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Influenza virus infection is a significant cause of morbidity and mortality worldwide. The
surface antigens of influenza virus change over time blunting both naturally acquired and
vaccine induced adaptive immune protection. Viral antigenic drift is a major contributing
factor to both the spread and disease burden of influenza. The aim of this study was to
develop better infection models using clinically relevant, influenza strains to test vaccine
induced protection. CB6F1 mice were infected with a range of influenza viruses and dis-
ease, inflammation, cell influx, and viral load were characterized after infection. Infection
with circulating H1N1 and representative influenza B viruses induced a dose-dependent
disease response; however, a recent seasonal H3N2 virus did not cause any disease in
mice, even at high titers. Viral infection led to recoverable virus, detectable both by plaque
assay and RNA quantification after infection, and increased upper airway inflammation on
day 7 after infection comprised largely of CD8 T cells. Having established seasonal infec-
tion models, mice were immunized with seasonal inactivated vaccine and responses were
compared to matched and mismatched challenge strains. While the HIN1 subtype strain
recommended for vaccine use has remained constant in the seven seasons between 2010
and 20186, the circulating strain of HIN1 influenza (2009 pandemic subtype) has drifted both
genetically and antigenically since 2009. To investigate the effect of this observed drift on
vaccine induced protection, mice were immunized with antigens from A/California/7/2009
(H1N1) and challenged with H1N1 subtype viruses recovered from 2009, 2010, or 2015.
Vaccination with A/California/7/2009 antigens protected against infection with either the
2009 or 2010 strains, but was less effective against the 2015 strain. This observed reduc-
tion in protection suggests that mouse models of influenza virus vaccination and infection
can be used as an additional tool to predict vaccine efficacy against drift strains.

Keywords: Influenza Vaccines, mouse models, Infection, Antibodies, Viral, vaccine drift

INTRODUCTION

Influenza infection is a significant cause of morbidity and mortality worldwide; the WHO estimates
that there are 3-5 million severe influenza cases every year, causing 250,000-500,000 deaths globally
(1). There is also a considerable economic burden from influenza epidemics, which cost the European
economy approximately €6—-€14 billion and the US economy $87.1billion annually (2, 3). There are
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currently several different vaccines available including trivalent
or quadrivalent inactivated vaccines and live attenuated vaccines.
Seasonal influenza vaccination is considered the most effective
intervention strategy for reducing the burden of influenza disease
(4, 5). However, influenza vaccines have highly variable rates of
efficacy, ranging from 10% in 2004-2005 (6) to 60% in 2010-2011
(7). The main cause of vaccine failure is mismatch between the
vaccine and circulating strains. The cause of these mismatches is
change in the circulating strains, either through antigenic drift
(small mutations in hemagglutinin sequence) or antigenic shift
(major replacements of circulating virus).

Due to the changing nature of the circulating influenza virus
strain, vaccine strain selection mismatches can and do occur
(8). In the autumn of 2014, increased rates of influenza activity
were observed in the United States and this was attributed to
poor vaccine effectiveness as a result of a mismatch between the
H3 component of the current influenza vaccine and circulating
strains (8). The overall effectiveness of the 2014-2015 influenza
vaccine for preventing medically attended laboratory confirmed
influenza virus was 23% (9). Early studies of influenza infections
during the 2014/2015 season found that 100% of lab confirmed
influenza A infections were A (H3N2) and of those 67% were
antigenically drifted from A/Texas/50/2012, the reference strain
used for the 2014/2015 vaccine in the northern hemisphere (9).
A similar report from Canada found that 91% of the isolates
were found to be genetically and antigenically distinct from
the A/Texas/50/2012 vaccine strain (10). The same time period
saw the emergence of a new lineage of H3N2 viruses (3C.2a
and 3C.3a), which showed poor reactivity with antisera raised
against A/Texas/50/2012 leading to its replacement with A/
Switzerland/9715293/2013 in the next vaccine season (11).

Part of the decision process about which strains should be
used for vaccines is hemagglutination inhibition (HI) using fer-
ret sera, complemented with virus neutralization data. However,
mice are widely used in the preclinical development and evalua-
tion of potential vaccines and antiviral compounds and have the
potential to inform decisions. In this paper, we develop models
of influenza infection in CB6F1 mice and evaluate the effect of
vaccination on disease outcome after infection with matched and
mismatched strains of virus.

RESULTS

Recent Clinical Isolates of H1IN1 Subtype
and Influenza B, but not H3N2 Cause

Disease in Mice

Mice were infected with escalating doses of viruses reflective
of recent circulating influenza viral strains and or widely used
laboratory strains. For HIN1, mice were infected with influenza
A/England/195/2009 (12) (clinical isolate: Figure 1A) or PR8
(Lab strain: Figure 1B). Animals infected with both the seasonal
and laboratory strains of HIN1 lost weight proportionally to the
infectious dose of virus. Comparing the response by dose of plaque
forming units would suggest PR8 causes more disease per PFU
used, but there may be limitations in using PFU for comparisons.
For H3N2, mice were infected with A/England/691/2010 (Clinical

isolate: Figure 1C) or A/X31 (Lab strain), which consists of HA
and NA molecules from A/Hong Kong/1/68 (H3N2) on a PR8
background (Figure 1D). While animals infected with the labora-
tory H3N2 strain, X31, lost weight after infection, mice infected
with the current seasonal H3N2 virus (A/England/691/2010) did
not lose weight at the doses used. To test responses to influenza
B, mice were infected with virus isolates that are close to current
circulating strains, B/Florida/04/06 representing the Yamagata
lineage (Figure 1E) and B/Brisbane/60/2008 (Figure 1F) repre-
senting the Victoria lineage. Infection with the Yamagata but not
the Victoria lineage influenza B led to weight loss, but a larger
dose of virus may be required for the Victoria lineage virus.

Infectious and Immunological
Characterization of Influenza Infection in
Mice

Having observed that infection with some strains of influenza
virus caused signs of disease, we wished to confirm that these
viruses were able to replicate in mouse lungs and wanted to
investigate the histological and immunological correlations of
disease. Mice were challenged intranasally with representative
HIN1 (Eng/195), Flu B (Flo/04), and H3N2 (A/X-31) strains and
monitored over 7 days. A control group of mice were given sterile
PBS intranasally. All influenza challenged mice lost significant
amounts of weight compared to the control group (Figure 2A).
Temperature was also measured, but no significant differences
were observed (Figure 2B). Lung viralload was assessed via plaque
assay (all groups) or influenza A M gene RNA qPCR (HIN1, X31,
and control) (Figures 2C,D). Virus was detected in the lungs via
plaque assay on day 4 for all infected mice (Figure 2C). Viral
RNA was quantified for the influenza A infected groups and was
detected on day 4 for both HIN1 and A/X-31 (Figure 2D). At day
7, virus and viral RNA was only detected in the HIN1 infected
mice (data not shown).

Lung inflammation was investigated as a measure of disease
pathology. There were no significant differences in lung inflam-
mation at day 4 after challenge in either the upper and lower air-
ways (data not shown). However, 7 days after challenge there was
significantly more inflammation in both the upper (Figure 2E)
and lower (Figure 2F) airways of infected animals. This lower
airway inflammation was reflected by an increased cell recovery
on day 7 after infection (Figure 2G). Airway inflammation cor-
related with lung cell counts (Figure 2H). The composition of the
lung cellular infiltrate was assessed by flow cytometry. Four days
after influenza challenge, there was a significant increase in the
percentage of NK cells in infected mice compared to PBS controls
(Figure 2I). The infiltrate at day 7 was predominantly made up
of CD8 T cells, with no differences in the number of CD4 T cells
(Figure 2J) but significantly higher levels of CD8 T cells in the
lungs of infected mice than controls (Figure 2K).

Mice Are Protected against Homologous
Challenge Infection after Inactivated or
Live Attenuated Vaccine

Having developed infectious challenge models, we wished to
determine the efficacy of seasonal influenza vaccines in mice. Mice
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FIGURE 1 | Seasonal influenza H1 and B but not seasonal H3 cause disease in mice. Mice were infected with increasing doses of different influenza viruses
intranasally in 100 pl volumes. Weight loss was measured after infection with A/England/195/2009 (A), A/Puerto Rico/8/1934 (B), A/England/691/2010 (C), A/X-31
(D), B/Florida/04/06 (Yamagata) (E) or B/Brisbane/60/2008 (Victoria) (F). Points represent mean of n > 4 animals + SEM.
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were intramuscularly immunized with purified surface antigens
from A/California/7/2009, which was the (HIN1)pdmO09 strain
used in the trivalent vaccine from 2010 to 2016. The aim of the
study was to find the lowest protective dose of vaccine, mice were
given increasing doses from 0.02 to 1.5 pg A/California/7/2009
influenza hemagglutinin (as part of a mixture of viral surface
antigens), for reference the human vaccine dose is 15 pug. The anti-
body response was proportional to the immunization dose, with
most in the 1.5 ug immunized group (Figure 3A). Mice received
a single dose of vaccine and were challenged with 2.5 X 10° PFU

A/California/7/2009 HIN1 4 weeks later. Mice immunized with
1.5 or 0.5 pg lost up to 15% body weight peaking day 5 after infec-
tion. These mice were partially protected compared to the naive
animals, losing significantly less weight than naive animals on day
6 after infection (Figure 3B). Mice immunized once with 0.02 pg
did not produce antibodies and were not protected against chal-
lenge. To test whether repeat immunization affected the dose
required, mice were immunized with 0.02, 0.01, or 0.005 pg (20,
10, or 5 ng) of A/California/7/2009 HIN1 hemagglutinin on
days 0 and 21. Antibody responses were significantly greater in
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FIGURE 2 | Characterization of pathogenic response to seasonal influenza infections. Mice were infected with HIN1, Flu B, or X31. Weight (A) and
temperature (B) were measured daily after infection. Viral load was measured by plaque assay (C) or rt-PCR (D) on day 4 after infection. Inflammation in the
upper (E) and lower (F) airways were measured on day 7 after infection. Cell numbers in the lung was assessed at day 4 were counted (G) and compared to
inflammation score (H). NK (), CD4 (J), and CD8 (K) cells in lungs assessed by flow cytometry. Points represent means of n > 4 animals + SEM (A,B) or
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mice immunized with 0.02 pg than 0.005 pg or the naive animals
(Figure 3C). Mice were protected against infection when mice
were vaccinated twice in a prime boost regime with a dose of 0.02
or 0.01 pg and partial protection was seen after immunization
with 0.005 ug (Figure 3D). From these studies, we observe that
immunization with a very low dose of protein can protect mice
against homologous influenza challenge.

Influenza Drift Reduces the Efficacy of the
Inactivated Vaccine Antigen

The biggest recent change in vaccine strains occurred with the
emergence of the HIN1 pandemic strain in 2009. Because the
strain recommendation preceded the emergence of the virus in
2009, the 2009-2010 vaccine did not contain the (HIN1)pdm09
like strain. However, from 2010 to 2016, the HIN1 subtype strain
included in the virus was A/California/7/2009 (HIN1pdmO09).
By comparison, in the seven seasons since the emergence of the
strain of HINI influenza (2009 pandemic strain) to the winter of
2017, the H3N2 component was changed four times (Table 1).
In the same time period, the B component has changed between
representative Yamagata and Victoria lineage reference strains
in trivalent vaccines (13); after 2012 quadrivalent vaccines with

two B strains were recommended. We wished to determine the
genetic and antigenic drift of the (HIN1)pdmO09 viral strains
since its emergence in 2009.

We performed an integrated phylogenetic and antigenic
cartography analysis (14) using hemagglutinin sequence data
and HI titers for 61 (HIN1)pdmO09 viruses collected between
2009 and 2016, comprising 53 viruses collected from England,
2 vaccine strains, and 6 other WHO reference viruses (Table
S1 in Supplementary Material). Analysis of these genetic
and antigenic data showed gradual genetic drift (Figure 4A)
as well as gradual antigenic change (Figure 4B) of (HIN1)
pdm09 viruses since 2009. The minimum antigenic distinc-
tion for when an influenza vaccine update is recommended is
generally a difference between a vaccine strain and circulating
strains of 2 antigenic map units, representing a fourfold drop in
heterologous HI titer (15). Viruses circulating in England with
at least 3 antigenic units (>8-fold drop in HI titer) difference
from A/California/07/2009 only emerged from 2015 onward. A
similar pattern was seen using multidimensional scaling (MDS)
(Figure S1 in Supplementary Material). These recent viruses are
antigenically similar to the updated HIN1 subtype component
vaccine strain, A/Michigan/45/2015. Additionally, the recently
circulating viruses include the emergence of one genetically
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TABLE 1 | Recommended vaccine strains (Northern Hemisphere) 2010-2017.

Season H1N1 H3N2 B Additional B strain for QIV
2009-2010 A/Brisbane/59/2007 A/Brisbane/10/2007 B/Brisbane/60/2008 (Vic) N/A

2010-2011 A/California/7/2009 A/Perth/16/2009 B/Brisbane/60/2008 (Vic) N/A

2011-2012 A/California/7/2009 A/Perth/16/2009 B/Brisbane/60/2008 (Vic) N/A

2012-2013 A/California/7/2009 A/NVictoria/361/2011 B/Wisconsin/1/2010 (Yam) B/Brisbane/60/2008 (Vic)
2013-2014 A/California/7/2009 ANictoria/361/2011 B/Massachusetts/2/2012 (Yam) B/Brisbane/60/2008 (Vic)
2014-2015 A/California/7/2009 A/Texas/50/2012 B/Massachusetts/2/2012 (Yam) B/Brisbane/60/2008 (Vic)
2015-2016 A/California/7/2009 A/Switzerland/9715293/2013 B/Phuket/3073/2013 (Yam) B/Brisbane/60/2008 (Vic)
2016-2017 A/California/7/2009 A/Hong Kong/4801/2014 B/Brisbane/60/2008 (Vic) B/Phuket/3073/2013 (Yam)
2017-2018 A/Michigan/45/2015 A/Hong Kong/4801/2014 B/Brisbane/60/2008 (Vic) B/Phuket/3073/2013 (Yam)

distinct group of viruses, which are also genetically similar to
the A/Michigan/45/2015 vaccine strain.

Since the H1 component of vaccine in use was unchanged
from the initial wave of the pandemic, we wished to see whether
the protection efficacy changed as the virus changed. Mice were
immunized with 0.5 pug A/California/7/2009 antigens and then
challenged either with a matched isolate from the initial wave
of the pandemic in 2009 (A/England/195/2009), or drift isolates
from 2010 (A/England/672/2010) or 2015 (A/England/336/2015).
Immunized mice lost significantly less weight than control mice
when infected with the 2009 (Figure 5A) or 2010 (Figure 5B) iso-
lates. However mice infected with a 2015 isolate were not initially
protected compared to the control animals, but they recovered
slightly more rapidly than the unimmunized mice (Figure 5C).
There was no significant difference in the antibody response to
the immunizing antigen in the mice, suggesting that viral escape
from this antigen drives the reduction in protection (Figure 5D).

DISCUSSION

In the current study, we have successfully developed mouse mod-
els of seasonal HIN1 influenza infection to test vaccine efficacy.
Infection with current seasonal HIN1, but not H3N2 virus, led to
disease in mice. Immunization of mice with a vaccine homologous
to the challenge strain, protected against infection with the same
strain. However, immunization of mice with A/California/7/2009
was not protective against challenge with an HIN1 strain from
2015. This may recapitulate the situation in humans where key
changes in the clade 6B HIN1 viruses, not detected by classical
serological tests, reduced protection in individuals exposed to an
earlier HIN1 strain (16, 17).

Influenza virus infection in mice was characterized by a large
percentage of the total body weight lost at the peak of disease, in
some of the animals necessitating humane culling. There was nota
noticeable change in appetite, so the most likely factor is increased
effort in breathing driven by the very high levels of inflammation
in the lungs. Previous studies have shown that blocking TNFa«
blocks reduces disease by reducing cell infiltration into the lower
airways (18). We have recently demonstrated that cytokine release
after influenza infection is localized to the lungs (19), suggesting
that the inflammation is not systemic. It was notable that while
the HIN1 and B viruses caused weight loss, nothing was seen
after infection with a current H3N2 strain. The most likely reason
for this is differences in receptor binding by the hemagglutinin

molecules of the different viruses, though we do not have data on
whether the H3N2 virus infection took in the mice. The current
HI1NT1 subtype is able to bind both avian (a2,3-linked sialic acid)
and human (a2,6-linked sialic acid), whereas the current H3N2
is more human adapted and only able to bind 2,6 (20, 21). Mice,
like birds, only express the a2,3-linked receptor (22). Likewise
influenza B can bind both «2,3 and «2,6 sialic acids (23). It should
be noted that the isolation and propagation of B viruses used in
this study may have introduced key mutations leading to the loss
of glycosylation sites at 196 or 197 making them antigenically
different from the circulating viruses.

Mice are widely used for preclinical vaccine studies. In the
current study, we demonstrate that a very low dose of protein
is protective against viral infection; this was especially the case
when mice were immunized twice in a prime boost regime,
where a 0.02 pg dose which was not protective after a single
immunization was protective when given twice. One question is
why they can be protected with such small doses of protein. One
consideration is the dose to size ratio; the average mouse used
in these studies is 25 g, the average human 62 kg a 2,500-fold
scale up. The human formulation of flu vaccine normally contains
15 pg of each hemagglutinin, so an equivalent dose for a mouse
would be 6 ng, which we saw was protective in the prime boost
studies. Whether body mass is the best comparison is not clear,
another consideration could be muscle size, with the human
muscle approximately 400 times larger. The other consideration
is that the immune response amplifies signal, especially when it is
boosted with the same antigen; so potentially the consideration is
not about the amount of protein rather how the cells involved in
the response get to the site of immunization.

Putting vaccine dosing aside, a question is whether mice are
easier to protect against infection than humans. It should be noted
that the viruses used in these studies were not mouse adapted
strains. In our study, we were using between 10* and 10° viruses;
however in human deliberate challenge studies, a similar dose
is used and gives varying levels of disease (24). Both mouse and
human challenge studies may not reflect the situation in natural
infection where the human infectious dose is believed to be
between approximately 100 and 200 infectious virions (25), and
a reanalysis of the same data set suggests that disease correlates
with infectious dose (26). Studies in ferrets would suggest the dose
is even lower, possibly between 3 and 10 virions (27). Since more
virus is required to induce disease, it may be that less antibody is
required to neutralize the virus and because of the smaller size of
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the mouse lung antibody may be more concentrated. While we
didnot dissect the correlates of protection in the current study,
in other studies the strongest correlate protection is IgG and we

observed that immunization induced an influenza-specific IgG
response. In addition to IgG, we have recently observed a role for
IgA in both human (24) and mouse (28) challenge studies.
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TABLE 2 | Influenza strains used in study.

Type Surface subtype Strain

A H1N1 A/England/195/2009

A H1N1 A/California/07/2009

A H1N1 A/England/672/2010

A H1N1 A/England/336/2015 (Clade 6B.1)
A H1NA1 A/Puerto Rico/8/1934

A H3N2 A/England/691/2010

A H3N2 A/X-31

B Yam B/Florida/04/06

B Vic B/Brisbane

Vaccination with a protein antigen may restrict the specificity
of the response to the immunizing antigen. This may especially
be the case when the vaccine strain is unchanged over several
rounds of immunization as was the case with the H1 antigen.
Our data show a clear antigenic and immunogenic drift of the
(HIN1)pdmO09 virus from 2009 to 2016. Critically, a lack of pro-
tection against infection from the vaccine strain was observable
with a virus isolated from the season before the vaccine strain
was changed. Based on this, we would suggest that modeling in
the mouse could be used to contribute to decisions about the
efficacy of vaccination against the currently circulating strains of
influenza HIN1.

MATERIALS AND METHODS

Viruses

Seasonal influenza viruses (Table 2) were isolated by Public Health
England (UK).TheEnglandstrainsof HIN1,A/England/195/2009,
A/England/672/2010, and A/England/336/2015 were isolated in
SIAT-MDCK cells (12). B viruses were expanded in eggs prior
to being grown in Madin-Darby Canine Kidney (MDCK) cells.
Prior to use in mice, viruses were propagated in MDCK cells, in
serum-free DMEM supplemented with 1 ug/ml trypsin. The virus
was harvested 3 days after inoculation and stored at -80°C. Viral
titer was determined by plaque assay as described below.

Mouse Immunization and Infection
6-10-week-old female CB6F1 mice were obtained from Harlan
UK Ltd. (Horsham, UK) or from an internal breeding colony
and kept in specific-pathogen-free conditions in accordance
with the United Kingdom’s Home Office guidelines and all
work was approved by the Animal Welfare and Ethical Review
Board (AWERB) at Imperial College London. Studies followed
the ARRIVE guidelines. Mice were immunized intramuscularly
(i.m.) with purified surface antigens from influenza strain HIN1
A/California/7/2009 (GSK Vaccines, Siena, Italy) in 50 pl, either
once (prime only) or twice (prime boost). For infections, mice
were anesthetized using isoflurane and infected intranasally
(i.n.) with 100 pl influenza virus or sterile PBS. Body surface
temperature was taken from the xiphoid process using a hand-
held infrared thermometer.

Tissue and Cell Recovery and Isolation
Mice were culled using 100 pl intraperitoneal pentobarbitone
(20 mg dose, Pentoject, Animalcare Ltd., UK) and tissues
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collected as previously described (29). Blood was collected from
femoral veins and sera isolated after clotting by centrifugation.
Lungs were removed and homogenized by passage through
100-um cell strainers, then centrifuged at 200 X g for 5 min.
Supernatants were removed and the cell pellet treated with
red blood cell lysis buffer (ACK; 0.15 M ammonium chloride,
1 M potassium hydrogen carbonate, and 0.01 mM EDTA, pH
7.2) before centrifugation at 200 X g for 5 min. The remaining
cells were resuspended in RPMI 1640 medium with 10% fetal
calf serum, and viable cell numbers determined by trypan blue
exclusion.

Histology

Upper and lower regions of paraformaldehyde-fixed left lung lobes
were processed and embedded in paraffin. Sections of 3 um were
stained with hematoxylin and eosin and the entire section was
scanned at X20 magnification so that the area with the greatest
inflammation could be assigned the inflammation score. The degree
of airway inflammation was assessed in a blinded manner using a
modified system described previously (30). Briefly, the degree of
inflammation in the peribronchiolar, perivascular, and interstitial
regions of both the upper and lower airways was assessed. A value
of 0 (none), 1 (minimal), 2 (mild), 3 (moderate), or 4 (severe) was
given to each histological site and the sum of these scores was used
as the total upper/lower respiratory inflammation score.

Influenza Viral Load

Viral RNA Quantification

Viral load in vivo was assessed by Trizol extraction of RNA
from frozen lung tissue disrupted in a TissueLyzer (Qiagen,
Manchester, UK). RNA was converted into cDNA and quan-
titative RT-PCR was carried out using bulk viral RNA, for the
influenza M gene and mRNA using 0.1 uM forward primer
(5'-AAGACAAGACCAATYCTGTCACCTCT-3'), 0.1 uM reverse
primer (5-TCTACGYTGCAGTCCYCGCT-3') and 0.2 uM probe
(5-FAM-TYACGCTCACCGTGCCCAGTG-TAMRA-3") on a Stra-
tagene Mx3005p (Agilent technologies, Santa Clara, CA, USA).
M-specific RNA copy number was determined using an influenza
M gene standard plasmid.

Plaque Assays

Plaque assays were performed using a modified protocol previ-
ously described (31). Briefly, confluent monolayers of MDCK
cells in 12-well plates were inoculated with 200 pl of viral or sam-
ple dilutions and incubated for 1 h. The inoculum was removed
then the cells were overlaid with 0.6% agarose (Oxoid) in MEM
including 1 pg/ml trypsin and incubated at 37°C with 5% CO..
After 3 days, the agarose was removed and the cells stained with
crystal violet dissolved in methanol and water.

Flow Cytometry

Live cells were suspended in Fc block (Anti-CD16/32, BD) in
PBS-1% BSA and stained with surface antibodies: CD3-FITC (BD,
Oxford UK), CD4-APC (BD), CD8-APC Alexa75 (Invitrogen,
Paisley, UK), and NK1.1 PerCP-Cy5.5 (BD, Oxford UK). Analysis

was performed on an LSRFortessa flow cytometer (BD). FMO
controls were used for surface stains.

Semi-Quantitative Antigen-Specific ELISA
Antibodies specific to influenza HIN1 were measured using
a standardized ELISA (32). IgG responses were measured in
sera. MaxiSorp 96-well plates (Nunc) were coated with 1 pg/ml
surface proteins or a combination of anti-murine lambda and
kappa light chain specific antibodies (AbDSerotec, Oxford,
UK) and incubated overnight at 4°C. Plates were blocked
with 1% BSA in PBS. Bound IgG was detected using HRP-
conjugated goat anti-mouse IgG (AbD Serotec). A dilution
series of recombinant murine IgG was used as a standard to
quantify specific antibodies. TMB with H,SO, as stop solution
was used to detect the response and optical densities read at
450 nm.

Integrated Analysis of Antigenic and

Genetic Evolution

A Bayesian multidimensional scaling (BMDS) model (14) of
antigenic cartography (15) was implemented in BEAST v1.8.4
(33) to jointly infer antigenic and phylogenetic relationships,
as previously described (14, 34). Briefly, an antigenic dataset
composed of available HA gene sequences and corresponding HI
measurements was assembled for 61 HIN1pdmO09 viruses col-
lected between 2009 and 2016: 53 viruses circulating in England,
2 vaccine strains, and 6 WHO reference viruses. Viruses were
originally isolated from clinical specimens either by WHO NICs
or by the WHO Collaborating Center and the corresponding
HI measurements were obtained either from the Francis Crick
Institute Influenza Interim Reports or were kindly provided by
John McCauley. HA sequences were downloaded from either the
Influenza Research Database (35) or the EpiFlu database (36).
A phylogenetic tree of the HA sequences was estimated using
BEAST (33) which incorporated the HKY substitution model,
a coalescent model with constant effective population size and
a strict molecular clock. Markov chain Monte Carlo (MCMC)
was run for 15 million steps and trees were logged every 1,500
steps, with a burn-in of 5 million steps, resulting in 10,000 trees.
This posterior set of 10,000 trees was used with the HI data to
implement the full BMDS model infer virus and serum locations
in two antigenic dimensions, as well as virus avidities, serum
potencies, MDS precision, and virus and serum location preci-
sions in BEAST. MCMC chains were run for 500 million states
with sampling every 200,000 states with 10% burn-in, and run
convergence was checked in Tracer v1.6 (http://tree.bio.ed.ac.uk/
software/tracer/). A maximum clade credibility tree was summa-
rized in TreeAnnotator v1.8.4 (33) and visualized using FigTree
v1.4.3  (http://tree.bio.ed.ac.uk/software/figtree/).  Antigenic
map plots were generated using custom Python scripts with the
matplotlib library (37).

Statistical Analysis
Calculations as described in figure legends were performed using
Prism 6 (GraphPad Software Inc., La Jolla, CA, USA).

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 9 | Article 126


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/figtree/

Groves et al.

Mouse Models of Influenza Infection

ETHICS STATEMENT

Work was performed in accordance with the United Kingdom’s
Home Office guidelines and all work was approved by the Animal
Welfare and Ethical Review Board (AWERB) at Imperial College
London. Studies followed the ARRIVE guidelines.

AUTHOR CONTRIBUTIONS

HG, JM, and EK performed the experimental studies; PL and PK
performed the data analysis of flu strain drift; JM provided HI
data and analysis; JE, CT, RE, LP, and WB provided and grew
influenza strains, JT designed the studies and wrote the paper.

ACKNOWLEDGMENTS

The authors thank Stephen Reece for advice on manuscript.
The authors have no commercial conflicts of interest in
this study. Giuseppe Del Giudice (GSK Vaccines, Sienna)
provided the influenza vaccine antigens. The research lead-
ing to these results has received support from the Innovative
Medicines Initiative Joint Undertaking under grant agreement
no. [115308] Biovacsafe, resources of which are composed of
financial contribution from the European Union’s Seventh
Framework Programme (FP7/2007-2013) and EFPIA members’

REFERENCES

1. WHO. (2016). WHO | Influenza (Seasonal) [Online]. World Health
Organization. Available from: http://www.who.int/mediacentre/factsheets/
fs211/en/ [Accessed].

2. Molinari NA, Ortega-Sanchez IR, Messonnier ML, Thompson WW, Wortley PM,
Weintraub E, et al. The annual impact of seasonal influenza in the US: mea-
suring disease burden and costs. Vaccine (2007) 25:5086-96. doi:10.1016/j.
vaccine.2007.03.046

3. Preaud E, Durand L, Macabeo B, Farkas N, Sloesen B, Palache A, et al. Annual
publichealthandeconomicbenefitsof seasonalinfluenzavaccination:aEuropean
estimate. BMC Public Health (2014) 14:813. doi:10.1186/1471-2458-14-813

4. Tricco AC, Chit A, Soobiah C, Hallett D, Meier G, Chen MH, et al. Comparing
influenza vaccine efficacy against mismatched and matched strains: a system-
atic review and meta-analysis. BMC Med (2013) 11:153. doi:10.1186/1741-
7015-11-153

5. Grohskopf LA, Sokolow LZ, Olsen §J, Bresee JS, Broder KR, Karron RA.
Prevention and control of influenza with vaccines: recommendations of
the advisory committee on immunization practices, United States, 2015-16
influenza season. Am ] Transplant (2015) 15:2767-75. doi:10.1111/ajt.
13505

6. Belongia EA, Kieke BA, Donahue JG, Greenlee RT, Balish A, Foust A, et al.
Effectiveness of inactivated influenza vaccines varied substantially with
antigenic match from the 2004-2005 season to the 2006-2007 season. ] Infect
Dis (2009) 199:159-67. doi:10.1086/595861

7. Treanor JJ, Talbot HK, Ohmit SE, Coleman LA, Thompson MG, Cheng PY,
et al. Effectiveness of seasonal influenza vaccines in the United States during
a season with circulation of all three vaccine strains. Clin Infect Dis (2012)
55:951-9. doi:10.1093/cid/cis574

8. Xie H, Wan XE, Ye Z, Plant EP, Zhao Y, Xu Y, et al. H3N2 Mismatch of 2014-
15 northern hemisphere influenza vaccines and head-to-head comparison
between human and ferret antisera derived antigenic maps. Sci Rep (2015)
5:15279. doi:10.1038/srep15279

9. Flannery B, Clippard J, Zimmerman RK, Nowalk MP, Jackson ML, Jackson LA,
et al. Early estimates of seasonal influenza vaccine effectiveness — United
States, January 2015. MMWR Morb Mortal Wkly Rep (2015) 64:10-5.

in kind contribution. This work was supported by the European
Community’s European seventh Framework Program ADITEC
(HEALTH-F4-2011-18 280873).

FUNDING

The research leading to these results has received support from
the Innovative Medicines Initiative Joint Undertaking under
grant agreement no. [115308] Biovacsafe, resources of which are
composed of financial contribution from the European Union’s
Seventh Framework Programme (FP7/2007-2013) and EFPIA
members’ in kind contribution. This work was supported by the
European Community’s European Seventh Framework Program
ADITEC (HEALTH-F4-2011-18 280873). The work done at the
Crick Worldwide Influenza Centre,a WHO Collaborating Centre
for Reference and Research on Influenza, was supported by the
Francis Crick Institute, which receives its core funding from
Cancer Research UK (FC001030), the Medical Research Council
(FC001030), and the Wellcome Trust (FC001030).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00126/
full#supplementary-material.

10. Skowronski DM, Chambers C, Sabaiduc S, De Serres G, Dickinson JA, Winter AL,
et al. Interim estimates of 2014/15 vaccine effectiveness against influenza
A(H3N2) from Canadas Sentinel Physician Surveillance Network,
January 2015. Euro Surveill (2015) 20(4):20122. doi:10.2807/1560-7917.
ES2015.20.4.21022

WHO. (2014). World Health Organization Influenza Centre London: Report
prepared for the WHO annual consultation on the composition of influenza
vaccine for the Southern Hemisphere 2015 [Online]. Available from: https://
crick.ac.uk/media/221823/nimr-vem-report-sep-14-web.pdf [Accessed].
Elderfield RA, Watson SJ, Godlee A, Adamson WE, Thompson CI, Dunning J,
et al. Accumulation of human-adapting mutations during circulation of
A(HIN1)pdm09 influenza virus in humans in the United Kingdom. J Virol
(2014) 88:13269-83. doi:10.1128/JV1.01636-14

WHO. (2017). WHO recommendations on the composition of influenza
virus vaccines. Available from: http://www.who.int/influenza/vaccines/virus/
recommendations/en/

Bedford T, Suchard MA, Lemey P, Dudas G, Gregory V, Hay AJ, et al.
Integrating influenza antigenic dynamics with molecular evolution. Elife
(2014) 3:¢01914. doi:10.7554/eLife.01914

Smith DJ, Lapedes AS, De Jong JC, Bestebroer TM, Rimmelzwaan GE
Osterhaus ADME, et al. Mapping the antigenic and genetic evolution of
influenza virus. Science (2004) 305:371-6. doi:10.1126/science. 1097211
Linderman SL, Chambers BS, Zost SJ, Parkhouse K, Li Y, Herrmann C, et al.
Potential antigenic explanation for atypical HIN1 infections among mid-
dle-aged adults during the 2013-2014 influenza season. Proc Natl Acad Sci
US A (2014) 111:15798-803. doi:10.1073/pnas.1409171111

Huang KY, Rijal P, Schimanski L, Powell TJ, Lin TY, Mccauley JW, et al.
Focused antibody response to influenza linked to antigenic drift. J Clin Invest
(2015) 125:2631-45. doi:10.1172/JCI81104

Hussell T, Pennycook A, Openshaw PJM. Inhibition of tumour necrosis
factor reduces the severity of virus-specific lung immunopathology. Eur
J Immunol (2001) 31:2566-73. doi:10.1002/1521-4141(200109)31:9<2566::
AID-IMMU2566>3.0.CO;2-L

McDonald JU, Zhong Z, Groves HT, Tregoning JS. Inflammatory responses to
influenza vaccination at the extremes of age. Immunology (2017) 151:451-63.
doi:10.1111/imm.12742

11.

12.

13.

14.

15.

16.

17.

18.

19.

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 9 | Article 126


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00126/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00126/full#supplementary-material
http://www.who.int/mediacentre/factsheets/fs211/en/
http://www.who.int/mediacentre/factsheets/fs211/en/
https://doi.org/10.1016/j.vaccine.2007.03.046
https://doi.org/10.1016/j.vaccine.2007.03.046
https://doi.org/10.1186/1471-2458-14-813
https://doi.org/10.1186/1741-
7015-11-153
https://doi.org/10.1186/1741-
7015-11-153
https://doi.org/10.1111/ajt.13505
https://doi.org/10.1111/ajt.13505
https://doi.org/10.1086/595861
https://doi.org/10.1093/cid/cis574
https://doi.org/10.1038/srep15279
https://doi.org/10.2807/1560-7917.ES2015.20.4.21022
https://doi.org/10.2807/1560-7917.ES2015.20.4.21022
https://crick.ac.uk/media/221823/nimr-vcm-report-sep-14-web.pdf
https://crick.ac.uk/media/221823/nimr-vcm-report-sep-14-web.pdf
https://doi.org/10.1128/JVI.01636-14
http://www.who.int/influenza/vaccines/virus/recommendations/en/
http://www.who.int/influenza/vaccines/virus/recommendations/en/
https://doi.org/10.7554/eLife.01914
https://doi.org/10.1126/science.1097211
https://doi.org/10.1073/pnas.1409171111
https://doi.org/10.1172/JCI81104
https://doi.org/10.1002/1521-4141(200109)31:9 < 2566::
AID-IMMU2566 > 3.0.CO;2-L
https://doi.org/10.1002/1521-4141(200109)31:9 < 2566::
AID-IMMU2566 > 3.0.CO;2-L
https://doi.org/10.1111/imm.12742

Groves et al.

Mouse Models of Influenza Infection

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lin YP, Xiong X, Wharton SA, Martin SR, Coombs PJ, Vachieri SG, et al.
Evolution of the receptor binding properties of the influenza A(H3N2)
hemagglutinin. Proc Natl Acad Sci U S A (2012) 109:21474-9. doi:10.1073/
pnas.1218841110

Shi Y, Wu Y, Zhang W, Qi ], Gao GE Enabling the ‘host jump’: structural
determinants of receptor-binding specificity in influenza A viruses. Nat Rev
Micro (2014) 12:822-31. doi:10.1038/nrmicro3362

Ibricevic A, Pekosz A, Walter MJ, Newby C, Battaile JT, Brown EG, et al.
Influenza virus receptor specificity and cell tropism in mouse and human
airway epithelial cells. J Virol (2006) 80:7469-80. doi:10.1128/JV1.02677-05
Wang Q, Tian X, Chen X, Ma J. Structural basis for receptor specificity of
influenza B virus hemagglutinin. Proc Nat Acad Sci U S A (2007) 104:16874-9.
doi:10.1073/pnas.0708363104

Gould VMW, Francis N, Anderson KJ, Georges B, Cope AV, Tregoning JS.
Nasal IgA provides protection against human influenza challenge in volun-
teers with low serum influenza antibody titre. Front Microbiol (2017) 8:900.
do0i:10.3389/fmicb.2017.00900

Poon LLM, Song T, Rosenfeld R, Lin X, Rogers MB, Zhou B, et al. Quantifying
influenza virus diversity and transmission in humans. Nat Genet (2016)
48:195-200. doi:10.1038/ng.3479

Sobel Leonard A, Weissman DB, Greenbaum B, Ghedin E, Koelle K.
Transmission bottleneck size estimation from pathogen deep-sequencing data,
with an application to human influenza A virus. J Virol (2017) 91:e171-117.
doi:10.1128/JV1.00171-17

Frise R, Bradley K, Van Doremalen N, Galiano M, Elderfield RA, Stilwell P,
et al. Contact transmission of influenza virus between ferrets imposes a looser
bottleneck than respiratory droplet transmission allowing propagation of
antiviral resistance. Sci Rep (2016) 6:29793. doi:10.1038/srep29793

Russell RE, Mcdonald JU, Lambert L, Tregoning JS. Use of the microparticle
NanoSiO2 as an adjuvant to boost vaccine immune responses in neonatal mice
against influenza. J Virol (2016) 90:4735-44. doi:10.1128/JV1.03159-15
Siggins MK, Gill SK, Langford PR, Li Y, Ladhani SN, Tregoning JS. PHiD-CV
induces anti-Protein D antibodies but does not augment pulmonary clearance
of nontypeable Haemophilus influenzae in mice. Vaccine (2015) 33:4954-61.
doi:10.1016/j.vaccine.2015.07.034

Ponnuraj EM, Hayward AR, Raj A, Wilson H, Simoes EA. Increased replica-
tion of respiratory syncytial virus (RSV) in pulmonary infiltrates is associated

31.

32.

33.

34.

35.

36.

37.

with enhanced histopathological disease in bonnet monkeys (Macaca radiata)
pre-immunized with a formalin-inactivated RSV vaccine. ] Gen Virol (2001)
82:2663-74. d0i:10.1099/0022-1317-82-11-2663

Elleman CJ, Barclay WS. The M1 matrix protein controls the filamentous
phenotype of influenza A virus. Virology (2004) 321:144-53. doi:10.1016/j.
virol.2003.12.009

Donnelly L, Curran RM, Tregoning JS, Mckay PE, Cole T, Morrow R], et al.
Intravaginal immunization using the recombinant HIV-1 clade-C trimeric
envelope glycoprotein CN54gp140 formulated within lyophilized solid dosage
forms. Vaccine (2011) 29:4512-20. doi:10.1016/j.vaccine.2011.04.023
Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with
BEAUti and the BEAST 1.7. Mol Biol Evol (2012) 29:1969-73. doi:10.1093/
molbev/mss075

Lewis NS, Russell CA, Langat P, Anderson TK, Berger K, Bielejec F, et al. The
global antigenic diversity of swine influenza A viruses. Elife (2016) 5:e12217.
doi:10.7554/eLife.12217

Squires RB, Noronha J, Hunt V, Garcia-Sastre A, Macken C, Baumgarth N,
et al. Influenza research database: an integrated bioinformatics resource for
influenza research and surveillance. Influenza Other Respir Viruses (2012)
6:404-16. doi:10.1111/j.1750-2659.2011.00331.x

Bogner P, Capua I, Lipman DJ, Cox NJ, et al. A global initiative on sharing
avian flu data. Nature (2006) 442:981-981. d0i:10.1038/442981a

Hunter JD. Matplotlib: a 2D graphics environment. Comput Sci Eng (2007)
9:90-5. doi:10.1109/MCSE.2007.55

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Groves, McDonald, Langat, Kinnear, Kellam, McCauley, Ellis,
Thompson, Elderfield, Parker, Barclay and Tregoning. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

11

January 2018 | Volume 9 | Article 126


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.1218841110
https://doi.org/10.1073/pnas.1218841110
https://doi.org/10.1038/nrmicro3362
https://doi.org/10.1128/JVI.02677-05
https://doi.org/10.1073/pnas.0708363104
https://doi.org/10.3389/fmicb.2017.00900
https://doi.org/10.1038/ng.3479
https://doi.org/10.1128/JVI.00171-17
https://doi.org/10.1038/srep29793
https://doi.org/10.1128/JVI.03159-15
https://doi.org/10.1016/j.vaccine.2015.07.034
https://doi.org/10.1099/0022-1317-82-11-2663
https://doi.org/10.1016/j.virol.2003.12.009
https://doi.org/10.1016/j.virol.2003.12.009
https://doi.org/10.1016/j.vaccine.2011.04.023
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.7554/eLife.12217
https://doi.org/10.1111/j.1750-2659.2011.00331.x
https://doi.org/10.1038/442981a
https://doi.org/10.1109/MCSE.2007.55
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mouse Models of Influenza Infection with Circulating Strains to Test Seasonal Vaccine Efficacy
	Introduction
	Results
	Recent Clinical Isolates of H1N1 Subtype and Influenza B, but not H3N2 Cause Disease in Mice
	Infectious and Immunological Characterization of Influenza Infection in Mice
	Mice Are Protected against Homologous Challenge Infection after Inactivated or Live Attenuated Vaccine
	Influenza Drift Reduces the Efficacy of the Inactivated Vaccine Antigen

	Discussion
	Materials and Methods
	Viruses
	Mouse Immunization and Infection
	Tissue and Cell Recovery and Isolation
	Histology
	Influenza Viral Load
	Viral RNA Quantification
	Plaque Assays
	Flow Cytometry

	Semi-Quantitative Antigen-Specific ELISA
	Integrated Analysis of Antigenic and Genetic Evolution
	Statistical Analysis

	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


