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Influenza is a viral, highly transmittable respiratory pathogen that creates annual health and economic burdens. Flu vaccines are updated 
bi-annually due to drifting of the genes encoding influenza surface proteins hemagglutinin  and neuraminidase. Current influenza vac-
cines target two fluA subtypes (H1N1 and H3N2) and two fluB lineages. The large genetic diversity of H3N2 means vaccines targeted 
at one genetic clade may have little effect on other H3N2 clades. Using the Francis Crick Institute’s Influenza Reports, we normalized 
the proportion of circulating H3N2 clades and compared them to other flu seasons through a two-tailed Fisher’s Exact Test. In addition, 
vaccine effectiveness was estimated by looking at hemagglutinin inhibition assays as performed using ferret antisera. Different patterns 
of persistence of H3N2 genetic clades were found in the circulating strains from 2015 to 2019. Occasionally, new strains were introduced 
as ancestral clades were divided into smaller subclades. Four significant changes in clade proportion were found, which occasionally 
matched an effective vaccine season. Sometimes, an effective vaccine did not correspond with a significant drop in proportion for that 
clade. Due to the multifactorial nature of seasonal flu, vaccine effectiveness can not be used solely to predict the pervasiveness of a 
circulating strain. Nevertheless, long term patterns are observable and can contribute to our understanding of influenza immunization 
over the past 5 years. 

This work is licensed under: 
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INTRODUCTION
Viral diseases represent one of the largest healthcare concerns 

currently facing both the developed and the undeveloped world. 
Influenza (flu) is a viral pathogen capable of causing both seasonal 
epidemics and worldwide pandemics. Flu consists of 2 main types: 
fluA and fluB. Two subtypes of fluA (H1N1 and H3N2) and two 
strains of fluB pose most significant burden to humans around the 
world.4 Flu can cause mild to severe illness and lead to possibly 
life-threatening complications such as pneumonia. In addition to 
creating health issues, the flu affects global economies.

The estimated total economic burden influenza had on the 
United States in 2015 was $11.2 billion.3 It is estimated for the 
United States that Influenza has been the cause for 9-45 million 
illnesses, 40-810 thousand hospitalizations and 12-61 thousand 
deaths annually since 2010.4 Worldwide, estimates range up to one 
billion infections annually, and seasonal influenza may result in 
290-650 thousand deaths each year due to respiratory complica-
tions alone. 11,14 

All influenza genomes are composed of eight single-stranded 
RNA segments. The fluA virion contains antigenic glycoproteins 
hemagglutinin (HA) and neuraminidase (NA) (Figure 2). Eighteen 
different HA subtypes and eleven different NA subtypes have been 
characterized for fluA, making possible a wide variety of capsid 
proteins. FluB forms only two antigenically distinguishable lin-
eages, Victoria and Yamagata, based on the antigenic properties 

of hemagglutinin. FluB is exclusively found in humans, and mu-
tates 2-3 times slower than fluA.1 Notably, fluA HA subtypes H1, 
H2, and H3, and NA subtypes N1 and N2 have established sta-
ble lineages in humans and cause widespread human respiratory 
infection.2 There have only been sporadic instances of infection 
from H5, H7, and H9 viruses. Although viruses such as H5N1 and 
H9N7 have the potential to cause severe disease and death, no 
sustained transmission between humans has been reported.5 Cur-
rent influenza vaccines focus on fluA subtypes H1N1 and H3N2, 
and the two fluB lineages, because of their high rate of transmis-
sion among humans. Seasonal epidemics of disease, commonly 
known as the flu season, are caused by human fluA and fluB vi-
ruses, while pandemic outbreaks have been the result of emer-
gence of novel fluA viruses. Seasonal flu occurs bi-annually, but 
pandemics are relatively rare. In the last century, there were four 
flu pandemics: the H1N1 Spanish flu of 1918, the 1957 H2N2 vi-
rus, the 1968 H3N2 virus, and the 2009 H1N1 virus. Globally, the 
Spanish flu is estimated to have killed nearly 50 million people, 
the 1957 and 1968 viruses are each estimated to have killed a mil-
lion people, and the 2009 pandemic was estimated to have killed 
between 151,700 and 575,400 people.6 Flu virus antigens morph 
from year to year, preventing development of a single, constant 
vaccine (Table 1). 

Two mechanisms for this are antigenic drift and antigenic 
shift.2 Antigenic drift is caused by mutations in the genes encod-
ing HA and NA. Albeit small, these genetic changes add up over 
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time, eventually reducing the familiarity of the viral antigens to 
human immune systems trained to recognize previous flu strains. 
Antigenic shift is the result of HA gene recombination creating 
entirely new antigenic structures, to which the human population 
has no pre-existing immunity. Antigenic drift is responsible for an-
nual flu variation, while antigenic shift can lead to pandemics.2 An 
ideal universal influenza vaccine would protect against antigenic 
drift and shift, conferring lifelong immunity. The flu transmits 
best in cold, dry, conditions.10 As geographical seasons shift over 
time, flu outbreaks tend to follow winter (Figure 1). The Northern 
Hemisphere’s flu season is December to March, while the South-
ern Hemisphere’s is June to September. The equatorial region has 
no specific flu season, and outbreaks rarely occur.7 Recently, flu 
vaccines contain inactivated virions of three (trivalent vaccine) 
or four (quadrivalent vaccine) influenza subgroups. These sub-
groups being H1N1, H3N2, Victoria lineage, and, if quadrivalent, 
Yamagata Lineage.8 The subgroups are each represented in the 
vaccine by viruses prototyped off a strain recommended by the 
World Health Organization (WHO). WHO makes decisions based 
on bi-annual meetings of directors from its Collaborating Centers, 
which are prestigious national institutes for infectious diseases.4 
Vaccines are generally targeted towards viruses most genetically 
similar to those expected to circulate in the coming flu season. 
Egg-based vaccines are the most common and take approximately 
six months to manufacture on industrial scales. This leads some 
manufacturers to pre-empt the WHO recommendation and start 
production early.4 

Due to the constant mutation of flu viruses, periodic sur-
veillance on circulating strains is necessary to design an effective 
vaccine for each flu season. Currently, flu vaccines are produced 
by analyzing the trends in proportions of strains present in the 
previous flu seasons and making an educated guess as to which 
strains should be used in the vaccine to protect people most effec-
tively (Table 2). Namely, the hemagglutinin inhibition (HI) assay 
is used on strain isolates from previous years to determine the 
creation of flu antibodies. Currently available influenza vaccines 
are designed to respond to a specific strain and may be ineffec-
tive against new influenza viruses. The difficulty in predicting 
circulating strains has frequently resulted in mismatch between 
the annual vaccine and circulating viruses, and despite the large 
amount of work on the virus, little is known on how seasonal 
vaccines cause changes over long timeframes. Analyzing the be-
haviour of the virus over multiple seasons may provide valuable 
data to make more informed decisions, as well as understand how 
the virus shifts. While the ultimate goal of influenza vaccination 
strategies is to generate a vaccine targeting a universally present 
epitope, the work outlined below serves towards an interim strat-
egy. By analysing previously reported genotypic data and corre-
sponding annual antigenic data in long timeframes retroactively, 
we gain a better understanding of influenza complexity as well as 
an opportunity to make intelligent vaccine decisions. 

MATERIALS AND METHODS
We examined circulating flu strains over a span of five years (Feb-
ruary 2015 - September 2019) and organized the data in a propor-
tion versus time graph. The data on circulating clades of H3N2 
was collected from the publicly available Francis Crick Institute’s 
Interim Influenza Reports. These clade proportions were then 
analysed using Fisher’s Exact Test. Significant changes between 
years were indicated with * for significance at α=0.001. Data was 
normalized prior to analysis by standardizing the total counts per 
year and setting the lowest value per strain per year to 1. On the 
other hand, the antigenic analyses of H3N2 viruses reported by 
the Crick Institute was reviewed to examine the vaccine efficacy 
of any given year, inferred from antigenic data generated by HI 
assays. Lastly, a phylogenetic tree of A(H3N2) clades and sub-
clades was generated using the Francis Crick Institute’s informa-
tion on clade-defining mutations.
	 Antigenic data reported by the Crick Institute originates 
from in-house HI assays. The viruses were propagated using egg-
based systems, then used to test for red blood cell agglutination. 
HA titers were determined by titrating sera obtained from ferrets 
vaccinated with the given year’s vaccine strain, and the fold of 
the inhibition delivered by the sera was reported. Samples were 
sequenced and organized into clades according to defined muta-
tions in the HA gene. Samples for both antigenic data and genetic 
sequencing were collected randomly, and therefore amenable to 
statistical analysis. 

RESULTS
Different patterns of persistence are seen in the proportions of 
a circulating strain (Figure 3). Some remain at a low level over 
the entire period while some appear for only 3 seasons at a very 
high proportion. Occasionally, new strains are introduced as an-
cestral clades are divided into smaller subclades. 3C.3a is the only 
clade remaining present throughout all flu seasons analysed, with 
higher proportions on 2015.5-2017. 3C.3a increased in 2015.5-
2016 and decreased in 2016-2017. It remained on low propor-
tions until 2019, when it increased again. Overall, 3C.3a exhibits 
low proportions in comparison to other clades. Clade 3C.2a was 
the predominant strain from 2015 to 2016.5, and it disappeared 
after 2018. It increased from 2015 to 2016.5 and from 2017 to 
2018. There is an observable decrease in proportion of 3C.2a be-
tween 2016.5 and 2017. Clade 3C.2a1 appeared for the first time 
in 2017, decreased in proportion for one year and disappeared 
afterwards. 3C.2a1 is the ancestral clade of 3C.2a1b (Figure 5), 
which appeared for the first time in 2018.5 and persisted onwards 
as a predominant clade. 

There is an observable increase in proportion for 3C.2a1b 
from 2018.5 to 2019 and a decline from 2019 to 2019.5. 3C.2a is 
the ancestral clade of 3C.2a2 (Figure 5), which appeared for the 
first time in 2018.5 with high proportion, and decreased in the fol-
lowing two seasons. There is an observable decrease in proportion 
from 2018.5 to 2019, and the clade remained in low proportion in 
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the following season. Clade 3C.2a3 appeared for the first time in 
2018.5, and it has  persisted onwards with low proportions. 
Clade 3C.2a4 appeared for the first time in 2019, and it has had 
low proportions for two seasons. Clade 3C.3b appeared for the 
first time in 2015, it declined consistently until it disappeared in 
2016. Clade 3.3 appeared for the first time in 2015.5, it decreased 
for two seasons and disappeared in 2016.5. 

Proportions were analysed by comparing each year to the 
preceding year via two-tailed Fisher’s Exact Test. Four significant 
changes between influenza seasons emerged. Between 2015.5 
to 2016, the proportions of 3C.3a and 3C.2a increased and the 
other two strains declined. In this season 3C.3a was vaccinated 
against. In the period from 2016.5 to 2017, the proportions of both 
3C.2a and 3C.3a decreased, with 3C.2a being vaccinated against. 
Between 2018 to 2018.5, the proportions changed significantly 
because two clades (3C.2a and 3C.2a1) ceased to appear on the 
graph, and two clades emerged in the following season. 3C.2a dis-
appeared into its subclade 3C.2a2, and 3C.2a1 disappeared into 
the subclade 3C.2a1b. Between 2018.5 to 2019, the proportion of 
3C.2a2 declined observably and the proportion of 3C.2a1b grew. 

There is variability in vaccine efficacy as predicted by HI 
assay (Figure 4). Some seasons (2015, 2015.5, 2018.5, and 2019) 
exhibit high vaccine effectiveness (percentage of >8 fold) while 
other seasons varied between moderate (4 fold) to low (<2 fold) 
vaccine effectiveness. In 2015, 94.1% of isolates were >8 fold de-
crease in titre as compared to unvaccinated sera. This high degree 
of inhibition indicates a more effective vaccine in 2015. There is 
an even greater degree of inhibition in 2015.5, with 98% at titres 
within >8 fold which corresponds to a greater effectiveness of the 
vaccine for 2015.5. In 2016, vaccine effectiveness decreased as 
only 45.7% were at titres within >8-fold. In 2016.5 and 2017, the 
isolates that were at titres within 4-fold had the highest percent-
age, 47.3% and 48.2% respectively. Additionally, in those same 
seasons, the isolates at titres within <2 fold had a larger percent-
age than the isolates at titres within >8 fold. This increase of iso-
lates at titres within <2 and 4-fold corresponds to a less effective 
vaccine for 2016.5 and 2017. The least effective vaccine can be 
seen from the results of 2017.5 where 48% of isolates were at 
titres within <2-fold. The percentage of isolates at titres within 
>8-fold was 26.6% which is similar to the 27.4% of isolates that 
were at titres within 4-fold. In the following season, 2018, the per-
centage of isolates at titres within 4-fold and >8-fold increased to 
46.7% and 36.6%, respectively. The greater percentages indicate 
that there was a higher vaccine effectiveness for that season. In 
2018.5, the percentage of isolates at titres within >8-fold spikes to 
80.6% with only 1.5% at titres within <2-fold. Compared to the 
previous season, the results of 2018.5 indicate a higher vaccine 
effectiveness. The highest vaccine effectiveness occurs during the 
2019 season as 98.1% of isolates were at titres within >8-fold and 
there were no isolates recorded at titres within <2-fold. 

The 2019.5 season sees a decrease in the effectiveness of the vac-
cine as the percentage of isolates at titres within >8-fold decreased 
to 53.6%. 

The significant changes in clade proportions occasionally 
match an effective vaccine season. Sometimes, an effective vac-
cine does not correspond with a significant drop in proportion for 
that clade. The first statistically significant season 2016 where 
there was a decrease in proportion for clades 3.3 and 3C.3b but 
an increase in proportion for clades 3C.2a and 3C.3a (Figure 3). 
The strain targeted by the vaccine that year was 3C.3a and it had 
a vaccine effectiveness as 45.7% of isolates were at titres within 
>8-fold. This is a season where the vaccine effectiveness does not 
correspond to a decrease in the proportion of 3C.3a that is circu-
lating. There was statistical significance in 2017 where the only 
two circulating strains, 3C.3a and 3C.2a, decreased in proportion. 
However, this does not correspond with the vaccine efficacy as 
predicted by HI assay (Figure 4) in that only 14.3% of isolates 
were at titres within >8-fold. There is a drastic drop in the pro-
portion of 3C.2a in 2017 (Figure 3) although there is not a high 
vaccine effectiveness for that season. 2017 may also be statisti-
cally significant because while all circulating strains are decreas-
ing, there is an addition of a new clade, 3C.2a1, the following 
year. The two-tailed Fisher’s Exact Test indicated that there was 
statistical significance in the 2018.5 season. Based on the data 
from the Crick’s Influenza Report, there is only one circulating 
strain, 3C.3a, in that season. Significance may be marked by the 
disappearance of the strains 3C.2a and 3C.2a1. During that same 
season, the targeted vaccine was 3C.2a1 and 80.6% of isolates 
were at titres within >8-fold. This is significant because there was 
no proportion of the strain targeted by the recommended vaccine.

Later in 2019, two new strains are named, 3C.2a1b and 
3C.2a2 which replace the strains 3C.2a1 and 3C.2a, respectively, 
because the parental clades disappear into their subclades (Figure 
5). 2019 was a season with statistically significant change in strain 
proportion. In this season, the targeted strain for the recommend-
ed vaccine was 3C.2a2 and the graph shows a drastic drop in the 
proportion of 3C.2a2 viruses circulating. In addition, the decrease 
in the proportion of 3C.2a2 viruses corresponds to the high vac-
cine effectiveness indicated by the 98.1% of isolates that were at 
titres within >8-fold. 

DISCUSSION
Due to the multifactorial nature of seasonal flu, vaccine effec-
tiveness can not be used solely to predict the pervasiveness of a 
circulating strain. Long term patterns are observable, with strains 
persisting throughout the 5 year period and rising to abundance in 
later years (Figure 3, 3C.3a). Throughout the time period, there 
is observably a high degree of variability, with strains increasing 
in prevalence despite sometimes being the vaccination target. As 
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well, some strains disappear without a target vaccine. Throughout 
the 5 year period, new strains emerge. Some continue to circulate af-
ter being introduced while some either disappear into their subclades 
or stop circulating entirely. This high degree of variation, at times 
seemingly unaffected by vaccination strategies, may originate from 
the global scope of our data, which represents many geographically 
different locals which vary in terms of density and climate. It is also 
difficult to rule out the effectiveness of implemented vaccines at 
curbing specific strains, as there is no available data examining co-
horts of individuals who are unvaccinated for which specific strains 
establish infections. Indeed, due to the nature of our data source 
(isolates taken from infected individuals worldwide), we may ex-
pect individuals who have not been vaccinated successfully to be 
overrepresented in our data. That being the case, the population 
of individuals who have gained protection against specific strains 
would still be a factor in influencing the overall proportions of virus 
present at any given time. 

Recently, there has been a considerable amount of research 
done on the factors that affect vaccine effectiveness. It was observed 
that in the previous 10 seasons, patients who had received no vacci-
nations had the highest vaccine effectiveness for the current season.15 
This result suggests that reduced vaccine effectiveness can be a re-
sult of repeated vaccination. Although current seasonal vaccinations 
are likely to provide some protection against influenza regardless 
of the number of vaccines, it is possible that repeated vaccinations 
were a contributing factor to the varying proportions seen in our 
results. However, it is difficult to relate the proportion of viruses in 
each H3N2 clade with the impact of repeated vaccinations because 
the vaccine and medical history of individuals remains unclear. On 
the other hand, the concept of original antigenic sin, first proposed 
by Thomas Francis, Jr. in 1960, can be used to explain why some 
circulating strains prevailed despite being targeted by a recommend-
ed vaccine with the majority of their isolates at titres within >8-fold. 
The concept suggests that when a pathogen mutates slightly, the im-
mune system uses the memory of the earlier infection to respond to 
the new pathogen. However, mounting another response to the new 
pathogen would allow for stronger responses in the future.13 This 
idea can be used to describe what occurs in the immune system of 
people who receive a vaccine for a new strain of the H3N2 virus. It 
may be possible that instead of adapting and altering its immuno-
logical response, the vaccinated individual relies on their memory 
of the previous, antigenically similar strain to mount a response. 
Lastly, H3N2 viruses mutate rapidly and vaccine strain selection has 
proven to be a difficult process as antigenic characterization of cir-
culating viruses has become more challenging. As a result, vaccine 
effectiveness in some studies was as low as 9% for the flu season 
from November 2018 to May 2019. 16 Additionally, it was found 
that in the 2018-2019 season in the United States, the recommend-
ed virus was 3C.2a1 but the predominant clade was 3C.3a.16 This 
indicates how a mismatch in the vaccine strain can lead to a low 
vaccine effectiveness during the season. Although vaccine efficacy 

as predicted by HI assay can correspond to the effectiveness of 
a vaccine (Figure 4), proportion of the clades such as 3C.3a can 
start increasing. Therefore, mismatches in vaccine strain selection 
can result in the varying proportions of circulating H3N2 clades. 

Working through the data presented, a number of imperfec-
tions were undertaken to obtain a tangible result. Specifically, the 
H3N2 virus is prone to mutating while replicating inside the fertil-
ized chicken egg the virus is cultured in.14 This means that both HI 
assays and final flu vaccines are not strictly using the genetics of 
their prototypical strain. One possible way to overcome this is to 
culture the H3N2 virus in mammalian cells. These vaccines exist, 
however the majority of global flu vaccines are egg-based. Since 
our project is dealing with samples of the human population, we 
were required to restrict ourselves to analysing the vaccine type 
most relevant to trends in global data. In recent years, many cir-
culating H3N2 strains have become less effective at agglutinating 
red blood cells, greatly reducing the accuracy of HI assays.14 Fer-
rets are used as test subjects for fluA vaccines, due to a respiratory 
tract resembling humans’. However, the ferrets used are antigeni-
cally naïve, as they have not been exposed to the flu or flu vaccine 
previously. As discussed previously, this is a sharp distinction 
from humans receiving the vaccine, as people have likely been 
exposed numerous times. Unfortunately, we were only able to 
find one source that samples worldwide for genetic and antigenic 
data, the Crick Institute. The Crick’s sample size from the sea-
sons analyzed ranged from 70 to 350 isolates. A larger sample size 
would be more representative of the human population, reducing 
sampling bias and enabling more accurate statistical analyses. 

As outlined above, numerous hurdles present themselves be-
fore the field of flu vaccinology. Due to both technical and tempo-
ral limitations, an idealized and completely effective vaccination 
strategy hinging on global surveillance and industrial scale vac-
cine production may never come to be. Using our work as a foun-
dation, however, many new avenues of research are available that 
allow us to work towards that ideal. When considering the needs 
of research that aims towards this goal, finding more reliable data 
sources would be at the top of the list. While our main data source 
was useful in providing both antigenic and genetic data, the sam-
ple size of the sequenced and assayed groups varied widely from 
year to year. One way to address this would be to find a second 
source to corroborate similar data and to compare their reports 
- unfortunately at the time of writing, no other global and pub-
licly available source was found. Future work building off of this 
project would aim to validate many of the conclusions outlined 
above. As our work considered global data as a whole, one meth-
od of validation would be to zoom in to smaller populations, such 
as a single country, and track data in a similar manner as above. 
Further work characterizing the effect of repeated vaccination on 
vaccine effectiveness also exists as an unanswered question in the 
field. In vivo work aiming at uncovering a mechanism leading to 
lower vaccine success in subsequent years may help us better plan 
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mass-scale vaccination, for flu and as well as other diseases. A 
final question to ask would probe the causes of the appearance of 
novel strains of H3N2. As represented in our data, the appearance 
of a novel strain often coincided with a targeted vaccine against 
its parental strain, possibly indicating a causal link. Research into 
the selective pressures generated by currently used vaccine strate-
gies may allow the development of vaccines that limit the escape 
of parental strains into their ancestors via mutation. 

Overall, our work builds a foundation of data that allows for 
a retrospective look at the success of influenza immunization over 
the past 5 years, as well as highlighting the complexity behind 
globally coordinating H3N2 vaccination. This work is a step in 
the direction of more tailored global influenza strategies, further 
limiting the effect of this viral pathogen. 
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APPENDIX 

Figure 1: Influenza seasonality in the Northern and Southern Hemispheres. Flu season varies throughout the globe. The 
number of positive specimens peaks during flu season, and gradually declines as flu season ends. Adapted from WHO - Flu-
Net, Global Influenza Surveillance and Response System (GISRS).
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ARTICLE

Figure 2: Left - H3N2 clade 3C.2a hemagglutinin, indicating amino acid substitutions which define the genetic 
clade. Right - Typical influenza virion, markers HA and NA indicate hemagglutinin and neuraminidase glycopro-
teins respectively. Adapted from the Francis Crick Institute Seasonal Influenza Report.

Figure 3: H3N2 strains versus time. Strains were colour coded. Dates on x-axis align with February and Septem-
ber Influenza Reports from the Crick Institute. The y-axis has been normalized to a proportion. The dotted lines 
correspond to the clade of the vaccine strain for that year. Proportions were analysed by comparing each year to 
the preceding year via two-tailed Fisher’s Exact Test. Significant changes between years are indicated with * for 
significance at α=0.001
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Figure 4: Vaccine efficacy as predicted by hemagglutinin inhibition assay. Colours correspond to <2 (light pink), 4 (me-
dium red) and >8 (dark red) fold decrease in titre as compared to unvaccinated sera. Higher degrees of inhibition(e.g. >8 
fold) correspond to more effective vaccines.  In brackets is the vaccine strain for each year. Data comes from hemagglu-
tinin inhibition assay using vaccine strain antibodies against all incoming isolates.
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Figure 5: Phylogenetic Tree of A(H3N2) clades and subclades. Information was collected from The Crick Institute’s Influ-
enza Reports. Vic/208 refers to the A/Victoria/208/2009 virus, the ancestral clade in which all circulating A(H3N2) viruses 
stem from. Each clade is defined by specific mutations, as decided during annual WHO flu meetings.

Table 2: Mutations of the virus strain targeted by the recommended vaccine. Data was collected from The Crick Institute’s 
Influenza Reports. Mutations in the table for each clade do not include mutations from the parent strain. The vaccine 
strains for each season were recommended by the World Health Organization (WHO).
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Table 1. Mutations that define circulating A(H3N2) strains from February 2012 to September 2019. Data was collected from
The Crick Institute’s Influenza Reports. After September 2013, reports no longer include mutations from Vic/208 (K62E,
K144N) and therefore are not included in the table below. Each strain’s mutations are also defined by its parental strain. 
Certain mutations stop being included for strains after subgroups have been identified within that strain.
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