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Abstract: Suboptimal vaccine effectiveness against seasonal influenza is a significant public health
concern, partly explained by antigenic differences between vaccine viruses and viruses circulating in
the environment. Haemagglutinin mutations within vaccine viruses acquired during serial passage
in eggs have been identified as a source of antigenic variation between vaccine and circulating
viruses. This study retrospectively compared the antigenic similarity of circulating influenza
isolates with egg- and cell-propagated reference viruses to assess any observable trends over a
16-year period. Using annual and interim reports published by the Worldwide Influenza Centre,
London, for the 2002-2003 to 20172018 influenza seasons, we assessed the proportions of circulating
viruses which showed antigenic similarity to reference viruses by season. Egg-propagated reference
viruses were well matched against circulating viruses for A/HIN1 and B/Yamagata. However,
A/H3N2 and B/Victoria cell-propagated reference viruses appeared to be more antigenically similar
to circulating A/H3N2 and B/Victoria viruses than egg-propagated reference viruses. These data
support the possibility that A/H3N2 and B/Victoria viruses are relatively more prone to egg-adaptive
mutation. Cell-propagated A/H3N2 and B/Victoria reference viruses were more antigenically similar
to circulating A/H3N2 and B/Victoria viruses over a 16-year period than were egg-propagated
reference viruses.
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1. Introduction

Vaccination is recognized as being the most effective method of preventing seasonal influenza
disease [1]. Over the past several decades, seasonal influenza vaccines have provided important public
health benefits, in terms of reduced incidence of influenza-like illness (ILI), general practitioner visits,
hospitalizations, and influenza-associated mortality [2-4]. Each year, in advance of the beginning of
the influenza season, the World Health Organization (WHO) predicts which influenza viruses will
be dominant in the upcoming season, and based on this assessment, recommends candidate vaccine
viruses (CVVs) for inclusion in vaccines for the Northern and Southern Hemispheres [5].
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Vaccine effectiveness (VE) data provide an estimate of the extent to which a vaccine protects against
disease in a real-world setting, relative to no vaccination. Ultimately, the effectiveness of influenza
vaccines depends on the interplay between the host, the vaccine, environment, and the circulating
virus strains [6], with the effectiveness of the vaccine depending on the extent to which the virus
strains it includes match those strains causing disease in the human population during a given
season. Less than optimal VE can occur due to various factors, including mismatch between vaccine
and circulating strains due to inaccurate strain predictions, as well as antigenic drift [7-12], original
antigenic sin [13,14], and the viral propagation techniques used for vaccine manufacture (i.e., egg-based
versus non-egg-based technologies). Particularly low VE has been observed in recent seasons against
the A/H3N2 strain as compared with the VE observed for A/HIN1 and B strains. Influenza VE can
vary considerably between strains and seasons, with strain-specific VE estimates of 33%, 23%, 54%,
and 61% for antigenically similar A/H3N2, variant A/H3N2, B strains, and A/HIN1pdm09, respectively,
observed over the past decade [15]. In the 2017-2018 season, circulating strains of A/H3N2 were
antigenically distinct from egg-propagated reference viruses [16].

Antigenic drift has led to alterations in some A/H3N2 viruses, which inhibit them from replicating
efficiently in embryonated chicken eggs [17,18], and this limits the number of viruses which can be used
as CVVs. In addition to background antigenic drift, those viruses that can successfully be propagated in
eggs can develop structural changes in the haemagglutinin (HA) receptor binding site (egg adaptation)
during serial passage, further contributing to antigenic differences between circulating and reference
vaccine strains [19-23]. Vaccine-induced antibody responses generated against egg-adapted HA
can be less reactive against the HA expressed on circulating viruses [22,23], and this is thought to
have played a role in the lower VE observed for A/H3N2 in recent seasons. Using influenza viruses
propagated wholly in mammalian cell lines (or recombinant technology using non-egg substrates)
avoids egg-adaptive mutations and can contribute to the better effectiveness or efficacy observed for
cell culture-based (or recombinant [24]) vaccines [22,23,25,26].

Against this background, we performed a retrospective evaluation of antigenic similarity between
circulating and WHO reference A/H1IN1, A/H3N2, and B strain viruses propagated in either eggs or
Madin-Darby canine kidney (MDCK) cells from the 2002-2003 to 2017-2018 influenza seasons. The main
objectives of this study were as follows: to assess the degree of antigenic similarity between circulating
viruses and egg-propagated reference viruses, and where possible, cell-propagated reference viruses;
to identify and describe any trends or observations in the antigenic characterisation of the reference
strains over time; and to facilitate future assessment of the relationship between levels of antigenic
similarity and any observable differences in VE between different vaccines.

2. Materials and Methods

This retrospective analysis used publicly available reports from the Worldwide Influenza Centre
(WIC; Francis Crick Institute, London, UK) for the 2002-2003 to 20172018 Northern Hemisphere
and Southern Hemisphere influenza seasons. The WIC is one of six WHO collaborating centres
worldwide, and these, together with 144 National Influenza Centres (NICs), form the WHO Global
Influenza Surveillance and Response System. The collaborating centres monitor strain prevalence,
perform antigenic and genetic characterizations of influenza viruses worldwide, and help inform
the WHO annual recommendations on which CVVs to include in influenza vaccines. For this analysis,
we used data from WIC interim and annual reports, which provided information on influenza viruses in
Africa, the Eastern Mediterranean, Europe, and the Western Pacific (Hong Kong and China), based on
virus samples received from sentinel and non-sentinel WHO influenza centre sites [27]. In this report,
the term "CVV” refers to influenza strains which were included in seasonal influenza vaccines (as
recommended by the WHO); the term “reference strains” refers to influenza strains against which
circulating strains were tested by haemagglutination inhibition (HI) assay and plaque reduction
neutralization assays (PRNA). Reference strains include CVVs, as well as other strains antigenically
similar to the CVVs used as the reference strain in our comparison if the exact CVV strain was not
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included in the WIC report. All egg-propagated reference viruses selected as comparators were CVVs
and antigenically like the vaccine viruses; whereas for cell-propagated reference viruses, antigenic
likeness to recommended strains was undetermined for some seasons.

Antigenic similarity between reference viruses and circulating strains has principally been reported
by the WIC as HI assay data comparing circulating viruses in terms of their reactivity to ferret sera
raised against reference virus for a given season. Since February 2009, for the analysis of A/H3N2
viruses, these HI assays have routinely incorporated the neuraminidase (NA) inhibitor oseltamivir at
a concentration of 20 nM, to avoid false-negative results due to the agglutination of viruses via NA
protein. Where applicable, therefore, such use of oseltamivir is noted in the results of the present study.
In recent seasons, A/H3N2 viruses have become increasingly difficult to assess by HI assay, due to
their decreased ability to agglutinate red blood cells [28]. From 2008 onwards, PRNAs using ferret sera
have also been used to complement the findings of the HI assays, and to estimate titres for isolates
which could not be determined by HI assay.

The WIC reports present the antigenic characterisation data categorically, specifically,
as the proportion of circulating viruses that show reactivity to the ferret antisera at titres relatively
similar to, or different from, those at which reference viruses show reactivity (i.e., when the difference
between these titres is < two, four, or >eight dilutions, respectively). For the current analysis, antigenic
similarity was defined as the circulating virus titre (at which reactivity was observed) being no more
than four-fold lower than the reference virus titre. This definition is consistent with that used by
the U.S. Centers for Disease Control and Prevention [29]. Viruses which did not meet the definition
of antigenic similarity were considered to be antigenically different. The raw data listings within
the WIC reports often included results from a small number of isolates tested outside of the periods
or the geographic locations covered in the reports; and isolates grown in eggs were occasionally
included as assay controls. Calculations using raw data (conducted when summarised reactivity data
for < two, four, or > eight-fold differences in antisera titre were not presented within a WIC report)
included only isolates exclusively grown in cells, and isolates harvested within the specific time period
and geographic locations stated in the relevant reports. For A and B strain analyses, seasons were
defined as Southern Hemisphere by time of year rather than by the geographical origin of circulating
isolates (e.g., B/Victoria isolates were predominantly derived from Northern Hemisphere countries).
All circulating viral isolates were passaged in MDCK/MDCK-SIAT1 cells.

We performed a qualitative comparison of the percentages of circulating virus isolates which were
antigenically similar to the egg- and cell-propagated reference viruses for each influenza season. These
percentages were calculated as a proportion of the total number of isolates tested by the WIC for each
season. Because this was an exploratory analysis, no formal hypotheses were tested during the study.

3. Results

3.1. A/H3N2 Analysis

HI assay data were available for cell-propagated reference viruses for 23 of 29 influenza
seasons (Figure 1).

From the 2015 season onwards, less than half of the viruses could be assessed by HI assay
due to loss of haemagglutination. In all but two of the seasons for which data were available for
both egg- and cell-propagated reference viruses, a higher proportion of circulating A/H3N2 strains
were antigenically similar to cell-propagated as compared with egg-propagated reference viruses
(Figure 1). HI assay data demonstrated little or no antigenic similarity (i.e., present in <25% of
isolates) between A/H3N2 isolates and egg-propagated reference viruses in 16 of the 29 (55%) seasons
analysed. By comparison, cell-propagated reference viruses showed this low proportion of similarity
(i.e., <25%) in only one of the 23 (4%) seasons for which data were available. Particularly large
differences were observed in the period between the 2012 Southern Hemisphere and the 2015-2016
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Northern Hemisphere seasons inclusive, for which 2-13% of isolates showed antigenic similarity to
egg-propagated reference viruses, as opposed to 76-100% of cell-propagated reference viruses.
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Figure 1. Proportions of circulating A/H3N2 isolates antigenically similar to egg- and Madin-Darby
canine kidney (MDCK) cell-propagated reference viruses, as assessed by haemagglutination inhibition
(HI) assay. Antigenic similarity is defined as circulating virus titre no more than 4-fold lower
than reference virus titre. Data are displayed as percentage of the total number of isolates tested.
Studied period August 2002 to February 2018.

In two of the seasons analysed, a higher proportion of isolates showed antigenic similarity to
egg-propagated as compared with cell-propagated reference viruses, i.e., the 2005-2006 Northern
Hemisphere season (35% showed antigenic similarity to egg-propagated and 18% to cell-propagated
CVVs [27]); and the 2009-2010 Northern Hemisphere season (99% showed antigenic similarity
to egg-propagated as compared with 75% to cell-propagated CVVs [27]). In the 2009 Southern
Hemisphere season, two antigenically similar reference strains were used, because both were listed
as CVVs by the WHO. For this season, a higher percentage of isolates showed antigenic similarity to
cell-propagated reference viruses against one of these strains, and 62% of isolates were antigenically
similar to both egg- and cell-propagated reference viruses for the other strain. The difference between
cell- and egg-propagated reference viruses in the three seasons between February 2016 and September
2017 was less than in other seasons. Further analysis of these seasons showed that differences between
the egg- and cell-propagated group datasets were more pronounced if a stricter < two-fold cut-off point
for the difference in titres was employed (rather than < four-fold), thus, more clearly demonstrating
cell-propagated reference viruses to be more antigenically similar than egg-propagated reference
viruses to circulating A/H3N2 viruses (Table 1).

Table 1. Percentages of circulating A/H3N2 viruses which showed < 2-fold and 4-fold differences
(HI assay) to cell- and egg-propagated reference virus titres for the February 2016-February 2017
influenza seasons.

Influenza Season Reference Virus <2-Fold 4-Fold
Feburary 2016-September 2016 Cell-based 69% 24%
Feburary 2016-September 2016 Egg-based 35% 47%
September 2016-Feburary 2017 Cell-based 52% 45%

September 2016-Feburary 2017 Egg-based 38% 48%
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Additionally, virus clade impacted these results, with greater differences observed between
similarity to egg- and cell-propagated reference viruses for circulating 3C.2a clade viruses as compared
with subdominant 3C.3a clade viruses.

Assessment of antigenic similarity by PRNA demonstrated data trends similar to those observed
by HI analysis (Figure 2); specifically, across seasons, 60-100% (median 98%) and 0-100% (median
50%) of cell- and egg-propagated viruses were antigenically similar to circulating isolates, respectively.
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Figure 2. Proportions of circulating A/H3N2 isolates antigenically similar to egg- and MDCK
cell-propagated reference viruses, as assessed by plaque reduction neutralisation (PRNA) assay.
Antigenic similarity is defined as circulating virus titre no more than 4-fold lower than reference virus
titre. Data are displayed as percentage of the total number of isolates tested. Studied period February
2008 to February 2018.

3.2. A/HIN1 Analysis

HI assay analysis of the antigenic similarity between cell- and egg-propagated A/HIN1
reference viruses and the A/HIN1 viruses circulating in the environment during period September
2008-September 2018 (Figure 3), generally found a high degree of antigenic similarity for both egg-
and cell-propagated A/H1N1 reference viruses, with little difference in levels of similarity observed
between the two groups.

3.3. B/Victoria Strain Analysis

HI assay analysis of the antigenic similarity between cell- and egg-propagated B/Victoria strain
reference viruses and the B/Victoria viruses circulating in the environment during the period September
2008-September 2018 (Figure 4), generally found a pronounced difference in the levels of antigenic
similarity displayed by the egg- and cell-propagated reference viruses, with the higher levels of
antigenic similarity observed for the cell-propagated viruses.
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Figure 3. Proportions of circulating A/HINI1 isolates antigenically similar to egg- and MDCK
cell-propagated reference viruses, as assessed by haemagglutination inhibition (HI) assay. Antigenic
similarity is defined as circulating virus titre no more than 4-fold lower than reference virus titre.
Data are displayed as percentage of the total number of isolates tested. Studied period September 2008

to September 2018.
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Figure 4. Proportions of circulating B/Victoria strain isolates antigenically similar to egg- and MDCK
cell-propagated reference viruses, as assessed by haemagglutination inhibition (HI) assay. Antigenic
similarity is defined as circulating virus titre no more than 4-fold lower than reference virus titre.
Data are displayed as percentage of the total number of isolates tested. Studied period September 2008
to September 2018.

Over the 10 Northern Hemisphere influenza seasons (2008-2018), the proportions of
cell-propagated reference viruses that were antigenically similar to circulating viruses ranged from
20% to 100% (with >90% being antigenically similar in seven of the 10 seasons). The proportions of
egg-propagated reference viruses that were antigenically similar to circulating viruses ranged from
0% to 83% (with > 90% being antigenically similar in none of the 10 seasons). With the exception of
the 2008-2009 season, higher proportions of cell-propagated as compared with egg-propagated reference
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viruses were antigenically similar to circulating viruses. Data from the nine Southern Hemisphere
influenza seasons (2009-2018) were comparable to the Northern Hemisphere data, with greater
proportions of cell-propagated as compared with egg-propagated reference viruses being antigenically
similar to circulating B/Victoria viruses in all seasons except one, namely February 2009-September
2009. Over the Southern Hemisphere influenza seasons, the proportions of cell-propagated reference
viruses that were antigenically similar to circulating viruses ranged from 43% to 100% (and was >90%
in five of the nine seasons). By comparison, the proportions of egg-propagated reference viruses that
were antigenically similar to circulating viruses ranged from 0% to 64% (and was >90% in none of
the nine seasons).

3.4. B/Yamagata Strain Analysis

HI assay analysis of the antigenic similarity between cell- and egg-propagated B/Yamagata
strain reference viruses and the environmental B/Yamagata viruses present during the period
September 2008-September 2018 (Figure 5), did not reveal any clear data trends distinguishing
the egg- and cell-propagated viruses either from each other or the circulating viruses.
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Figure 5. Proportions of circulating B/Yamagata strain isolates antigenically similar to egg- and MDCK
cell-propagated reference viruses, as assessed by haemagglutination inhibition (HI) assay. Antigenic
similarity is defined as circulating virus titre no more than 4-fold lower than reference virus titre.
Data are displayed as percentage of the total number of isolates tested. Studied period September 2008
to September 2018.

Across the 20 influenza seasons assessed (both Northern and Southern Hemisphere seasons),
average percentages of similarity to circulating B/Yamagata isolates of 69% and 79% were observed for
the egg- and cell-propagated viruses, respectively; therefore, overall levels of similarity to circulating
B/Yamagata viruses were slightly higher for cell- than egg-propagated B/Yamagata reference viruses,
a difference likely to be of no clinical significance. In eight (40%) of the 20 seasons assessed,
egg-propagated reference viruses displayed higher similarity to circulating viruses than cell-propagated
viruses. In 10 (50%) of the 20 seasons assessed, cell-propagated reference viruses displayed higher
similarity to circulating viruses than did egg-propagated viruses.
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4. Discussion

This exploratory, descriptive study is, to the best of our knowledge, the first such analysis to
assess the antigenic similarity between circulating strains of influenza, and egg- and cell-propagated
reference viruses longitudinally over several Northern and Southern Hemisphere influenza seasons,
both before and after the 2009 pandemic outbreak. The data presented in this report show that
between 2002 and 2018, cell-propagated A/H3N2 and B/Victoria strain reference viruses were more
often antigenically similar to A/H3N2 and B/Victoria viruses circulating in the environment than
were egg-propagated viruses. For A/HIN1 and B/Yamagata reference viruses, similar proportions
of samples showed antigenic similarity in both egg- and cell-propagated viruses. This distinction
between A/H3N2 and B/Victoria versus A/HIN1 and B/Yamagata data is consistent with the possibility
that there were higher rates or degrees of HA egg adaptation in A/H3N2 and B/Victoria strains
than in A/HIN1 and B/Yamagata strains. It is also possible that, unlike A/HIN1 and B/Yamagata,
A/H3N2 and B/Victoria are more susceptible to egg adaptations at specific regions of the HA molecule
that significantly affect antigenicity (i.e., major epitopes). Analyses have shown some degree of
similarity in phylodynamics to exist between A/H3N2 and B/Victoria viruses, as well as between
A/HIN1 and B/Yamagata viruses [30]. A/H3N2 and B/Victoria exhibit limited genetic diversity at a
given time point as compared with A/HIN1 and B/Yamagata viruses, which is indicative of frequent
selective bottlenecks due to the serial replacement of circulating strains, as expected under continuous
antigenic drift; this evolutionary pattern is consistent with the fact that A/H3N2 and B/Victoria are more
susceptible to adaptive mutations on encountering the selective pressures of surviving in eggs [30].

The decrease in A/H3N2-specific VE observed over recent seasons is particularly noteworthy;,
because A/H3N2 is responsible for more severe cases of disease and higher rates of mortality than
are other strains, with the highest burden of A/H3N2 disease occurring in adults aged 65 years or
older [31,32]. Improving the effectiveness of influenza vaccines against circulating A/H3N2 strains is,
therefore, a public health priority. The A/H3N2 data generated in this study frequently demonstrated
considerable variance in the percentages of antigenic similarity observed within seasons, particularly
between 2012 and 2016. In more than half of the seasons analysed, there was little (<25%) or no
antigenic similarity between egg-propagated reference and circulating A/H3N2 viruses when analysed
by HI assay. In seasons 2012-2016, approximately 100% of cell- and 20% of egg-propagated A/H3N2
reference viruses were shown to be antigenically similar to circulating viruses. In the 2016-2017
season, an egg-adaptive mutation (T160K) which arose during propagation of the A/H3N2 strain
resulted in deglycosylation of the HA antigenic B site and altered antibody to HA glycoprotein
binding; this mutation could have contributed to the low A/H3N2-specific VE of 34% observed during
this season, despite a 95% match between circulating A/H3N2 isolates and the CVV [23,27,33-36].
The CVV used for the 20162017 cell-derived vaccines was passaged in eggs, which led to egg-adaptive
mutations persisting and being present in the seed virus, and therefore also in the cell-based vaccine [36].
The A/H3N2-dominant 2017 season in Australia saw A/H3N2 isolates which were more likely to be
”low-reacting” to egg- than to cell-propagated reference viruses [37], suggesting that recombinant or
cell-based vaccines could confer advantages over egg-derived vaccines in A/H3N2 dominant seasons
with egg adaptation. In the 2017-2018 Northern Hemisphere season, an inactivated, cell culture-derived,
quadrivalent vaccine, Flucelvax® (Seqirus USA Inc., Summit, NJ, USA) was manufactured for the first
time using an exclusively cell-propagated A/H3N2 seed virus [38]. During this influenza season,
A/H3N2 was the predominant circulating strain in the USA, and the overwhelming majority (93%) of
these strains were antigenically similar to the cell-propagated reference virus used in the vaccine [16].
Importantly, the cell-derived vaccine was shown to have a relative VE of 10.7% as compared with an
egg-derived quadrivalent vaccine in individuals aged 65 years or above for season 2017-2018 [26].
In the same season, Bruxvoort et al. estimated the absolute VE of cell- and egg-derived vaccines
(against laboratory-confirmed hospitalization for any influenza) in a population <65 years of age to be
36% and —11%, respectively [39]. This difference was even more pronounced for A/H3N2, although
confidence intervals were wide. For the same season, Klein etal. estimated absolute VE against influenza
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B to be 41% for cell- and 10% for egg-derived vaccines in a population 4-64 years of age [40]. Another
study which compared the protective efficacy of a recombinant vaccine with that of a standard-dose,
egg-derived, quadrivalent vaccine in adults (N = 9003), was performed during the A/H3N2-dominant
2014-2015 season (during which the effectiveness of many vaccines was particularly low due to
antigenic mismatch between circulating and vaccine viruses) [24]. The probability of ILI in this study
was 30% lower in recipients of recombinant vaccine as compared with egg-derived vaccine (95% CI
10-47, p = 0.006).

It is notable that the proportion of circulating A/H3N2 isolates showing antigenic similarity to
A/H3N2 egg- and cell-propagated reference viruses was very similar for the three seasons from February
2016 to September 2017 (HI data); however, when analysed with a stricter definition of antigenic
similarity (<two-fold lower titre, Table 2) or by PRNA, differences between the egg- and cell-propagated
datasets became apparent.

Table 2. Percentages of circulating 3C.2a and 3C.3a A/H3N2 viruses which showed < 2-fold and 4-fold
differences (HI assay) to cell- and egg-propagated reference virus titres for the February 2016-September
2016 influenza seasons.

Clade Reference Virus <2-Fold 4-Fold
3C.2a Cell-based 60% 31%
3C.2a Egg-based 19% 50%
3C.3a Cell-based 76% 20%
3C.3a Egg-based 64% 36%

One factor which could have affected the assessments of antigenic similarity in these three
seasons was the pool of virus strains that could be characterised by HI assay. For example, in the first
season (2016 Southern Hemisphere), ~80% of isolates were clade 3C.2a (similar to the vaccine strain),
while the other ~20% were 3C.3a. However, two-thirds of the 3C.2a viruses did not agglutinate red
blood cells. Antisera raised against the cell-propagated reference virus recognised both 3C.2a and 3C.3a
equally well, but antisera raised against the egg-propagated reference strain recognised the 3C.3a
viruses better than the 3C.2a viruses (whereas 3C.2a was the dominant population) [27]. Therefore,
the reported percentages from the HI assay based on the strains tested may not be truly representative
of how well vaccines containing the egg-propagated reference viruses would cover circulating isolates
and could be artificially high. Additionally, in two of the other seasons analysed (2005-2006 Northern
Hemisphere and 2009-2010 Northern Hemisphere), a higher proportion of isolates showed antigenic
similarity to egg- than with cell-propagated reference viruses. One possible explanation for this is
that the same egg- and cell-propagated reference viruses were not available for these two seasons,
and therefore data were selected for the genetically closest strain based on the phylogenetic tree
analysis of the HA gene (also included in the WIC reports). These differences may have meant that
the cell-propagated reference strain was less representative, leading to the anomalous findings for
these two seasons.

This study had three main limitations. The first of these was an inability to assess all viruses
accurately by HI assay, particularly in more recent seasons. Structural changes in many A/H3N2
viruses resulted in a decreased ability to agglutinate red blood cells, which made these viruses difficult
to characterise by HI assay [41,42]; in addition, a NA mutation led to NA-mediated agglutination,
which could have confounded the HI data (by somewhat masking the decreased haemagglutination
inhibition) before oseltamivir was routinely used at the WIC from 2009 onwards [42,43]. The second
limitation was that the overall number of isolates included in the analysis represented only a small
proportion of all those received by the WHO collaborating centres over the influenza seasons analysed.
In some cases, data on the egg- and cell culture-propagated version of the same reference virus strain
were not available in the reports to be used for direct comparison. It should also be noted that the PRNA
data were limited by small sample sizes for seasons prior to 2014. In addition, the PRNA data were
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limited by WIC processes for selecting isolates for testing, i.e., rather than being randomly selected,
isolates were chosen specifically to include A/H3N2 clades circulating during a given season, but not
necessarily in proportion to the dominance of each clade within the population (Dr John McCauley
[WIC], personal communication, 2019). The third study limitation was the use of ferret rather than
human sera in the PRNA and HI assays. Ferret sera is used as standard by all WHO collaborating
centres for both assays; however, evidence suggests that the antigenic reactivity of viruses can vary
depending on the origin of the sera used [44,45]. The potential impact of using ferret rather than human
sera in the PRNA and HI assays should be taken into consideration when interpreting the results of
any future research.

Some of the strengths of this study include the longitudinal nature of the analyses, which
allows for the assessment of trends over multiple seasons, rather than individual seasons in isolation.
The assessment of viruses by both PRNA and HI assays (rather than HI assay alone) is also a study
strength, particularly for the more recent seasons where most viruses could not be assessed by HI assay.
Further to previous studies and the existing literature [46], future research is warranted to evaluate
the potential links between antigenic similarity, levels of VE, and burden of disease. A longitudinal
dataset such as that presented in this report could be useful in the study of the relationships among
the levels of antigenic similarity and VE in terms of influenza-associated hospitalizations or ILI
incidence. Preferably, this would be assessed in a specific region or country such as the USA, which
has a large population and high-quality surveillance procedures.

5. Conclusions

In summary, the results of this study demonstrate higher levels of antigenic similarity between
cell-propagated A/H3N2 and B/Victoria reference viruses and circulating viruses, than between
egg-propagated A/H3N2 and B/Victoria reference and circulating viruses in both Northern and Southern
Hemispheres over a 16-year period; no similar trend was observed for A/HIN1 and B/Yamagata viruses.
Further research is required in this area to better understand the impact of the more contemporary,
non-egg-based technologies on influenza vaccine effectiveness.

Author Contributions: Conceptualization, S.R., P.S., J.v.B.,, M.H,, B.L., LI, KK. and R.O.d.L.; Formal analysis,
SR, PS,Jv.B, MH, B.L, LI, KK. and R.O.d.L.; Methodology, S.R., PS., J.v.B.,, M.H., B.L,, LI, KK. and RO.d.L.;
Writing—review & editing, S.R., PS., J.v.B.,, M.H., B.L,, L1, KK. and R.O.d.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Seqirus UK Ltd.

Acknowledgments: The authors would like to thank the following for their contribution to the study:
John McCauley, Director, Worldwide Influenza Centre (Francis Crick Institute), London, UK for advice on
the interpretation of data; research staff at the Worldwide Influenza Centre, London, UK for use of data; research
staff at the WHO National Influenza Centres for sample analysis; supporting contributors at Seqirus; research staff
at Evidera, London, UK and Waltham, USA for data analysis and interpretation. The authors are also grateful to J
Engelmoer (Sula Communications BV, Utrecht, The Netherlands) and ] Stirling (OLC Bioscience Ltd., London,
UK) for editorial assistance in the preparation of this manuscript.

Conflicts of Interest: SR., PSS, J.v.B.,, M.H.,, and B.L. are permanent employees of the Seqirus group of companies.
R.O.d.L. has received fees from GSK, Roche, Sanofi Pasteur, and Seqirus, for advising or conferences. K.K. and LI
are employees of Evidera, which was commissioned by Seqirus to conduct key aspects of the reported research.
The authors did not receive any form of payment from any source for writing this scientific report.

References

1.  World Health Organization. Fact Sheets. Influenza (Seasonal). Available online: Http://www.Who.Int/en/
news-room/fact-sheets/detail/influenza-(seasonal) (accessed on 22 May 2020).

2. US Government. Centers for Disease Control and Prevention. Influenza. Vaccine Effectiveness—How Well
Does the Flu Vaccine Work? Available online: Https://www.Cdc.Gov/flu/vaccines-work/vaccineeffect. Htm
(accessed on 22 May 2020).


Http://www.Who.Int/en/news-room/fact-sheets/detail/influenza-(seasonal)
Http://www.Who.Int/en/news-room/fact-sheets/detail/influenza-(seasonal)
Https://www.Cdc.Gov/flu/vaccines-work/vaccineeffect.Htm

Int. |. Environ. Res. Public Health 2020, 17, 5423 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Nichols, M .K.; Andrew, M.K.; Hatchette, T.F.; Ambrose, A.; Boivin, G.; Bowie, W.; Chit, A.; Santos, G.D.;
ElSherif, M.; Green, K,; et al. Influenza vaccine effectiveness to prevent influenza-related hospitalizations
and serious outcomes in canadian adults over the 2011/12 through 2013/14 influenza seasons: A pooled
analysis from the canadian immunization research network (cirn) serious outcomes surveillance (sos network).
Vaccine 2018, 36, 2166-2175. [CrossRef] [PubMed]

Restivo, V.; Costantino, C.; Bono, S.; Maniglia, M.; Marchese, V.; Ventura, G.; Casuccio, A.; Tramuto, F; Vitale, F.
Influenza vaccine effectiveness among high-risk groups: A systematic literature review and meta-analysis of
case-control and cohort studies. Hum. Vaccines Immunother. 2018, 14, 724-735. [CrossRef]

World Health Organization. Influenza. Who Recommendations on the Composition of Influenza Virus
Vaccines. Available online: Http://www.Who.Int/influenza/vaccines/virus/recommendations/en/ (accessed on
22 May 2020).

Belongia, E.A.; McLean, H.Q. Influenza vaccine effectiveness: Defining the h3n2 problem. Clin. Infect. Dis.
2019, 69, 1817-1823. [CrossRef] [PubMed]

Holmes, E.C.; Ghedin, E.; Miller, N.; Taylor, J.; Bao, Y.; St George, K.; Grenfell, B.T.; Salzberg, S.L.; Fraser, C.M.;
Lipman, D.J.; et al. Whole-genome analysis of human influenza a virus reveals multiple persistent lineages
and reassortment among recent h3n2 viruses. PLoS Biol. 2005, 3, e300. [CrossRef] [PubMed]

Klein, E.Y.; Serohijos, A.W.; Choi, ].M.; Shakhnovich, E.I; Pekosz, A. Influenza a hlnl pandemic strain
evolution—Divergence and the potential for antigenic drift variants. PLoS ONE 2014, 9, €93632. [CrossRef]
Maljkovic Berry, I.; Melendrez, M.C.; Li, T.; Hawksworth, A.W.; Brice, G.T.; Blair, PJ.; Halsey, E.S.; Williams, M.;
Fernandez, S.; Yoon, LK.; et al. Frequency of influenza h3n2 intra-subtype reassortment: Attributes
and implications of reassortant spread. BMC Biol. 2016, 14, 117. [CrossRef]

Rejmanek, D.; Hosseini, PR.; Mazet, ].A.K.; Daszak, P.; Goldstein, T. Evolutionary dynamics and global
diversity of influenza a virus. J. Virol. 2015, 89, 10993-11001. [CrossRef]

Schweiger, B.; Bruns, L.; Meixenberger, K. Reassortment between human a(h3n2) viruses is an important
evolutionary mechanism. Vaccine 2006, 24, 6683-6690. [CrossRef]

Tewawong, N.; Prachayangprecha, S.; Vichiwattana, P.; Korkong, S.; Klinfueng, S.; Vongpunsawad, S.;
Thongmee, T.; Theamboonlers, A.; Poovorawan, Y. Assessing antigenic drift of seasonal influenza a(h3n2)
and a(h1nl)pdm09 viruses. PLoS ONE 2015, 10, e0139958. [CrossRef]

Monto, A.S.; Malosh, R.E.; Petrie, J.G.; Martin, E.T. The doctrine of original antigenic sin: Separating good
from evil. J. Infect. Dis. 2017, 215, 1782-1788. [CrossRef]

Tan, Y.C.; Blum, L.K.; Kongpachith, S.; Ju, C.H.; Cai, X,; Lindstrom, T.M.; Sokolove, J.; Robinson, W.H.
High-throughput sequencing of natively paired antibody chains provides evidence for original antigenic
sin shaping the antibody response to influenza vaccination. Clin. Immunol. 2014, 151, 55-65. [CrossRef]
[PubMed]

Belongia, E.A.; Simpson, M.D.; King, J.P.; Sundaram, M.E.; Kelley, N.S.; Osterholm, M.T.; McLean, H.Q.
Variable influenza vaccine effectiveness by subtype: A systematic review and meta-analysis of test-negative
design studies. Lancet Infect. Dis. 2016, 16, 942-951. [CrossRef]

Garten, R.; Blanton, L.; Elal, A.LA.; Alabi, N.; Barnes, ]J.; Biggerstaff, M.; Brammer, L.; Budd, A.P;
Burns, E.; Cummings, C.N.; et al. Update: Influenza activity in the united states during the 2017-18
season and composition of the 2018-19 influenza vaccine. MMWR Morb. Mortal. Wkly. Rep. 2018, 67, 634-642.
[CrossRef] [PubMed]

Lu, B.; Zhou, H.; Ye, D.; Kemble, G.; Jin, H. Improvement of influenza a/fujian/411/02 (h3n2) virus growth
in embryonated chicken eggs by balancing the hemagglutinin and neuraminidase activities, using reverse
genetics. J. Virol. 2005, 79, 6763—6771. [CrossRef] [PubMed]

Stevens, J.; Chen, L.M.; Carney, PJ.; Garten, R.; Foust, A.; Le, J.; Pokorny, B.A.; Manojkumar, R.; Silverman, J.;
Devis, R.; et al. Receptor specificity of influenza a h3n2 viruses isolated in mammalian cells and embryonated
chicken eggs. J. Virol. 2010, 84, 8287-8299. [CrossRef]

Kishida, N.; Fujisaki, S.; Yokoyama, M.; Sato, H.; Saito, R.; Ikematsu, H.; Xu, H.; Takashita, E.; Tashiro, M.;
Takao, S.; et al. Evaluation of influenza virus a/h3n2 and b vaccines on the basis of cross-reactivity of
postvaccination human serum antibodies against influenza viruses a/h3n2 and b isolated in mdck cells
and embryonated hen eggs. Clin. Vaccine Immunol. 2012, 19, 897-908. [CrossRef]

Skowronski, D.M.; De Serres, G. Role of egg-adaptation mutations in low influenza a(h3n2) vaccine
effectiveness during the 2012-13 season. Clin. Infect. Dis. 2018, 67, 1474-1476. [CrossRef]


http://dx.doi.org/10.1016/j.vaccine.2018.02.093
http://www.ncbi.nlm.nih.gov/pubmed/29548608
http://dx.doi.org/10.1080/21645515.2017.1321722
Http://www.Who.Int/influenza/vaccines/virus/recommendations/en/
http://dx.doi.org/10.1093/cid/ciz411
http://www.ncbi.nlm.nih.gov/pubmed/31102401
http://dx.doi.org/10.1371/journal.pbio.0030300
http://www.ncbi.nlm.nih.gov/pubmed/16026181
http://dx.doi.org/10.1371/journal.pone.0093632
http://dx.doi.org/10.1186/s12915-016-0337-3
http://dx.doi.org/10.1128/JVI.01573-15
http://dx.doi.org/10.1016/j.vaccine.2006.05.105
http://dx.doi.org/10.1371/journal.pone.0139958
http://dx.doi.org/10.1093/infdis/jix173
http://dx.doi.org/10.1016/j.clim.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/24525048
http://dx.doi.org/10.1016/S1473-3099(16)00129-8
http://dx.doi.org/10.15585/mmwr.mm6722a4
http://www.ncbi.nlm.nih.gov/pubmed/29879098
http://dx.doi.org/10.1128/JVI.79.11.6763-6771.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890915
http://dx.doi.org/10.1128/JVI.00058-10
http://dx.doi.org/10.1128/CVI.05726-11
http://dx.doi.org/10.1093/cid/ciy350

Int. |. Environ. Res. Public Health 2020, 17, 5423 12 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Skowronski, D.M.; Janjua, N.Z.; De Serres, G.; Sabaiduc, S.; Eshaghi, A.; Dickinson, J.A.; Fonseca, K;
Winter, A.L.; Gubbay, ].B.; Krajden, M.; et al. Low 2012-13 influenza vaccine effectiveness associated with
mutation in the egg-adapted h3n2 vaccine strain not antigenic drift in circulating viruses. PLoS ONE 2014, 9,
€92153. [CrossRef]

Wu, N.C; Zost, S.J.; Thompson, A.J.; Oyen, D.; Nycholat, C.M.; McBride, R.; Paulson, J.C.; Hensley, S.E.;
Wilson, L. A. A structural explanation for the low effectiveness of the seasonal influenza h3n2 vaccine. PLoS
Pathog. 2017, 13, €1006682. [CrossRef]

Zost, S.J.; Parkhouse, K.; Gumina, M.E.; Kim, K.; Perez, S.D.; Wilson, P.C.; Treanor, ].J.; Sant, A.J.; Cobey, S.;
Hensley, S.E. Contemporary h3n2 influenza viruses have a glycosylation site that alters binding of antibodies
elicited by egg-adapted vaccine strains. Proc. Natl. Acad. Sci. USA 2017, 114, 12578-12583. [CrossRef]
Dunkle, L.M.; Izikson, R.; Patriarca, P.; Goldenthal, K.L.; Muse, D.; Callahan, J.; Cox, M.M.].; Team, P.S.C.S.
Efficacy of recombinant influenza vaccine in adults 50 years of age or older. N. Engl. |. Med. 2017, 376,
2427-2436. [CrossRef]

Boikos, C.; Sylvester, G.; Sampalis, ].; Mansi, ]. Effectiveness of the Cell Culture- and Egg-Derived, Seasonal
Influenza Vaccine during the 2017-2018 Northern Hemisphere Influenza Season. Poster Presentation.
National Foundation for Infectious Disease, 2018 Clinical Vaccinology Course, Bethesda Md, USA. Available
online: Http://www.Nfid.Org/professional-education/conferences. (accessed on 22 May 2020).

Izurieta, H.S.; Chillarige, Y.; Kelman, J.; Wei, Y.; Lu, Y;; Xu, W.; Lu, M,; Pratt, D.; Chu, S.; Wernecke, M.; et al.
Relative effectiveness of cell-cultured and egg-based influenza vaccines among the u.S. Elderly, 2017-2018.
J. Infect. Dis. 2018, 220, 1255-1264. [CrossRef] [PubMed]

Francis Crick Institute. Worldwide Influenza Centre Annual & Interim Reports. Available online: Https:
//www.Crick.Ac.Uk/partnerships/worldwide-influenza-centre/annual-and-interim-reports (accessed on
22 May 2020).

van Baalen, C.A; Els, C.; Sprong, L.; van Beek, R.; van der Vries, E.; Osterhaus, A.D.; Rimmelzwaan, G.F.
Detection of nonhemagglutinating influenza a(h3) viruses by enzyme-linked immunosorbent assay in
quantitative influenza virus culture. J. Clin. Microbiol. 2014, 52, 1672-1677. [CrossRef]

US Government. Centers for Disease Control and Prevention. Seasonal Influenza. Understanding Influenza
Viruses. Antigenic Characterization. Available online: Https://www.Cdc.Gov/flu/professionals/laboratory/
antigenic.Htm (accessed on 22 May 2020).

Vijaykrishna, D.; Holmes, E.C.; Joseph, U.; Fourment, M.; Su, Y.C.; Halpin, R.; Lee, R.T,; Deng, YM.;
Gunalan, V;; Lin, X; et al. The contrasting phylodynamics of human influenza b viruses. Elife 2015, 4, e05055.
[CrossRef] [PubMed]

The Lancet Respiratory, M. Elderly at risk as severe influenza season looms large. Lancet Respir. Med. 2018,
6, 1. [CrossRef]

Thompson, WW.; Shay, D.K.; Weintraub, E.; Brammer, L.; Bridges, C.B.; Cox, N.J.; Fukuda, K.
Influenza-associated hospitalizations in the united states. Jama 2004, 292, 1333-1340. [CrossRef] [PubMed]
Blanton, L.; Alabi, N.; Mustaquim, D.; Taylor, C.; Kniss, K.; Kramer, N.; Budd, A.; Garg, S.; Cummings, C.N.;
Chung, J.; et al. Update: Influenza activity in the united states during the 2016-17 season and composition of
the 2017-18 influenza vaccine. MMWR Morb. Mortal. Wkly. Rep. 2017, 66, 668—676. [CrossRef]

Bonomo, MLE.; Deem, M.W. Predicting influenza h3n2 vaccine efficacy from evolution of the dominant
epitope. Clin. Infect. Dis. 2018, 67, 1129-1131. [CrossRef]

Gupta, V,; Earl, D.J.; Deem, M.W. Quantifying influenza vaccine efficacy and antigenic distance. Vaccine 2006,
24,3881-3888. [CrossRef]

Paules, C.I; Sullivan, S.G.; Subbarao, K.; Fauci, A.S. Chasing seasonal influenza—The need for a universal
influenza vaccine. N. Engl. ]. Med. 2018, 378, 7-9. [CrossRef]

Sullivan, S.G.; Chilver, M.B.; Carville, K.S.; Deng, YM.; Grant, K.A.; Higgins, G.; Komadina, N.; Leung, VK;
Minney-Smith, C.A.; Teng, D.; et al. Low interim influenza vaccine effectiveness, australia, 1 may to
24 september 2017. Euro Surveill. 2017, 22, 17-00707. [CrossRef] [PubMed]

Seqirus USA Inc. News. Seqirus Announces Next Major Advancement in Cell-Based Influenza Vaccine
Technology. Available online: Https://www.Seqirus.Com/news/seqirus-announces-next-major-advancement-
in-cell-based-influenza-vaccine-technology (accessed on 22 May 2020).


http://dx.doi.org/10.1371/journal.pone.0092153
http://dx.doi.org/10.1371/journal.ppat.1006682
http://dx.doi.org/10.1073/pnas.1712377114
http://dx.doi.org/10.1056/NEJMoa1608862
Http://www.Nfid.Org/professional-education/conferences.
http://dx.doi.org/10.1093/infdis/jiy716
http://www.ncbi.nlm.nih.gov/pubmed/30561688
Https://www.Crick.Ac.Uk/partnerships/worldwide-influenza-centre/annual-and-interim-reports
Https://www.Crick.Ac.Uk/partnerships/worldwide-influenza-centre/annual-and-interim-reports
http://dx.doi.org/10.1128/JCM.03575-13
Https://www.Cdc.Gov/flu/professionals/laboratory/antigenic.Htm
Https://www.Cdc.Gov/flu/professionals/laboratory/antigenic.Htm
http://dx.doi.org/10.7554/eLife.05055
http://www.ncbi.nlm.nih.gov/pubmed/25594904
http://dx.doi.org/10.1016/S2213-2600(17)30475-7
http://dx.doi.org/10.1001/jama.292.11.1333
http://www.ncbi.nlm.nih.gov/pubmed/15367555
http://dx.doi.org/10.15585/mmwr.mm6625a3
http://dx.doi.org/10.1093/cid/ciy323
http://dx.doi.org/10.1016/j.vaccine.2006.01.010
http://dx.doi.org/10.1056/NEJMp1714916
http://dx.doi.org/10.2807/1560-7917.ES.2017.22.43.17-00707
http://www.ncbi.nlm.nih.gov/pubmed/29090681
Https://www.Seqirus.Com/news/seqirus-announces-next-major-advancement-in-cell-based-influenza-vaccine-technology
Https://www.Seqirus.Com/news/seqirus-announces-next-major-advancement-in-cell-based-influenza-vaccine-technology

Int. |. Environ. Res. Public Health 2020, 17, 5423 13 of 13

39.

40.

41.

42.

43.

44.

45.

46.

Bruxvoort, K.J.; Luo, Y.; Ackerson, B.; Tanenbaum, H.C.; Sy, L.S.; Gandhi, A.; Tseng, H.F. Comparison
of vaccine effectiveness against influenza hospitalization of cell-based and egg-based influenza vaccines,
2017-2018. Vaccine 2019, 37, 5807-5811. [CrossRef] [PubMed]

Klein, N.P; Fireman, B.; Goddard, K.; Zerbo, O.; Asher, J.; Zhou, J.; King, J.; Lewis, N. Vaccine effectiveness
of cell-culture relative to egg-based inactivated influenza vaccine during the 2017-18 influenza season.
PLoS ONE 2020, 15, €0229279. [CrossRef]

European Centre for Disease Prevention and Control. Influenza Virus Characterisation. Summary, Europe.
Report November 2014. Available online: Https://ecdc.Europa.Eu/en/seasonal-influenza/surveillance-and-
disease-data/influenza-virus-characterisation (accessed on 22 May 2020).

Mogling, R.; Richard, M.].; Vliet, S.V; Beek, R.V.; Schrauwen, E.].A.; Spronken, M.I.; Rimmelzwaan, G.F,;
Fouchier, R.A.M. Neuraminidase-mediated haemagglutination of recent human influenza a(h3n2) viruses
is determined by arginine 150 flanking the neuraminidase catalytic site. J. Gen. Virol. 2017, 98, 1274-1281.
[CrossRef] [PubMed]

Lin, Y.P; Gregory, V.; Collins, P; Kloess, J.; Wharton, S.; Cattle, N.; Lackenby, A.; Daniels, R.; Hay, A.
Neuraminidase receptor binding variants of human influenza a(h3n2) viruses resulting from substitution of
aspartic acid 151 in the catalytic site: A role in virus attachment? J. Virol. 2010, 84, 6769-6781. [CrossRef]
[PubMed]

Cobey, S.; Gouma, S.; Parkhouse, K.; Chambers, B.S.; Ertl, H.C.; Schmader, K.E.; Halpin, R.A.; Lin, X,;
Stockwell, T.B.; Das, S.R.; et al. Poor immunogenicity, not vaccine strain egg adaptation, may explain the low
h3n2 influenza vaccine effectiveness in 2012-2013. Clin. Infect. Dis. 2018, 67, 327-333. [CrossRef]

Liu, E; Tzeng, W.P,; Horner, L.; Kamal, R.P; Tatum, H.R,; Blanchard, E.G.; Xu, X,; York, I.; Tumpey, T.M.;
Katz, ].M.; et al. Both immune priming and egg-adaptation in the vaccine influence antibody responses to
circulating a(h1nl)pdm09 viruses following influenza vaccination in adults. J. Infect. Dis. 2018. [CrossRef]
[PubMed]

Chen, H.; Alvarez, ].J.S.; Ng, S.H.; Nielsen, R.; Zhai, W. Passage adaptation correlates with the reduced
efficacy of the influenza vaccine. Clin. Infect. Dis. 2018, 69, 1198-1204. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.vaccine.2019.08.024
http://www.ncbi.nlm.nih.gov/pubmed/31445771
http://dx.doi.org/10.1371/journal.pone.0229279
Https://ecdc.Europa.Eu/en/seasonal-influenza/surveillance-and-disease-data/influenza-virus-characterisation
Https://ecdc.Europa.Eu/en/seasonal-influenza/surveillance-and-disease-data/influenza-virus-characterisation
http://dx.doi.org/10.1099/jgv.0.000809
http://www.ncbi.nlm.nih.gov/pubmed/28612701
http://dx.doi.org/10.1128/JVI.00458-10
http://www.ncbi.nlm.nih.gov/pubmed/20410266
http://dx.doi.org/10.1093/cid/ciy097
http://dx.doi.org/10.1093/infdis/jiy376
http://www.ncbi.nlm.nih.gov/pubmed/29931203
http://dx.doi.org/10.1093/cid/ciy1065
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	A/H3N2 Analysis 
	A/H1N1 Analysis 
	B/Victoria Strain Analysis 
	B/Yamagata Strain Analysis 

	Discussion 
	Conclusions 
	References

