z, Aleem MA, Thapa B, Sar
B, Proschle VS, Peng Z, Feng L, Coulibaly D, Nkwembe E, Olmedo A,
Ampofo W, Saha S, Chadha M, Mangiri A, Setiawaty V, Ali SS, Chaves SS,
Otorbaeva D, Keosavanh O, Saleh M, Ho A, Alexander B, Oumzil H, Baral
KP, Sue Huang Q, Adebayo AA, Al-Abaidani I, von Horoch M, Cohen C,
Tempia S, Mmbaga V, Chittaganpitch M, Casal M, Dang DA, Couto P, Nair
H, Bresee JS, Olsen SJ, Azziz-Baumgartner E, Pekka Nuorti J, Widdowson
MA, Flora MS, Wangchuk S, Fasce RA, Olivares MF, Qin Y, Global Respira-
tory Hospitalizations–Influenza Proportion Positive (GRIPP) Working
Group., et al. 2021. Global burden of influenza-associated lower respira-
tory tract infections and hospitalizations among adults: a systematic
review and meta-analysis. PLoS Med 18:e1003550–17. https://doi.org/10
.1371/journal.pmed.1003550.

5. Cox A, Baker SF, Nogales A, Martínez-Sobrido L, Dewhurst S. 2015. Devel-
opment of a mouse-adapted live attenuated influenza virus that permits
in vivo analysis of enhancements to the safety of live attenuated influenza
virus vaccine. J Virol 89:3421–3426. https://doi.org/10.1128/JVI.02636-14.

6. Blanco-Lobo P, Nogales A, Rodríguez L, Martínez-Sobrido L. 2019. Novel
approaches for the development of live attenuated influenza vaccines.
Viruses 11:190. https://doi.org/10.3390/v11020190.

7. Hoft DF, Lottenbach KR, Blazevic A, Turan A, Blevins TP, Pacatte TP, Yu Y,
Mitchell MC, Hoft SG, Belshe RB. 2017. Comparisons of the humoral and
cellular immune responses induced by live attenuated influenza vaccine
and inactivated influenza vaccine in adults. Clin Vaccine Immunol 24.
https://doi.org/10.1128/CVI.00414-16.

8. Jang YH, Seong BL. 2021. Immune responses elicited by live attenuated
influenza vaccines as correlates of universal protection against influenza
viruses. Vaccines 9:353. https://doi.org/10.3390/vaccines9040353.

9. Mohn KGI, Brokstad KA, Islam S, Oftung F, Tøndel C, Aarstad HJ, Cox RJ.
2020. Early induction of cross-reactive CD81 T-cell responses in tonsils

after live-attenuated influenza vaccination in children. J Infect Dis 221:
1528–1537. https://doi.org/10.1093/infdis/jiz583.

10. Pebody R, Sile B, Warburton F, Sinnathamby M, Tsang C, Zhao H, Ellis J,
Andrews N. 2017. Live attenuated influenza vaccine effectiveness against
hospitalisation due to laboratory-confirmed influenza in children two to
six years of age in England in the 2015/16 season. Eurosurveillance 22:
30450. https://doi.org/10.2807/1560-7917.ES.2017.22.4.30450.

11. Mohn KGI, Smith I, Sjursen H, Cox RJ. 2018. Immune responses after live
attenuated influenza vaccination. Hum Vaccin Immunother 14:571–578.
https://doi.org/10.1080/21645515.2017.1377376.

12. Buchan SA, Booth S, Scott AN, Simmonds KA, Svenson LW, Drews SJ,
Russell ML, Crowcroft NS, Loeb M, Warshawsky BF, Kwong JC. 2018. Effec-
tiveness of live attenuated vs inactivated influenza vaccines in children
during the 2012–2013 through 2015–2016 influenza seasons in Alberta,
Canada: a Canadian Immunization Research Network (CIRN) study. JAMA
Pediatr 172:e181514. https://doi.org/10.1001/jamapediatrics.2018.1514.

13. Krishnan A, Dar L, Saha S, Narayan VV, Kumar R, Kumar R, Amarchand R,
Dhakad S, Chokker R, Choudekar A, Gopal G, Choudhary A, Potdar V,
Chadha M, Lafond KE, Lindstrom S, Widdowson MA, Jain S. 2021. Efficacy
of live attenuated and inactivated influenza vaccines among children in
rural India: a 2-year, randomized, triple-blind, placebo-controlled trial.
PLoS Med 18:e1003609. https://doi.org/10.1371/journal.pmed.1003609.

14. Pebody R, McMenamin J, Nohynek H. 2018. Live attenuated influenza vac-
cine (LAIV): recent effectiveness results from the USA and implications for
LAIV programmes elsewhere. Arch Dis Child 103:101–105. https://doi.org/
10.1136/archdischild-2016-312165.

15. Banovic T, Yanilla M, Simmons R, Robertson I, Schroder WA, Raffelt NC,
Wilson YA, Hill GR, Hogan P, Nourse CB. 2011. Disseminated varicella infec-
tion caused by varicella vaccine strain in a child with low invariant natural
killer T cells and diminished CD1d expression. J Infect Dis 204:1893–1901.
https://doi.org/10.1093/infdis/jir660.

16. Jean-Philippe P, Freedman A, Chang MW, Steinberg SP, Gershon AA,
LaRussa PS, Borkowsky W. 2007. Severe varicella caused by varicella-vac-
cine strain in a child with significant T-cell dysfunction. Pediatrics 120:
e1345–e1349. https://doi.org/10.1542/peds.2004-1681.

17. Kamboj M, Sepkowitz KA. 2007. Risk of transmission associated with live
attenuated vaccines given to healthy persons caring for or residing with
an immunocompromised patient. Infect Control Hosp Epidemiol 28:
702–707. https://doi.org/10.1086/517952.

18. Poliomyelitis: vaccine derived polio (available at https://www.who.int/news
-room/questions-and-answers/item/poliomyelitis-vaccine-derived-polio).

19. Richt JA, García-Sastre A. 2009. Attenuated influenza virus vaccines with
modified NS1 proteins. Curr Top Microbiol Immunol 333:177–195.

20. Wacheck V, Egorov A, Groiss F, Pfeiffer A, Fuereder T, Hoeflmayer D, Kundi
M, Popow-Kraupp T, Redlberger-Fritz M, Mueller CA, Cinatl J, Michaelis M,
Geiler J, Bergmann M, Romanova J, Roethl E, Morokutti A, Wolschek M,
Ferko B, Seipelt J, Dick-Gudenus R, Muster T. 2010. A novel type of influ-
enza vaccine: safety and immunogenicity of replication-deficient influ-
enza virus created by deletion of the interferon antagonist NS1. J Infect
Dis 201:354–362. https://doi.org/10.1086/649428.

21. Wang P, Zheng M, Lau S-Y, Chen P, Mok BW-Y, Liu S, Liu H, Huang X,
Cremin CJ, Song W, Chen Y, Wong Y-C, Huang H, To KK-W, Chen Z, Xia N,
Yuen K-Y, Chen H. 2019. Generation of DeLNS1 influenza viruses: a strategy

Optimized Live Attenuated Influenza Vaccine in High Risk groups Journal of Virology

October 2022 Volume 96 Issue 20 10.1128/jvi.00871-22 15

https://doi.org/10.7189/JOGH.09.020421
https://doi.org/10.1093/cid/ciz638
https://doi.org/10.1016/S2214-109X(19)30545-5
https://doi.org/10.1016/S2214-109X(19)30545-5
https://doi.org/10.1371/journal.pmed.1003550
https://doi.org/10.1371/journal.pmed.1003550
https://doi.org/10.1128/JVI.02636-14
https://doi.org/10.3390/v11020190
https://doi.org/10.1128/CVI.00414-16
https://doi.org/10.3390/vaccines9040353
https://doi.org/10.1093/infdis/jiz583
https://doi.org/10.2807/1560-7917.ES.2017.22.4.30450
https://doi.org/10.1080/21645515.2017.1377376
https://doi.org/10.1001/jamapediatrics.2018.1514
https://doi.org/10.1371/journal.pmed.1003609
https://doi.org/10.1136/archdischild-2016-312165
https://doi.org/10.1136/archdischild-2016-312165
https://doi.org/10.1093/infdis/jir660
https://doi.org/10.1542/peds.2004-1681
https://doi.org/10.1086/517952
https://www.who.int/news-room/questions-and-answers/item/poliomyelitis-vaccine-derived-polio
https://www.who.int/news-room/questions-and-answers/item/poliomyelitis-vaccine-derived-polio
https://doi.org/10.1086/649428
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00871-22


for optimizing live attenuated influenza vaccines. mBio 10. https://doi.org/
10.1128/mBio.02180-19.

22. Hale BG, Randall RE, Ortin J, Jackson D. 2008. The multifunctional NS1
protein of influenza A viruses. J Gen Virol 89:2359–2376. https://doi.org/
10.1099/vir.0.2008/004606-0.

23. Twu KY, Noah DL, Rao P, Kuo R-L, Krug RM. 2006. The CPSF30 binding site
on the NS1A protein of influenza A virus is a potential antiviral target. J
Virol 80:3957–3965. https://doi.org/10.1128/JVI.80.8.3957-3965.2006.

24. Das K, Ma LC, Xiao R, Radvansky B, Aramini J, Zhao L, Marklund J, Kuo RL,
Twu KY, Arnold E, Krug RM, Montelione GT. 2008. Structural basis for sup-
pression of a host antiviral response by influenza a virus. Proc Natl Acad
Sci U S A 105:13093–13098. https://doi.org/10.1073/pnas.0805213105.

25. Hale BG, Steel J, Medina RA, Manicassamy B, Ye J, Hickman D, Hai R,
Schmolke M, Lowen AC, Perez DR, García-Sastre A. 2010. Inefficient con-
trol of host gene expression by the 2009 pandemic H1N1 influenza A vi-
rus NS1. J Virol 84:6909–6922. https://doi.org/10.1128/JVI.00081-10.

26. Wang BX, Brown EG, Fish EN. 2017. Residues F103 and M106 within the
influenza A virus NS1 CPSF4-binding region regulate interferon-stimu-
lated gene translation initiation. Virology 508:170–179. https://doi.org/10
.1016/j.virol.2017.05.009.

27. Mazel-Sanchez B, Iwaszkiewicz J, Bonifacio JPP, Silva F, Niu C, Strohmeier
S, Eletto D, Krammer F, Tan G, Zoete V, Hale BG, Schmolke M. 2021. Influ-
enza A viruses balance ER stress with host protein synthesis shutoff. Proc
Natl Acad Sci U S A 118. https://doi.org/10.1073/pnas.2024681118.

28. Prasad V, Greber UF. 2021. The endoplasmic reticulum unfolded protein
response – homeostasis, cell death and evolution in virus infections.
FEMS Microbiol Rev 45:1–19.

29. Khanna M, Agrawal N, Chandra R, Dhawan G. 2021. Targeting unfolded
protein response: a new horizon for disease control. Expert Rev Mol Med
23. https://doi.org/10.1017/erm.2021.2.

30. Goulding LV, Yang J, Jiang Z, Zhang H, Lea D, Emes RD, Dottorini T, Pu J,
Liu J, Chang KC. 2020. Thapsigargin at non-cytotoxic levels induces a
potent host antiviral response that blocks influenza A virus replication.
Viruses 12:1093. https://doi.org/10.3390/v12101093.

31. Slaine PD, Kleer M, Duguay BA, Pringle ES, Kadijk E, Ying S, Balgi A,
Roberge M, McCormick C, Khaperskyy DA. 2021. Thiopurines activate an
antiviral unfolded protein response that blocks influenza A virus glyco-
protein accumulation. J Virol 95. https://doi.org/10.1128/JVI.00453-21.

32. Givord C, Welsby I, Detienne S, Thomas S, Assabban A, Lima Silva V, Molle C,
Gineste R, Vermeersch M, Perez-Morga D, Leo O, Collignon C, Didierlaurent
AM, Goriely S. 2018. Activation of the endoplasmic reticulum stress sensor
IRE1a by the vaccine adjuvant AS03 contributes to its immunostimulatory
properties. NPJ Vaccines 3:20. https://doi.org/10.1038/s41541-018-0058-4.

33. Rodriguez L, Blanco-Lobo P, Reilly EC, Maehigashi T, Nogales A, Smith A,
Topham DJ, Dewhurst S, Kim B, Martínez-Sobrido L. 2019. Comparative study
of the temperature sensitive, cold adapted and attenuated mutations pres-
ent in the master donor viruses of the two commercial human live attenu-
ated influenza vaccines. Viruses 11:928. https://doi.org/10.3390/v11100928.

34. Fluenz Tetra nasal spray suspension influenza vaccine (live attenuated,
nasal) - summary of product characteristics (SmPC) - (emc) (available at
https://www.medicines.org.uk/emc/medicine/29112#gref).

35. Nogales A, Rodriguez L, DeDiego ML, Topham DJ, Martínez-Sobrido L.
2017. Interplay of PA-X and NS1 proteins in replication and pathogenesis
of a temperature-sensitive 2009 pandemic H1N1 influenza A virus. J Virol
91. https://doi.org/10.1128/JVI.00720-17.

36. Hilimire TA, Nogales A, Chiem K, Ortego J, Martinez-sobrido L. 2020. Increas-
ing the safety profile of the master donor live attenuated influenza vaccine.
Pathog (Basel, Switzerland) 9. https://doi.org/10.3390/PATHOGENS9020086.

37. Lau Y-F, Santos C, Torres-Velez FJ, Subbarao K. 2011. The magnitude of
local immunity in the lungs of mice induced by live attenuated influenza
vaccines is determined by local viral replication and induction of cyto-
kines. J Virol 85:76–85. https://doi.org/10.1128/JVI.01564-10.

38. Hawksworth A, Lockhart R, Crowe J, Maeso R, Ritter L, Dibben O, Bright H.
2020. Replication of live attenuated influenza vaccine viruses in human
nasal epithelial cells is associated with H1N1 vaccine effectiveness. Vac-
cine 38:4209–4218. https://doi.org/10.1016/j.vaccine.2020.04.004.

39. Live Attenuated Influenza Vaccine [LAIV] (the nasal spray flu vaccine).
CDC (available at https://www.cdc.gov/flu/prevent/nasalspray.htm).

40. Fluenz Tetra nasal spray suspension influenza vaccine (live attenuated,
nasal) - Patient Information Leaflet (PIL) - (emc) (available at https://www
.medicines.org.uk/emc/product/3296/pil#gref).

41. Belshe RB, Edwards KM, Vesikari T, Black SV, Walker RE, Hultquist M,
Kemble G, Connor EM. 2007. Live attenuated versus inactivated influenza

vaccine in infants and young children. N Engl J Med 356:685–696. https://
doi.org/10.1056/NEJMoa065368.

42. Prutsky GJ, Domecq JP, Elraiyah T, Prokop LJ, Murad MH. 2014. Assessing
the evidence: live attenuated influenza vaccine in children younger than
2 years. A systematic review. Pediatr Infect Dis J 33:106–115.

43. Siegrist CA. 2001. Neonatal and early life vaccinology. Vaccine 19:3331–3346.
https://doi.org/10.1016/S0264-410X(01)00028-7.

44. Kaiser L, Fritz RS, Straus SE, Gubareva L, Hayden FG. 2001. Symptom pathoge-
nesis during acute influenza: interleukin-6 and other cytokine responses. J
Med Virol 64:262–268. https://doi.org/10.1002/jmv.1045.

45. Mallory RM, Yi T, Ambrose CS. 2011. Shedding of Ann Arbor strain live
attenuated influenza vaccine virus in children 6–59 months of age. Vac-
cine 29:4322–4327. https://doi.org/10.1016/j.vaccine.2011.04.022.

46. Noah DL, Twu KY, Krug RM. 2003. Cellular antiviral responses against
influenza A virus are countered at the posttranscriptional level by the vi-
ral NS1A protein via its binding to a cellular protein required for the 39
end processing of cellular pre-mRNAS. Virology 307:386–395. https://doi
.org/10.1016/S0042-6822(02)00127-7.

47. Kochs G, García-Sastre A, Martínez-Sobrido L. 2007. Multiple anti-inter-
feron actions of the influenza A virus NS1 protein. J Virol 81:7011–7021.
https://doi.org/10.1128/JVI.02581-06.

48. Loving CL, Lager KM, Vincent AL, Brockmeier SL, Gauger PC, Anderson TK,
Kitikoon P, Perez DR, Kehrli ME. 2013. Efficacy in pigs of inactivated and
live attenuated influenza virus vaccines against infection and transmis-
sion of an emerging H3N2 similar to the 2011–2012 H3N2v. J Virol 87:
9895–9903. https://doi.org/10.1128/JVI.01038-13.

49. Lowen AC, Steel J, Mubareka S, Carnero E, García-Sastre A, Palese P. 2009.
Blocking interhost transmission of influenza virus by vaccination in the guinea
pig model. J Virol 83:2803–2818. https://doi.org/10.1128/JVI.02424-08.

50. Mössler C, Groiss F, Wolzt M, Wolschek M, Seipelt J, Muster T. 2013. Phase I/II
trial of a replication-deficient trivalent influenza virus vaccine lacking NS1.
Vaccine 31:6194–6200. https://doi.org/10.1016/j.vaccine.2013.10.061.

51. Nicolodi C, Groiss F, Kiselev O, Wolschek M, Seipelt J, Muster T. 2019.
Safety and immunogenicity of a replication-deficient H5N1 influenza vi-
rus vaccine lacking NS1. Vaccine 37:3722–3729. https://doi.org/10.1016/j
.vaccine.2019.05.013.

52. Zhou B, Li Y, Belser JA, Pearce MB, Schmolke M, Subba AX, Shi Z, Zaki SR,
Blau DM, García-Sastre A, Tumpey TM, Wentworth DE. 2010. NS-based
live attenuated H1N1 pandemic vaccines protect mice and ferrets. Vac-
cine 28:8015–8025. https://doi.org/10.1016/j.vaccine.2010.08.106.

53. Pica N, Langlois RA, Krammer F, Margine I, Palese P. 2012. NS1-truncated
live attenuated virus vaccine provides robust protection to aged mice
from viral challenge. J Virol 86:10293–10301. https://doi.org/10.1128/JVI
.01131-12.

54. Hilimire TA, Nogales A, Chiem K, Ortego J, Martinez-sobrido L. 2020.
Increasing the safety profile of the master donor live attenuated influenza
vaccine. Pathogens 9:86. https://doi.org/10.3390/pathogens9020086.

55. Chaimayo C, Dunagan M, Hayashi T, Santoso N, Takimoto T. 2018. Specificity
and functional interplay between influenza virus PA-X and NS1 shutoff activ-
ity. PLoS Pathog 14:e1007465. https://doi.org/10.1371/journal.ppat.1007465.

56. Carre C, Wong G, Narang V, Tan C, Chong J, Chin HX, Xu W, Lu Y, Chua M,
Poidinger M, Tambyah P, Nyunt M, Ng TP, Larocque D, Hessler C, Bosco N,
Quemeneur L, Larbi A. 2021. Endoplasmic reticulum stress response and bile
acid signatures associate with multi-strain seroresponsiveness during elderly
influenza vaccination. iScience 24:102970. https://doi.org/10.1016/j.isci.2021
.102970.

57. Reimold AM, Etkin A, Clauss I, Perkins A, Friend DS, Zhang J, Horton HF,
Scott A, Orkin SH, Byrne MC, Grusby MJ, Glimcher LH. 2000. An essential
role in liver development for transcription factor XBP-1. Genes Dev 14:
152–157. https://doi.org/10.1101/gad.14.2.152.

58. Janssens S, Pulendran B, Lambrecht BN. 2014. Emerging functions of the
unfolded protein response in immunity. Nat Immunol 15:910–919.
https://doi.org/10.1038/ni.2991.

59. Smith A, Rodriguez L, Ghouayel ME, Nogales A, Chamberlain JM, Sortino
K, Reilly E, Feng C, Topham DJ, Martínez-Sobrido L, Dewhurst S. 2020. A
live attenuated influenza vaccine elicits enhanced heterologous protec-
tion when the internal genes of the vaccine are matched to those of the
challenge virus. J Virol 94. https://doi.org/10.1128/JVI.01065-19.

60. Nachbagauer R, Feser J, Naficy A, Bernstein DI, Guptill J, Walter EB, Berlanda-
Scorza F, Stadlbauer D, Wilson PC, Aydillo T, Behzadi MA, Bhavsar D, Bliss C,
Capuano C, Carreño JM, Chromikova V, Claeys C, Coughlan L, Freyn AW, Gast
C, Javier A, Jiang K, Mariottini C, McMahon M, McNeal M, Solórzano A,
Strohmeier S, Sun W, Van der Wielen M, Innis BL, García-Sastre A, Palese P,
Krammer F. 2021. A chimeric hemagglutinin-based universal influenza virus

Optimized Live Attenuated Influenza Vaccine in High Risk groups Journal of Virology

October 2022 Volume 96 Issue 20 10.1128/jvi.00871-22 16

https://doi.org/10.1128/mBio.02180-19
https://doi.org/10.1128/mBio.02180-19
https://doi.org/10.1099/vir.0.2008/004606-0
https://doi.org/10.1099/vir.0.2008/004606-0
https://doi.org/10.1128/JVI.80.8.3957-3965.2006
https://doi.org/10.1073/pnas.0805213105
https://doi.org/10.1128/JVI.00081-10
https://doi.org/10.1016/j.virol.2017.05.009
https://doi.org/10.1016/j.virol.2017.05.009
https://doi.org/10.1073/pnas.2024681118
https://doi.org/10.1017/erm.2021.2
https://doi.org/10.3390/v12101093
https://doi.org/10.1128/JVI.00453-21
https://doi.org/10.1038/s41541-018-0058-4
https://doi.org/10.3390/v11100928
https://www.medicines.org.uk/emc/medicine/29112#gref
https://doi.org/10.1128/JVI.00720-17
https://doi.org/10.3390/PATHOGENS9020086
https://doi.org/10.1128/JVI.01564-10
https://doi.org/10.1016/j.vaccine.2020.04.004
https://www.cdc.gov/flu/prevent/nasalspray.htm
https://www.medicines.org.uk/emc/product/3296/pil#gref
https://www.medicines.org.uk/emc/product/3296/pil#gref
https://doi.org/10.1056/NEJMoa065368
https://doi.org/10.1056/NEJMoa065368
https://doi.org/10.1016/S0264-410X(01)00028-7
https://doi.org/10.1002/jmv.1045
https://doi.org/10.1016/j.vaccine.2011.04.022
https://doi.org/10.1016/S0042-6822(02)00127-7
https://doi.org/10.1016/S0042-6822(02)00127-7
https://doi.org/10.1128/JVI.02581-06
https://doi.org/10.1128/JVI.01038-13
https://doi.org/10.1128/JVI.02424-08
https://doi.org/10.1016/j.vaccine.2013.10.061
https://doi.org/10.1016/j.vaccine.2019.05.013
https://doi.org/10.1016/j.vaccine.2019.05.013
https://doi.org/10.1016/j.vaccine.2010.08.106
https://doi.org/10.1128/JVI.01131-12
https://doi.org/10.1128/JVI.01131-12
https://doi.org/10.3390/pathogens9020086
https://doi.org/10.1371/journal.ppat.1007465
https://doi.org/10.1016/j.isci.2021.102970
https://doi.org/10.1016/j.isci.2021.102970
https://doi.org/10.1101/gad.14.2.152
https://doi.org/10.1038/ni.2991
https://doi.org/10.1128/JVI.01065-19
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00871-22


vaccine approach induces broad and long-lasting immunity in a randomized,
placebo-controlled phase I trial. Nat Med 27:106–114. https://doi.org/10
.1038/s41591-020-1118-7.

61. Tillard C, Chazard E, Faure K, Bartolo S, Martinot A, Dubos F. 2021. Bur-
den of influenza disease in children under 2 years of age hospitalized
between 2011 and 2020 in France. J Infect https://doi.org/10.1016/J
.JINF.2021.11.006.

62. Matrajt L, Halloran ME, Antia R. 2020. Successes and failures of the live-
attenuated influenza vaccine: can we do better? Clin Infect Dis 70:
1029–1037. https://doi.org/10.1093/cid/ciz358.

63. Leuridan E, Van Damme P. 2007. Passive transmission and persistence of nat-
urally acquired or vaccine-induced maternal antibodies against measles in
newborns. Vaccine 25:6296–6304. https://doi.org/10.1016/j.vaccine.2007.06
.020.

64. Leuridan E, Hens N, Hutse V, Aerts M, Van Damme P. 2011. Kinetics of
maternal antibodies against rubella and varicella in infants. Vaccine 29:
2222–2226. https://doi.org/10.1016/j.vaccine.2010.06.004.

65. Kelvin AA, Zambon M. 2019. Influenza imprinting in childhood and the
influence on vaccine response later in life. Euro Surveill 24. https://doi
.org/10.2807/1560-7917.ES.2019.24.48.1900720.

66. Huber VC, McCullers JA. 2006. Live attenuated influenza vaccine is safe and
immunogenic in immunocompromised ferrets. J Infect Dis 193:677–684.
https://doi.org/10.1086/500247.

67. Hoffmann E, Neumann G, Kawaoka Y, Hobom G, Webster RG. 2000. A
DNA transfection system for generation of influenza A virus from eight
plasmids. Proc Natl Acad Sci U S A 97:6108–6113. https://doi.org/10
.1073/pnas.100133697.

68. Quinlivan M, Zamarin D, García-Sastre A, Cullinane A, Chambers T, Palese
P. 2005. Attenuation of equine influenza viruses through truncations of
the NS1 protein. J Virol 79:8431–8439. https://doi.org/10.1128/JVI.79.13
.8431-8439.2005.

69. Martínez-Sobrido L, García-Sastre A. 2010. Generation of recombinant
influenza virus from plasmid DNA. J Vis Exp 5–9.

70. Gaush CR, Smith TF. 1968. Replication and plaque assay of influenza virus
in an established line of canine kidney cells. Appl Microbiol 16:588–594.
https://doi.org/10.1128/am.16.4.588-594.1968.

71. Gkountidi AO, Garnier L, Dubrot J, Angelillo J, Harlé G, Brighouse D,
Wrobel LJ, Pick R, Scheiermann C, Swartz MA, Hugues S. 2021. MHC Class
II antigen presentation by lymphatic endothelial cells in tumors promotes
intratumoral regulatory T cell-suppressive functions. Cancer Immunol Res
9:748–764. https://doi.org/10.1158/2326-6066.CIR-20-0784.

Optimized Live Attenuated Influenza Vaccine in High Risk groups Journal of Virology

October 2022 Volume 96 Issue 20 10.1128/jvi.00871-22 17

https://doi.org/10.1038/s41591-020-1118-7
https://doi.org/10.1038/s41591-020-1118-7
https://doi.org/10.1016/J.JINF.2021.11.006
https://doi.org/10.1016/J.JINF.2021.11.006
https://doi.org/10.1093/cid/ciz358
https://doi.org/10.1016/j.vaccine.2007.06.020
https://doi.org/10.1016/j.vaccine.2007.06.020
https://doi.org/10.1016/j.vaccine.2010.06.004
https://doi.org/10.2807/1560-7917.ES.2019.24.48.1900720
https://doi.org/10.2807/1560-7917.ES.2019.24.48.1900720
https://doi.org/10.1086/500247
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.1128/JVI.79.13.8431-8439.2005
https://doi.org/10.1128/JVI.79.13.8431-8439.2005
https://doi.org/10.1128/am.16.4.588-594.1968
https://doi.org/10.1158/2326-6066.CIR-20-0784
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00871-22

	RESULTS
	Limiting NS1-CPSF30 binding ability does not impact vaccine virus growth.
	OptiLAIV is attenuated without compromising protection in adult mice.
	OptiLAIV is attenuated without compromising protection in neonatal mice.
	OptiLAIV is attenuated and safer in Stat1−/− adult mice.
	OptiLAIV induces the unfolded protein response in vitro.

	DISCUSSION
	MATERIALS AND METHODS
	Materials availability.
	Reagents.
	Plasmids.
	Cell lines.
	Animals.
	Viruses.
	Immunoprecipitation assay.
	Viral growth kinetic.
	Infections.
	RT-PCR and RT-qPCR.
	Western blots.
	Plaque assays.
	Flow cytometry.
	Animal vaccination.
	Animal challenge.
	Statistics.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

