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During the 2013–2014 influenza season, the quadrivalent live attenuated influenza vaccine (QLAIV), had
lower than expected vaccine effectiveness (VE) against circulating A/H1N1pdm09 viruses in the USA. The
underlying reason proposed for this was that the A/H1N1pdm09 vaccine strain, A/California/07/2009
(A/CA09), had a thermally unstable haemagglutinin (HA) protein. Consequently, a new A/H1N1pdm09
candidate strain, A/Bolivia/559/2013 (A/BOL13), was developed for inclusion in the 2015–2016 QLAIV.
A key parameter for selection of A/BOL13 was its more thermostable HA phenotype compared with
A/CA09. During the 2015–2016 season, QLAIV containing A/BOL13 was found in some studies to have
improved, but still with suboptimal, VE against circulating A/H1N1pdm09 viruses and was not recom-
mended for use by the CDC in the US market in the 2016–2017 influenza season. This suggested that
improved HA thermostability had not entirely resolved the reduced VE observed. One hypothesis for this
was that, by improving thermostability, the A/BOL13 HA protein had been over-stabilised, compromising
its activation at the low endosomal pH required for successful viral entry. Here we demonstrate that,
while the A/BOL13 HA protein is more stable than that of A/CA09, its thermal and pH stability were com-
parable with historically efficacious LAIV strains, suggesting that the HA had not been over-stabilised.
Furthermore, studies simulating potential heat exposure during distribution by exposing QLAIV nasal
sprayers to 33 �C for 4 h showed that, while remaining within product specification, A/CA09 viral potency
was statistically decreased after 12 weeks at 2–8 �C. These data suggest that although unfavourable HA
protein stability may have contributed to the reduced VE of A/CA09 in 2013–2014, it was unlikely to have
affected A/BOL13 in 2015–2016. We conclude that HA stability was not the primary cause of the reduced
effectiveness of LAIV against A/H1N1pdm09 viruses in the 2013–2014 and 2015–2016 seasons.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Influenza is a significant cause of global morbidity and mortal-
ity, which causes annual seasonal global epidemics, and pandemic
outbreaks at irregular intervals. The most effective means of pre-
venting and controlling influenza infection is vaccination [1–3].
There are currently three main types of vaccine licensed and avail-
able for commercial use; inactivated, recombinant, and live atten-
uated influenza vaccines (LAIV). Trivalent LAIV containing
representative A/H1N1, A/H3N2, and B-Victoria or B-Yamagata lin-
eage strains, was licensed for use in the USA in 2003 and in the EU
in 2011 [4,5]; quadrivalent LAIV (QLAIV) containing representative
pandemic 2009 H1N1 (A/H1N1pdm09), A/H3N2, and both B-virus
lineages, was licensed and approved for use in the USA in 2012 and
in the EU in 2013 [6,7].

During the 2013–2014 influenza season, suboptimal vaccine
effectiveness (VE) was observed for the A/H1N1pdm09 LAIV
component, A/California/07/2009 (A/CA09), against circulating
viruses of this subtype [8]. Previously, it was proposed that
thermal instability of the A/CA09 haemagglutinin (HA) protein
may have contributed to its reduced VE in 2013–2014 [8]. A key
amino acid residue in the HA stalk region, E374, was identified as
playing a significant role in the stability of A/H1N1pdm09 viruses
isolated in the initial stages of the 2009 pandemic [9,10]. From
2010, viruses of this subtype naturally evolved the E374K substitu-
tion [11] which resulted in improved temperature and pH stability
[9]. Increased outdoor temperature during LAIV lot unloading at US
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distributors was shown to statistically correlate with reduced LAIV
VE against A/H1N1pdm09 viruses [8]. Incidentally, A/CA09 also
proved to be problematic for inactivated influenza vaccine (IIV)
manufacturers as a candidate vaccine virus (CVV) and antigen
product. The CVV propagated inefficiently in embryonated eggs,
gave low HA antigen yields, and had a reduced shelf-life due to
its predisposition to HA degradation [12–14].

To replace A/CA09, an alternative A/H1N1pdm09 strain,
A/Bolivia/559/2013 (A/BOL13), was identified as a suitable CVV
with a more thermostable HA phenotype and was subsequently
included in the 2015–2016 QLAIV. However, A/BOL13 also resulted
in reduced VE in the US and, in 2016, the Advisory Committee on
Immunization Practices (ACIP) withdrew their recommendation
for the use of QLAIV in the 2016–2017 influenza season. During
the same 2015–2016 season, studies conducted in the UK and
Finland reported moderate, but suboptimal VE for QLAIV against
circulating A/H1N1pdm09 viruses [15].

Several hypotheses have been proposed to explain the observed
suboptimal VE of the QLAIV A/H1N1pdm09 component in the USA
in recent years, including reduced viral fitness, viral interference in
QLAIV, presence of an abundance of defective-interfering genomes,
and previous vaccination history of recipients [16–20]. Another
hypothesis is that by improving the thermostability of the
A/BOL13 HA protein, it had become over-stabilised in the context
of acid-dependent membrane fusion [21], reducing its ability to
efficiently complete the viral replication cycle. Exposure of the
viral HA to increased temperature and pH can cause an irreversible
conformational change, resulting in the exposure of the fusion pep-
tide, and subsequent activation of the HA protein [22–24]. While
this is an essential process in the influenza virus life cycle, viruses
with high pH and temperature sensitivity have the potential to
become inactivated when exposed to environmental conditions,
rendering them unable to infect cells due to premature activation
of the viral HA.

While determinants of A/H1N1pdm09 HA protein stability have
been described to an extent, the HA stability profile of clinically
effective LAIV viruses is not yet understood. Here, we assessed
the phenotypes of both A/CA09 and A/BOL13, along with a panel
of historic, clinically effective LAIV strains to determine the roles
of HA protein thermal and pH stability in the reduced VE of A/
H1N1pdm09 LAIV viruses. Historical LAIV strains included in this
study were A/New Caledonia/20/1999 (A/NC99), A/Sydney/5/1997
(A/SYD97) and B/Massachusetts/02/2012 (B/MASS12); representa-
tive of clinically effective, pre-pandemic A/H1N1, A/H3N2 and
B-Yamagata subtypes, respectively [25–32].

In these studies, we confirm that the A/CA09 LAIV virus is more
temperature and pH unstable than historical LAIV influenza A
viruses with proven VE. These remain a possible contributing
factor to A/CA09 reduced VE against circulating A/H1N1pdm09
strains. We also demonstrate that the A/BOL13 HA protein has a
comparable pH and thermostability profile to historically effica-
cious influenza A LAIV strains. As suboptimal VE was still observed
for A/BOL13, despite its improved pH and thermostability profile,
we suggest that while an important consideration in CVV selection,
HA stability was not the primary cause of the reduced effectiveness
of LAIV against A/H1N1pdm09 viruses in the 2013–2014 and
2015–2016 influenza seasons.
2. Materials and methods

2.1. Cells and viruses

293 T cells and A549 cells were cultured and maintained in
Dulbecco’s Modified Eagle Medium (DMEM) (GibcoTM; Thermo
Fisher Scientific; Cat. No. 11960044) containing 10% heat-
inactivated foetal bovine serum (v/v) (FBS) (GibcoTM; Thermo Fisher
Scientific; Cat. No. 10500056), 1% penicillin-streptomycin (v/v)
(GibcoTM; Thermo Fisher Scientific; Cat. No. 15140122), and 1%
200 mM L-Glutamine (v/v) (GibcoTM; Thermo Fisher Scientific;
Cat. No. 25030018).

Recombinant viruses used in this study were generated using
an 8-plasmid reverse genetics system as previously described
[33,34] and propagated in the allantoic cavity of 10- to 11-day-
old embryonated hens’ eggs. These viruses were LAIV 6:2 reassor-
tants carrying the HA and neuraminidase (NA) gene segments of
A/CA09, A/BOL13, A/NC99, A/SYD97, or B/MASS12, and the six
internal gene segments (PB2, PB1, PA, NP, M, and NS) of cold-
adapted A/Ann Arbor/6/1960 [35] or cold-adapted B/Ann
Arbor/1/1966 [36].

Viruses were titrated by focus-forming assay (FFA) as previ-
ously described [37] and all were obtained from the Influenza
Manufacturing Science and Technologies division of AstraZeneca
UK Ltd, Liverpool.

2.2. Thermostability assays

2.2.1. Accelerated thermostability
The thermostability of the HA protein was determined by mea-

suring the loss of HA titre after incubating viruses at 47.5 �C, 50 �C,
52.5 �C, 55 �C, 57.5 �C, 60 �C, 62.5 �C, and 65 �C for 20 min, or after
an incubation hold at 57.5 �C for 60 min. Viruses were diluted to a
standard HA titre of 512 HA units prior to incubation. All HA assays
were performed using 0.5% chicken red blood cells (Envigo,
Netherlands).

2.2.2. Long-term thermostability of fluenz� nasal sprayers
To determine if there was a significant virus potency loss after

exposure to a high temperature, QLAIV nasal sprayers from the
2013–2014 season, containing A/CA09, A/Texas/50/2012
(A/TEX12), B/Brisbane/60/2008 (B/BRIS08), and B/MASS12 formu-
lations, were incubated at 33 �C for 4 h, and then held at 4 �C for
12 weeks. A control group, not exposed to 33 �C, was included.
Every 7 days during the 12-week period, samples were taken from
each group, and all four viruses present in the sprayer were titrated
by FFA assay as previously described [37].

To determine if the virus potency degradation slopes were sig-
nificantly different between the control and 33 �C groups for each
virus, the following statistical model was used yijkl = a0 + ai + b0
xk + bi xk + aj(i) + bj(i) xk + eijkl [38]. Full statistical methodology is
detailed in the supplementary information.

2.3. pH inactivation assay

The pH value at which there was a 99% reduction in infection
was determined by inoculating A549 cells with viruses that had
been pre-treated with Dulbecco’s phosphate-buffered saline
(DPBS) (GibcoTM; Thermo Fisher Scientific; Cat. No. 14040117)
adjusted to pH 7, 6, 5.8, 5.6, 5.4, 5.2, or 5, with 0.1 M citric acid.
LAIV viruses were diluted to a multiplicity of infection (MOI) of
10 in each buffer and incubated at room temperature for 30 min.
After incubation, each virus-pH buffer was neutralised by addition
of DMEM containing 1% penicillin-streptomycin and 1% 200 mM
L-Glutamine and inoculated onto A549 cells. Cells were incubated
at 33 �C, 5% CO2 for 18 h before fixing, permeabilising, and staining
for viral nucleoprotein (NP) protein (anti-influenza A NP, Bio-Rad
Cat. No. MCA400 and anti-Influenza B NP, Bio-Rad Cat. No.
MCA403). In addition, cells were counter-stained with Hoechst
(InvitrogenTM; Thermo Fisher Scientific; Cat. No. H21491).

Stained cells were visualised with a 4x objective using an
ImageXpress Micro 4 (Molecular Devices, LLC, Sunnyvale, CA,
USA). Hoechst and NP staining were visualised using DAPI and FITC
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filters, respectively. The 99% reduction in infection for each pH-
treated virus sample was calculated as a percentage of total
infected cells at pH 7 using the MetaXpress analysis software
(MetaXpress; Molecular Devices, LLC, Sunnyvale, CA, USA). HA acti-
vation pH values for each virus were determined by interpolation
of a sigmoidal standard curve using a four-parameter logistical
equation (GraphPad Prism 7 software). The loss of infectivity due
to low-pH treatment is a result of the viral HA protein being
irreversibly activated prior to inoculation onto the A549 cells.

2.4. Fusion assay

Cell-to-cell membrane fusion mediated by the viral HA protein
was examined in 293 T cells transiently expressing green fluores-
cent protein (GFP). GFP was cloned into the vector pVitro-neo-
mcs (Invivogen, San Diego, CA, USA) and transfected into 293 T
cells in Collagen I-coated 24-well plates (GibcoTM; Thermo Fisher
Scientific; Cat. No. A1142802) using Lipofectamine� 3000
(InvitrogenTM; Thermo Fisher Scientific; Cat. No. L3000015) as per
the manufacturer’s recommendations. Six hours post-
transfection, cells were infected with virus diluted to a MOI of 10
in Opti-MEM (GibcoTM; Fisher Scientific; Cat. No. 31985047) con-
taining 1% penicillin–streptomycin, and incubated at 33 �C, 5%
CO2 for 18 h. After the incubation period, cells were washed once
with DPBS, followed by a 5-minute treatment with a trypsin-like
enzyme (TrypLE) (GibcoTM; Thermo Fisher Scientific; Cat. No.
A121177-01) diluted 1:50 in DPBS, to cleave the cell surface-
expressed HA0 protein into HA1 and HA2 subunits. The TrypLE
was inactivated by addition of DPBS containing 10% FBS, which
was then removed and replaced with DPBS adjusted to pH 7, 6,
5.8, 5.6, 5.4, 5.2, or 5 with 0.1 M citric acid. Cells were incubated
with pH buffer at 33 �C for 15 min and neutralised by addition of
DMEM containing 10% FBS before incubating at 33 �C, 5% CO2 for
2 h. Cells were then imaged for GFP fluorescence of fused cells
under 10x magnification using an Eclipse Ti-S microscope (Nikon,
Tokyo, Japan).
3. Results

3.1. A/H1N1pdm09 A/CA09 is less thermostable when compared with
historical LAIV viruses with proven VE

Accelerated thermostability assays were performed on LAIV
viruses A/NC99, A/CA09, A/SYD97, and B/MASS12 to determine
Fig. 1. Accelerated thermostability of A/CA09 A/H1N1pdm09 virus compared with histor
A/SYD97, and B/MASS12 viruses were incubated at temperatures ranging from 47.5 �C to
Haemagglutinin assays were performed on all samples after incubation using 0.5% chi
exposure.
the cut-off temperatures at which the ability of each virus to
haemagglutinate chicken red blood cells was lost. Viruses were
incubated for 20 min at temperatures ranging from 47.5 �C to
65 �C (Fig. 1a) or at 57.5 �C with samples taken at a range of time
points over a 60-minute period (Fig. 1b). Both assay formats
showed that A/CA09 loses its ability to agglutinate chicken red
blood cells at a temperature of 57.5 �C. These results corroborate
those previously published, describing the poor HA stability of
the LAIV A/CA09 and wild-type A/H1N1pdm09 viruses isolated in
the initial stages of the 2009 pandemic [9,10,13]. LAIV A/NC99,
A/SYD97, and B/MASS12 viruses demonstrated greater HA stability,
all only suffering a reduction in HA titre after 20 min of incubation
at 65 �C (Fig. 1a) and remaining thermostable throughout a 60-
minute incubation at 57.5� (Fig. 1b).
3.2. A/H1N1pdm09 strain A/BOL13 has improved thermostability, and
is comparable with pre-pandemic A/NC99

As it was deemed likely that the heat labile HA of A/CA09 was
the cause of its reduced VE [8], an alternative LAIV A/H1N1pdm09
strain, A/BOL13, was developed for inclusion in the 2015–2016
QLAIV. One of the key attributes required of the new strain, in addi-
tion to its antigenic similarity to circulating A/H1N1pdm09 viruses,
was that it should have a more thermostable HA when compared
with its predecessor. A/BOL13 demonstrated improved stability
when compared with A/CA09 in accelerated thermostability assays
(Fig. 2a and b) and was comparable with A/NC99, a pre-pandemic
H1N1 strain with proven VE. A/BOL13 remained able to agglutinate
chicken red blood cells up to a cut-off temperature of 62.5 �C
(Fig. 2a) and was stable over a 60-minute incubation at 57.5 �C
(Fig. 2b).
3.3. A/H1N1pdm09 A/CA09 is less pH stable when compared with A/
H1N1pdm09 A/BOL13

Despite its thermostable HA profile, inclusion of A/BOL13 in the
2015–2016 LAIV did not entirely resolve the suboptimal VE
observed for A/CA09. One explanation for this was that, by
improving its thermostability, the HA of A/BOL13 had been
over-stabilised, and as a result did not undergo efficient virus-
endosome membrane fusion at low-endosomal pH. To test this, a
quantitative pH inactivation assay (Fig. 3a) was performed on the
same panel of viruses.
ical live attenuated influenza vaccine viruses with proven efficacy. A/NC99, A/CA09,
65 �C for 20 min (A) or were held at 57.5 �C and sampled over a 1-hour period (B).

cken red blood cells to measure haemagglutinin titre (log2HAU, y axis) after heat



Fig. 2. Accelerated thermostability of A/BOL13 A/H1N1pdm09 virus compared with A/CA09 and A/NC99 viruses. A/NC99, A/CA09, and A/BOL13 viruses were incubated at
temperatures ranging from 47.5 �C to 65 �C for 20 min (A) or were held at 57.5 �C and sampled over a 1-hour period (B). Haemagglutinin assays were performed on all
samples after incubation using 0.5% chicken red blood cells to measure haemagglutinin titre (log2HAU, y axis) after heat exposure.
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A/NC99, A/CA09, A/BOL13, A/SYD97, and B/MASS12 viruses
were treated with a range of pH-adjuster buffers prior to infection
of A549 cells. Cells were stained for viral NP and DAPI after 18 h of
infection, and infected cells were quantified on a high content ima-
ger in order to calculate percentages of infected and uninfected
cells. The loss of infectivity due to low-pH treatment is a result
of the viral HA protein being irreversibly activated prior to inocu-
lation of the A549 cells.

Activation pH was approximately 5.1 for A/NC99, A/BOL13, and
A/SYD97, and approximately 5.4 for A/CA09 and B/MASS12
(Fig. 3a). These data agree with those previously reported for LAIV
and wild-type A/CA09 and recent A/H1N1pdm09 wild-type viruses
possessing the K374 (HA2) amino acid, in which the fusion pH was
reduced from 5.4 to 5.0 in viruses carrying this residue [9].

A qualitative GFP cell-to-cell fusion assay was then employed to
confirm these data (Fig. 3b). Briefly, A/NC99, A/CA09, A/BOL13, A/
SYD97, and B/MASS12 viruses were used to infect 293T cells tran-
siently expressing GFP. Infected cells were treated with a trypsin-
like enzyme and pH-adjusted buffers at 18 h post-infection, and
fused cells imaged using a fluorescent microscope. Using this
assay, A/CA09 and B/MASS12 were shown to initiate fusion of
293 T cells at pH 5.6, and cells were completely fused at pH 5.4.
A/NC99, A/BOL13, and A/SYD97 initiated cell-to-cell fusion at pH
5.4, and 293 T cells showed complete fusion at pH 5.2. For these
latter three viruses, the fusion pH values were approximately 0.1
units higher than those reported using the quantitative virus inac-
tivation assay; however, importantly, the pH stability profile of the
three viruses was consistent between assays. These data indicate
that the suboptimal VE of A/BOL13 is unlikely to be due to its HA
pH stability profile.
3.4. A/H1N1pdm09 A/CA09 shows a greater reduction in virus potency
than other 2013–2014 QLAIV strains after heat treatment of Fluenz�

nasal sprayers

A further experiment was conducted to confirm a role for HA
thermal instability in the reduced VE of A/CA09. To simulate the
potential environmental heat exposure during distribution of a
number of QLAIV lots in the 2013–2014 season [8], representative
commercial nasal sprayers containing QLAIV formulation A/CA09,
A/TEX12, B/MASS12, and B/BRIS08, were either exposed to 33 �C
for 4 h, or left untreated (control). These sprayers were then held
at 4 �C for 12 weeks, typical storage conditions for the vaccine.
To assess thermostability slopes and determine the reduction in
virus titre in the presence or absence of heat exposure, one sprayer
from each treatment group was removed from 4 �C every 7 days,
and each strain was titrated by FFA assay. The data obtained from
these assays were analysed using a linear regression curve fit sta-
tistical model (method detailed in the supplementary informa-
tion). Fig. 4 shows the virus titre degradation slope values
calculated for sprayers from the 33 �C group and the untreated
control group. Comparison of treated and untreated degradation
slopes for each virus showed that the reduction in A/CA09 potency
was significantly more rapid following heat treatment (p = 0.031),
while A/TEX12, B/MASS12, and B/BRIS08, all showed similar rates
of potency reduction in both treatment groups (p > 0.05). There-
fore, A/CA09 stability was more impacted by the heat treatment
than the other strains in this QLAIV formulation.

Despite the more accelerated rate of potency reduction of
A/CA09 in the heat-treated sprayer group, this resulted in a virus
titre of 6.52 Log10 focus forming units (FFU)/dose at the end of the
12-week period. While significantly reduced compared to the con-
trol group, this remained within LAIV product specification (7 ± 0.5
Log10 FFU/dose) during this time period. However, given the slope,
it is possible that this would not have remained true followingmore
prolonged storage. Comparable results were obtained using 50% tis-
sue culture infective dose (TCID50) assays (data not shown).

The HA viruses used in these studies is summarised thermal and
pH stability data obtained for the panel of LAIV in Table 1 with
their known VE. For each virus, the known vaccine efficacy/effec-
tiveness (yes or suboptimal), thermostability at �57.5 �C (yes or
no), and approximate HA activation pH value is detailed.
4. Discussion

The A/H1N1pdm09 A/CA09 HA protein of LAIV and wild-type
viruses has been demonstrated by us, and others, to have poor
thermostability [9,10,13]. This has been reported as a likely con-
tributing factor to the reduced VE of this strain in QLAIV, due to
a significant correlation observed between reduced LAIV VE against
A/H1N1pdm09 viruses and higher outdoor temperatures during
LAIV lot unloading at US distributors [8]. Here we carried out a
simulated heat exposure of representative nasal sprayers to exper-
imentally confirm this hypothesis. While our data showed that
A/CA09 was significantly more susceptible to the heat treatment,
the viral potency remained within LAIV product specification
(7.0 ± 0.5 Log10 FFU/dose). It is worth noting that although the
A/CA09 titre was within specification at the end of 12 weeks, it is
possible that this would not have remained the same after a longer
time period.

However, heat-treated A/TEX12 and B/BRIS08 viruses also
demonstrated a degree of degradation over time and their ther-



Fig. 3. pH stability of A/H1N1pdm09, A/H3N2, and B-strain live attenuated influenza vaccine viruses. (A) Viruses were incubated with pH buffers ranging from pH 5 to pH 7
and used to infect A549 cells. Cells were fixed and stained for viral NP and with Hoechst stain at 18 h post-infection, and infected cells were quantified using a high content
imaging system. Infectivity at each pH was calculated as percentage of the pH 7 control, and the pH value at which 99% of virus infectivity was lost (pH of haemagglutinin
[HA] activation) was derived. (B) 293 T cells transiently expressing green fluorescent protein (GFP) were infected with each virus and at 18 h post-infection, were treated with
TrypLE to cleave surface expressed HA0. Subsequently, pH buffers ranging from pH 5 to pH 7 were used to activate the viral HA and induce cell-cell membrane fusion.
Successful fusion was visualised using GFP fluorescence. White ‘!’ indicates the presence of fused cells. Images are representative of this assay performed in independent
triplicates. Images from pH 5 not shown as cells were lysed in those sample wells.
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mostability curve slopes were not markedly different from those
observed for A/CA09. Additionally, potency reduction of B/MASS12
in the no heat-treatment control group was calculated as + 0.03
Log10 FFU/dose over 12 weeks. As it is unlikely that B/MASS12
became more stable after exposure to 33 �C, this may be indicative
of the variability of the stability curves obtained. Taken together,
these data suggest that while the increased thermal instability of
A/CA09 may have played a role in the suboptimal VE of this strain,
other factors were likely to have been involved.

Our studies also provided a novel assessment of the expected
stability profiles associated with a clinically efficacious LAIV strain.
We demonstrate that the clinically effective LAIV strains A/NC99,
A/SYD97, and B/MASS12 are more thermostable than A/CA09. We
also show that the HA of A/CA09 is more pH sensitive when com-
pared with efficacious influenza A strains, A/NC99 and A/SYD97. As
shown in Fig. 3a and 3b, B/MASS12 was similarly pH sensitive to
A/CA09, yet was thermostable in both accelerated (Fig. 1a and b)
and longer-term (Fig. 4) thermostability assays.

Even though exposure to both increased pH and temperature
can cause the irreversible conformational change necessary to
expose the fusion peptide and thus activate the viral HA [22–24],
the relationship between the two properties may not necessarily
be directly correlative between subtypes, but may correlate within
certain subtypes. Our data indicate that the two phenotypes may
be correlative within the A/H1N1 subtype, but HA thermal and
pH stability may have a different relationship in B-Yamagata lin-
eage viruses. Further studies of this type on a wider panel of influ-
enza B viruses would be necessary to fully describe this
relationship. This is also in line with others reporting that the
pH/temperature relationship is likely to be influenza subtype and
strain-specific [39–41].

It is worth noting that for three of the LAIV viruses included
in these studies (A/NC99, A/BOL13, A/SYD97), the activation pH
values generated by the qualitative cell-cell fusion assay were
approximately 0.1 units higher than those reported using the
quantitative virus inactivation assay; however, the pH stability
profiles of the three viruses were consistent between assays. This
is possibly because the cell-cell fusion assay may only require a
proportion of surface-expressed HA molecules to become acti-
vated for visible fusion to occur. This could provide a more sen-
sitive assessment of HA activation pH than the complete
inactivation of viral infectivity.



Fig. 4. Long-term thermostability of live attenuated influenza vaccine viruses from
2013 to 2014 season Fluenz� nasal sprayers. The reduction in virus titres of A/CA09,
A/TEX12, B/MASS12, and B/BRIS08 viruses in quadrivalent nasal sprayers were
measured over 12 weeks after heat treatment at 33 �C for 4 h (striped bars). A
control group was also included that received no heat treatment (solid filled bars).
Sprayers from both groups were held at 4 �C for 12 weeks and every 7 days the
titres of each of the four viruses were measured by focus-forming assay (FFA). A
linear regression curve fit model (detailed in the supplementary information) was
used to calculate the slopes resulting from change in FFA titre over 12 weeks (y-
axis) for each treatment group. P-values comparing the two treatment groups for
each virus are shown, with p < 0.05 indicating significance.
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Here, we demonstrate that A/CA09 is more pH sensitive and
heat labile than A/BOL13, the A/H1N1pdm09 virus developed as
a replacement for A/CA09 in the 2015–16 season QLAIV. A/BOL13
was isolated 4 years after the first wave of the 2009 H1N1 pan-
demic, and carries key HA amino acid residues known to have
arisen naturally during the evolution of A/H1N1pdm09 viruses in
this period, which improved the structural stability of the protein,
including P83S, S185T, S203T, I321V, E374K, and S451N [10].

The E374K substitution is one of the most well-documented for
its role in maintaining the structural integrity of functional HA tri-
mers by interacting with HA1 residue number 21 via a salt bridge
[9,10]; however, other amino acid residues involved in
A/H1N1pdm09 HA stability improvement have recently been iden-
tified. A stabilising Y7H (HA2) substitution was shown to be
required for successful airborne transmission in ferrets [42], and
a Y161F (HA1) substitution enhanced IIV virus antigen yield in
Madin-Darby Canine Kidney (MDCK) cell cultures, as well as
improving thermostability [43]. Assessment of such amino acid
residues as determinants of HA stability could prove useful during
the development of future A/H1N1pdm09 LAIV strains. It is also
worthwhile to note that other influenza virus genes may also play
a role in vaccine stability. For example, the matrix gene segment of
cold-adapted A/Ann Arbor/6/1960 has been reported to affect tem-
perature and pH sensitivity of pandemic LAIV viruses [44].

It was hypothesised that the lower-than-expected VE of
A/BOL13 may have been caused by an over-stabilised HA selected
Table 1
Summary of haemagglutinin (HA) thermal and pH stability, and vaccine effectiveness, of A/
used in this study.

Virus Subtype Vaccine effectiv

A/NC99 A/H1N1 Yes
A/CA09 A/H1N1pdm09 Suboptimal
A/BOL13 A/H1N1pdm09 Suboptimal
A/SYD97 A/H3N2 Yes
B/MASS12 B-Yamagata Yes
for during the development of a more thermostable LAIV strain.
Using thermal and pH stability assays, we have shown that while
the HA of A/BOL13 was more stable when compared with
A/CA09, it did not appear to be over-stabilised, and demonstrated
a stability profile comparable with clinically efficacious A/NC99
and A/SYD97 influenza A viruses. Therefore, we conclude that HA
thermal or pH stability was not a root cause for the reduced VE
of A/BOL13. The fact that the B-Yamagata lineage virus, B/MASS12,
had similar pH sensitivity to A/CA09 and yet was highly clinically
effective, while A/CA09 was not, also substantiates this conclusion.

In addition, influenza viruses with high pH sensitivity are fre-
quently considered to be more susceptible to inactivation in the
mildly acidic environment of the human upper respiratory tract
than those with lower pH sensitivity, rendering them unable to
infect cells due to premature, irreversible activation of the viral
HA. The fact that a pH–sensitive virus, such as B/MASS12, had good
VE indicates that despite this attribute, it was still able to infect
and replicate in the cells of the upper respiratory tract. This also
argues against pH instability of the HA protein as a hypothesis
for the observed reduced VE of A/CA09.

However, given the fact that poor thermostability may have
been a contributing factor to the reduced VE of A/CA09, and as
pH stability is a property of vital importance to the virus life cycle,
stability of the viral H1 HA protein will continue to be assessed
during seasonal development of LAIV strains, with the understand-
ing that clinically effective H1N1 strains are thermostable and have
an approximate activation pH of 5.1.

Due to the complex nature of live attenuated viral vaccines at
both virological and immunological levels, there are a plethora of
possible contributing factors to reduced VE, aside from HA stabil-
ity. Numerous hypotheses have been proposed, including the
reduced replicative fitness of A/H1N1pdm09 strains, viral interfer-
ence and presence of defective interfering particles [16–20].
Reduced viral replicative fitness in the cells of the nasal epithelia
offers a plausible root cause [19]. Insufficient replication post-
vaccination could render a LAIV strain unable to stimulate a robust
immune response. However, efficiency of virus replication is a
complex phenotype to dissect, with a multitude of potential effec-
tors affected by changes to the HA and NA genes. These could
include: HA/NA balance [45]; altered receptor-binding avidity or
specificity of the HA [46]; compatibility of wildtype HA and NA gly-
coprotein gene segments with the internal A/Ann Arbor/6/1960
gene constellation during genome assembly [47]; or production
of excessive non-infectious or defective viral genomes [18]. In
addition, in multivalent formulation, a LAIV strain with reduced
replication may be subject to competition from other, fitter compo-
nent viruses [19].

Ongoing work in both human and non-human cell models, as
well as in vivo in ferrets, aims to shed light on this hypothesis.
The complete findings of these studies will be key to the under-
standing and continuous improvement of LAIV VE. Based on the
ongoing investigative research by AstraZeneca UK, as well as anal-
yses of LAIV effectiveness since the 2009–2010 season, the US ACIP
reinstated the recommendation for use of QLAIV for the 2018–
2019 season [48]. QLAIV remains an important vaccine option
H1N1, A/H1N1pdm09, A/H3N2, and B-strain live attenuated influenza vaccine viruses

eness Thermostable HA activation pH

Yes 5.1
No 5.4
Yes 5.1
Yes 5.1
Yes 5.4
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and continues to be used as part of expanding national paediatric
influenza vaccination programmes in the UK and Finland.
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