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Abstract

Objectives. Current inactivated influenza vaccines provide
suboptimal protection against antigenic drift, and repeated
annual vaccinations shape antibody specificity but the effect on
protection from infection is not well understood. Methods. We
studied the effects of cumulative and staggered vaccinations in
mice to determine the effect of influenza vaccination on
protection from infection and immune quality. Results. We found
that the timing of vaccination and antigenic change impacted the
quality of immune responses. When mice received two different
H3N2 strains (A/Hong Kong/4801/2014 and A/Singapore/INFIMH-16-
0019/2016) by staggered timing of vaccination, there were higher
H3HA antibody and B-cell memory responses than four cumulative
vaccinations or when two vaccinations were successive.
Interestingly, after challenge with a lethal-drifted H3N2 virus (A/
Hong Kong/1/1968), mice with staggered vaccination were unable
to produce high titres of antibodies specific to the challenge strain
compared to other vaccination regimens because of high levels of
vaccine-specific cross-reactive antibodies. All vaccination regimens
resulted in protection, in terms of viral loads and survival, from
lethal challenge, while lung IL-6 and inflammation were lowest in
staggered or cumulative vaccination groups, indicating further
advantage. Conclusion. Our findings help justify influenza
vaccination policies that currently recommend repeat vaccination
in infants and annual seasonal vaccination, with no evidence for
impaired immunity by repeated seasonal vaccination.
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INTRODUCTION

Inactivated influenza vaccines (IIV) are our most
effective tool for combating seasonal influenza
circulation in the community 1. IIV are the most
widely used vaccines in the world with vaccination
campaigns worldwide using over 500 million
doses annually, and seasonal influenza epidemics
can infect up to 20% of the population.2 Older
adults over 65 years of age are most susceptible
to complications from infection, accounting for
> 75% of influenza-associated mortality, while
vaccination of children can reduce disease in the
community.3 In many countries, annual influenza
vaccination is prioritised for high-risk individuals,
such as older adults and health care workers, and
in the United States, universal vaccination is
recommended for everyone from 6 months of age
and older without contraindications.4 Annual
vaccination is recommended because of continual
antigenic drift necessitating vaccine updates and
because of decline in vaccine-induced antibody
titres.5 It is estimated that vaccine-mediated
protection declines by 6 months post-vaccination6

because of waning of haemagglutinin (HA)
inhibition antibodies.7 Also, young children, under
8 years of age, and especially under 2 years of
age, are particularly susceptible to complications
from influenza virus infection. Therefore, the first
vaccination of infants under 2 years of age is
recommended a prime-boost regime because of
their na€ıve status. Infants are given two-dose
vaccination from 6 months of age and within at
least 4 weeks for adequate protection.8

Tropical and subtropical locations typically
choose either the Northern Hemisphere (NH) or
Southern Hemisphere (SH) formulation based on
their local epidemiology, and strain changes can
occur between seasons; therefore, twice-annual
vaccination is being considered in these regions,
such as Hong Kong9 and Singapore,10 to maintain
high titre of HAI antibodies for year-round
protection and to match circulating strains. Twice-
annual vaccination occurred for the first time in
2015 in Hong Kong in some older adults because
of antigenic mismatch of H3N2 virus in the 2014/
2015 NH vaccine which contained A/Texas/50/2012
that did not match the circulating H3N2 A/
Switzerland/9715293/2013-like strain.11 Twice-
annual vaccination resulted in elevated
haemagglutination inhibition (HAI) titres in the
second round of vaccination, but reduced
influenza-specific CD4+ T cell responses.9 Similarly,

twice-annual vaccination in tropical Singapore in
SH 2016 and NH 2016/201712 showed an increase
in H1N1 HAI titres and a lower incidence of
influenza-like illness in the following 6 months.

There are disparate reports about the effect
that repeated immunisation plays on the quality
of the vaccine immune response and subsequent
protection from influenza virus infection13,14 and
disease. Repeated once-annual vaccination with
surface HA proteins which are relatively similar
can limit antibody boosting, known as the
antigenic distance hypothesis.15 Repeated
vaccination may even reduce seasonal vaccine
efficacy, with reports of higher rates of protection
in individuals that were not vaccinated in the
previous year compared to those who were,16,17

especially when the vaccine strains are maintained
between yearly vaccine formulations and only a
minor antigen drift has occurred in circulating
strains, as this can impact the ability of the
individual to respond to new strain during
infection.

However, repeated once-annual vaccination can
also reportedly benefit the quality of the immune
response. In older adults who received 3–4 years
of annual and repeated IIV vaccination, rather
than single vaccination, the memory CD4+ T cells
had a higher response magnitude, long-term
durability and multifunctional quality.18 Whereas
HAI titres and memory B cells were boosted after
each immunisation, these responses plateaued by
the final season of vaccination. Recently, a ferret
study found increased viral shedding and delayed
recovery from influenza infection in ferrets who
received IIV twice compared to once only.19 This
has led to further questions about the quality of
antibody responses generated from repeated and
cumulative IIV vaccination, which are difficult to
deconvolute in the human population because of
high pre-existing immunity and in ferrets because
of the limited availability of reagents. Therefore,
we employed the influenza mouse IIV vaccination
model using standard seasonal IIV that
recapitulates the prime boost recommended for
infants, and once- and twice-annual vaccination
programmes being investigated in Hong Kong
and Singapore as clinical trials. Since the A(H3N2)
virus undergoes antigenic drift more rapidly
compared to A(H1N1) virus subtypes and has
acquired egg-adapted mutations which affect
vaccine efficacy,20 H3N2 poses a more significant
hurdle for vaccine-mediated protection,21 we
therefore focused our study on assessing
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responses against A(H3N2). Vaccinated mice were
challenged with a drifted H3N2 influenza virus to
determine the effect of cumulative and staggered
repeat influenza vaccination for protection from
lethal influenza challenge and the impact on
antibody quality.

RESULTS

Staggered vaccination elicited the largest
H3HA IgG titres

To determine the effect of the repeated use of
IIV, we used a panel of vaccines which are being
studied separately in older adults for twice-annual
vaccination in Hong Kong in our ongoing clinical
trial (NCT ClinicalTrials.gov NCT02957890). We
used IIV from Northern Hemisphere and Southern
Hemisphere formulations over four seasons 2017
to 2019 (that contained as H3HA strain either
from H3-HK-2014 or from H3-Singapore-2016) and
used them as vaccines in mice (Figure 1b). Mice
received either 1 (Group 1) vaccine dose or 2
(Group 2), 3 (Group 3), 4 (Group 4) vaccine doses
at 3-week intervals, while Group 5 had a longer
staggered 9-week interval between its 2-dose
vaccination first containing H3HA HK-2014 and
then H3HA Singapore-2016 (Figure 1a and b).

The magnitude of the total antibody responses
was determined by endpoint titrations for binding
by enzyme-linked immunosorbent assay (ELISA)
and neutralisation to vaccine strains and drifted
H3N2 virus (Figure 2). The various vaccine
regimens induced significant antibody titres to
the H3 vaccine antigens as shown by the endpoint
titrations of H3HA HK-2014 and Singapore-2016
(Figure 2a–d). As expected, mice from Group 1
and Group 2 that received only the H3HA
Singapore-2016 as vaccination had the lowest
levels of H3HA HK-2014-specific IgG (Figure 2d).
Surprisingly, the largest antibody titres were
found in Group 5 for vaccine and drifted H3N2
strains. Group 5 had received two-dose staggered
vaccination 9 weeks apart for H3HA HK-2014 and
H3HA Singapore-2016 and had the highest titres
determined by area under the curve (AUC) for
ELISA for H3HA HK-2014 (Figure 2a and b), H3HA
Singapore-2016 (Figure 2c and d) and H3HA HK-
1968 (Figure 2e and f), compared to other vaccine
groups and mock PBS, leading to the highest
cumulative antibody response (Figure 2g).
Strikingly mice from Groups 1 and 2 that were
only vaccinated with IIV containing H3N2

Singapore-2016 virus had the lowest levels of
H3HA Singapore-2016-specific IgG (Group 1: 4.157
AUC � 0.9481, Group 2: 3.732 AUC � 1.603)
(Figure 2c and d), demonstrating a boosting and
broadening effect of a prior vaccination with
H3HA HK-2014 in the Groups 3, 4 and 5 (Group 3
6.298 AUC � 1.941, Group 4: 6.665 AUC � 1.342,
Group 5: 9.266 AUC � 1.354).

We measured IgG levels to the H3HA protein
from the H3N2 HK-1968 strain, representing over
46 years of difference with the H3N2 vaccine
strains (15% amino acid difference, Figure 1c).
Vaccinated mice had some level of cross-reactive
HK-1968 IgG (Figure 2e and f) that was lower
than vaccine strains HK-2014 IgG and Singapore-
2016 IgG (Figure 2g). Again, the highest HK-1968
HA IgG levels were observed in mice from Group
5 (Figure 2e and f). While Group 1 and Group 2,
which had only been vaccinated with one H3N2
type (Singapore-2016), again had the lowest
responses to the distantly related H3HA HK-1968
(Figure 2f). Groups 1 and 2 had comparable
antibody titres to all 3 H3HA tested; therefore,
there was no booster effect upon homologous
second vaccination in Group 2. This demonstrates
the positive effect of the heterologous prime
boost (H3N2 Singapore-2016 and HK-2014)
vaccination for cross-reactive H3HA HK-1968-
specific IgG in Groups 3, 4 and 5.

We next investigated the levels of neutralising
antibodies to H3N2 viruses which are more strain-
specific than responses for antibody binding
measured by ELISA. HK-2014 and Singapore-2016
Virus-neutralising antibody (VNA) titres were
highest in Group 3, 4 and 5 mice with sequential
vaccination to the two closely related HK-2014
and Singapore-2016 H3N2 strains compared to
Group 1 and 2 mice exposed only to Singapore-
2016 (Figure 2h), which was consistent with IgG
binding by ELISA. As expected, neutralisation
titres to the drifted strain HK-1968 were
drastically reduced in all groups compared to the
titres observed for HK-2014 and Singapore-2016
H3N2 viruses (Figure 2h).

Heterologous and cumulative immunisation
boosted B memory and long-lived B cells

Memory B cells are a critical arm of the vaccine-
generated response for early B-cell recall upon
infection. In the vaccination site draining inguinal
lymph node (iLN), total memory B-cell responses
were highest in Group 4 and Group 5 mice

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology Inc.
2021 | Vol. 10 | e1297

Page 3

N Kavian et al. Repeat influenza vaccination in mice



compared to mock PBS mice (Figure 3a). Increased
memory B cells in Group 4 and Group 5
corresponded to increased mRNA transcripts for
Blimp1 (Figure 3b), CXCR4 (Figure 3c) and CD21
(Figure 3d), which are associated with antibody
production, activation-induced differentiation and
long-term B-cell survival in B cells. Furthermore, in
Group 5, antibody-secreting B cells, which reside in
the bone marrow and form long-term memory
responses, had the highest H3HA HK-2014 and
Singapore-2016 antibody production capacity upon
restimulation with vaccine antigens (Figure 3e) and
drifted H3HA HK-1968 (Figure 3f). Group 3 and 4
had some notable antibody-secreting B-cell

function above background, while Group 1 and 2
formed no response (Figure 3e and f).

Cumulative vaccination leads to protection
from lethal challenge by increased IgA and
reduced lung inflammation

Mice were challenged with a lethal dose of
drifted H3N2 virus, and all vaccinated mice
survived and had significantly lower weight loss
than the unvaccinated mice (Figure 4a and b).
Viral loads were determined by RT-PCR of the
influenza M gene and showed that Group 4 mice
had the lowest viral loads of all vaccine groups

(a)

(c)

(b)

Figure 1. Mouse vaccination and challenge regimen. (a) Mice were vaccinated 1 to 4 times at 21-day intervals, challenged with H3N2 HK-1968

virus, in a successive (group 1–4) or staggered vaccination regime (group 5) or mock PBS. (b) Summary of H3N2 vaccine strains received per each

group. (c) HA amino acid sequence conservation of H3N2 virus strains for vaccination and challenge.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2. Antibody responses to vaccine and drifted H3N2 viruses. IgG endpoint titration curves (a, c, e) and area under the curve (AUC) of

endpoint titration (b, d, f) to H3HA from the vaccination strains Hong Kong-2014 (HK-2014) (a, b), Singapore-2016 (Sgp-2016) (c, d) and the

drifted strain Hong Kong-1968 (HK-1968) (e, f). Sum of the AUC (g) for 3 antibody responses to HK-2014, Sgp-2016 and HK-1968. (h) VNA

titres to H3N2 virus HK-2014, Sgp-2016 and HK-1968. Antibody responses to H3 vaccine antigens and a H3-drifted strain at vaccination time

point (d21 post-boost) were assessed by ELISA (n = 6 mice per group, a-g) and virus neutralisation assay (VNA, n = 3 per group, h). Data

represent the individual mice and group mean � SD. (Black) * shows statistical significance versus PBS unvaccinated group. *P < 0.05,

**P < 0.01, ***P < 0.005, ****P < 0.0001. (Coloured) #shows statistical significance between vaccinated groups. #P < 0.05, ##P < 0.01,
###P < 0.005. Experiments were repeated twice.
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(a) (b)

(c) (d)

(e)

(f)

Figure 3. Memory B-cell responses are increased by cumulative or staggered heterologous vaccination. Inguinal lymph nodes (iLN, n = 6 per

group) and bone marrow (n = 4 per group) were harvested at day 21 after the last vaccination. (a) Percentage of B memory cells in iLN

measured by flow cytometry. Blimp1 (b), CXCR4 (c), CD21 (d) mRNA levels by RT-PCR in bone marrow B cells. (d, e) H3HA HK-2014 and H3HA

Singapore-2016 IgG levels in supernatant from bone marrow B cells stimulated with H3HA Singapore-2016 (e) and with H3HA HK-1968 (f). Data

represent the individual mice and group mean � SD. (Black) *shows statistical significance versus PBS unvaccinated group. *P < 0.05,

**P < 0.01, ***P < 0.005. (Coloured) #shows statistical significance between vaccinated groups. #P < 0.05. Experiments were repeated twice.
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(P < 0.0001 versus PBS, Figure 4c). We next
assessed markers of lung local inflammation,
defined by IL-6 and total protein concentration,
which were also the lowest in Group 4 and 5
compared PBS (Figure 4d). H3HA HK-1968-specific
secretory IgA in the lung was increased in all
vaccinated groups compared to PBS group, and
the highest IgA levels were detected in Group 2
and 4, while Group 5 had significantly lower IgA
responses (P < 0.0001 for vaccinated groups versus
PBS, Figure 4e).

Mice with staggered vaccination do not
produce IgG to drifted H3N2 early after
virus challenge

As a result of the differences of vaccine
antibodies which may impact the generation of
new de novo responses or recall of memory at
infection, we assessed the antibody responses at
the time of H3N2-1968 challenge. Vaccine-specific
antibodies for HK-2014 and Singapore-2016
followed a similar trend at day 7 challenge
(Figure 5a and b, and Supplementary figure 1), as
vaccination time points (Figure 2a, b, d and e),
with elevated responses in Groups 4 and 5, and to
some extent Group 3. However, Group 5 had a
distinct day 7 H3HA HK-1968 IgG response with
markedly lower IgG responses than other vaccine
groups (P = 0.0020, P = 0.0143 and P = 0.0002 for
Group 5 versus Groups 1, 2 and 3) and was
comparable to mock-vaccinated mice (P = ns,
Figure 5c), while Group 4 had an intermediate
level of H3HA HK-1968 IgG, which was not
significantly different to other vaccine groups,
but was still significantly higher than mock-
vaccinated mice (Figure 5c).

B cells from lung draining mediastinal lymph
nodes were stimulated with HK-2014 and
Singapore-2016 vaccine antigens, to determine
the capacity of vaccine-specific B cells to produce
cross-reactive HK-1968 antibodies (Figure 5d).
Local B-cell responses showed Group 4 had the
highest local production of cross-reactive H3HA
HK-1968 IgG (P = 0.0007 vs PBS), while B cells
from Groups 1, 2 and 5 had poor performance for
de novo H3HA HK-1968 IgG production with
responses that were comparable to mock. T
follicular helper (Tfh) cells are a cornerstone for
the development of an early and mature antibody
response. Activation (by Ox40 and CD25
upregulation) of H3HA HK-1968 specific Tfh was
also significantly elevated in Groups 3 and 4

compared to mock PBS mice, while Groups 1, 2
and 5 did not show increased Tfh activation
compared to mock (P = 0.0012 and P = 0.0061 for
Group 3 and 4, respectively, versus PBS,
Figure 5e). Furthermore, the HK-2014 N2-NA-
specific antibody responses are only significantly
increased in Group 4 at day 7 of infection
compared to mock PBS (AUC of 3.534 � 1.553 for
Group 4 versus AUC of 1.121 � 0.3027 for PBS,
P = 0.0270, Figure 5f). Similarly, the H3-stem
response was only significantly increased in Group
4 at day 7 post-infection (AUC of 4.613 � 1.371
for Group 4 versus AUC of 3.042 � 0.9991 for PBS,
P = 0.0467, Figure 5g).

Repeated and staggered vaccinations
induce diverse maturation of the antibody
response 21 days after challenge

Maturation of the antibody response was assessed
following recovery from H3N2-1968 infection (day
21 post-challenge), to determine the recruitment
of vaccine memory versus the establishment of a
de novo response to H3N2-1968 virus challenge. A
neutralising antibody response was detectable
from day 7 and further increased by day 21 in all
groups (Figure 6a). Unvaccinated survivor PBS mice
developed the highest neutralising antibody titres
at day 21 over all vaccinated groups (Figure 6a,
P < 0.0001 versus all vaccinated groups), showing
that recovery from natural infection with no prior
vaccination is highly efficient at inducing
neutralising antibodies. While the abundance of
H3HA HK-1968 IgG by ELISA was significantly
higher in all vaccinated groups compared to PBS,
indicating the high levels of cross-reactive
antibodies triggered by all vaccine regimens
(Figure 6b–d).

Antibodies targeting the stem of HA are highly
cross-reactive, immune correlate of protection 22

and goal for universal vaccine design 23. Group 2
HA-stem-specific antibodies were therefore
measured to determine the impact of repeated
vaccination on the ability to generate HA-stem-
specific antibodies at infection and recovery
(Figures 5f and 6e, Supplementary figure 1e).
Mice from Groups 1 and 2 vaccinated only with
one strain of H3HA (Singapore-2016) developed
higher levels of HA-stem antibodies compared to
groups immunised with both H3HA HK-2014 and
Singapore-2016 (Figure 6e). This resulted in the
total cumulative antibody response in vaccinated
mice showing distinct patterns of specific

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology Inc.
2021 | Vol. 10 | e1297

Page 7

N Kavian et al. Repeat influenza vaccination in mice



antibody responses at vaccination and challenge
time points (Figure 6f), whereby Group 5 had the
largest vaccination response but poorer de novo
H3HA HK-1968 response at infection (Figure 6g).
The kinetics of recall of a memory response versus
the generation of a de novo H3HA HK-1968

antibody response was derived from the
difference of IgG response magnitude by AUC
from vaccination to early challenge response (day
7) or at recovery (day 21 post-challenge) versus
the early challenge response (day 7; Figure 6g). At
day 7, Groups 1, 2 and 3 had a significantly larger

(a) (b)

(c) (d)

(e)

Figure 4. Improved cross-protection against H3N2 HK-1968 by cumulative or staggered heterologous vaccination. Mice (n = 10) were challenged

21 days after the last vaccination; 4 mice were culled at day 7 post-challenge to assess immune responses to challenge. Lungs and broncho-

alveolar lavage fluids were collected. (a) Mice weight loss curve after challenge (n = 10). (b) Percentage weight loss in mice at day 7 after

challenge. (c) Expression of the influenza M gene in the lungs of mice (n = 4) at day 7 post-challenge measured by absolute quantitative RT-PCR.

(d) IL-6 and total protein concentrations in the lung at day 7 post-challenge. (e) H3HA HK-1968 secretory IgA in the lungs by ELISA. (Black)

*shows statistical significance versus PBS unvaccinated group. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001. (Coloured) #shows statistical

significance between vaccinated groups. ##P < 0.01. Experiments were repeated twice.
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change in the antibody response magnitude from
vaccination compared to Group 5 or PBS, while
Group 4 had intermediate early recall. While by
day 21 recovery, Group 5 and PBS mice had
increased responses, Groups 1–4 had contracted
their antibody responses.

DISCUSSION

There is a conflicting body of evidence for the
immunological effects of repeated annual
vaccination for influenza, and its impact of

protection from influenza virus infection is unclear.
A growing number of studies conducted in
humans suggest that repeated vaccination either
yearly or twice annually provides increased vaccine
efficacy; however, results are heterogeneous with
some years reporting better protection in repeated
vaccinees over first-time vaccinees, whereas in
other years protection is reduced.15,24 We used
four clinically relevant seasonal influenza vaccines
representing the 2017 to 2019 NH and SH vaccine
formulations to mimic the vaccination regimen
possibilities in a subtropical region like Hong Kong.

(a) (b)

(c) (d)

(e) (f) (g)

Figure 5. Early antibody responses at viral challenge (d7 post-infection). Mice (n = 10) were challenged 21 days after the last vaccination; 4 mice

per group were culled at day 7 post-challenge to assess immune responses. Serum was collected and antibody responses were assessed by ELISA,

as well as mediastinal lymph nodes (mLN) for cellular responses and secreted antibody. AUC of serum IgG endpoint titration curves to H3HA

from the vaccination strains HK-2014 (a), Sgp-2016 (b) and HK-1968 (c). (d) Stimulation of mLN with H3HA HK-2014 and H3HA Singapore-

2016 for H3HA-1968-IgG. (e) Percentage of HK-1968-specific activated (Ox40+ CD25+) T follicular helper (Tfh) of CD4+ T cells in mLN. AUC of

serum IgG endpoint titration curves to N2NA from H3N2 HK-2014 (f) and H3HA-stem (g). (Black) *shows statistical significance versus PBS

unvaccinated group. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001. #shows statistical significance between vaccinated groups. (Coloured)
#P < 0.05, ##P < 0.01, ###P < 0.005. Experiments were repeated twice.
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(a)

(b) (c)

(e) (f)

(g)

(d)

Figure 6. Maturation of the antibody response at recovery. (a) H3N2 HK-1968 VNA titres at day 7 and day 21 post-challenge. (b–e) AUC from

serum IgG endpoint titration curves (from Supplementary figure 1) for H3HA IgG from HK-2014, Sgp-2016, HK-1968 and H3-stem. (f) AUC of

H3HA HK-2014, Sgp-2016, HK-1968 IgG at each time point per group (AUC). (g) Evolution of H3HA HK-1968 IgG with time. The delta change

for the AUC at different time points was calculated as follows: (delta 1) AUC at day 7 post-challenge - AUC at vaccination time point; and (delta

2) AUC at day 21 post-challenge - AUC at day 7 post-challenge. *shows statistical significance versus PBS unvaccinated group. (Black) *P < 0.05,

**P < 0.01, ***P < 0.005, ****P < 0.0001. (Coloured) #shows statistical significance between vaccinated groups. #P < 0.05, ##P < 0.01,
###P < 0.005, ####P < 0.0001. Experiments were repeated twice.
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The mouse model allowed us to study several
immune parameters and determine protection
from lethal viral challenge. The study of repeat
vaccination in humans can be confounded by the
immunocompetence of the vaccinee, diverse and
unknown previous influenza immunisations and
virulence and transmissibility of influenza virus
strains.12,16,25 Our study focused on the immune
responses to repeated H3N2 exposure which has
been circulating since 1968 and has evolved since
then.26 It is of particular interest as recent
influenza seasons have shown increased severity of
H3N2 dominated seasons and lower H3N2 vaccine
efficacy. A recent study by Gouma et al.27 reported
that an individual’s ability to generate protective
antibody titres upon infection of circulating H3N2
strains is dependent on the childhood first
exposure strains of H3N2. Similarly, early
imprinting shows suboptimal immunity for H3N2
infection compared to H1N1 infection with
differing rates of waning and subsequent residual
protection.28 Increasing age and exposure to
influenza by infection or vaccines over a lifetime
may affect the outcome of repeated vaccination in
older individuals.29 Large serological surveys are
needed with donors of multiple vaccination
backgrounds to determine the impact of age on
the H3N2-specific antibody landscape, yet the
impact on infection is inferred, hence the
advantage of mouse vaccination and challenge
studies.

Our mouse model allowed us to assess the
immunological impact of homologous versus
heterologous repeat vaccination, the timing of
repeat vaccination and the effect of antigenic
drift (H3HA HK-2014 and Singapore-2016)
followed by infection with an antigenically drifted
H3 strain (H3N2 HK-1968). We used a classic 3-
week prime-boost interval between each
immunisation, as an extended timeline of
vaccinating mice every 6 months or 1 year is not
feasible because of their limited lifespan and
introduces issues of age effects rather than
antigenic distance and vaccine immunogenicity
which were under investigation in this study. We
also did not assess the long-term effects of these
repeated vaccination regimen for immune waning
or H1N1 and influenza B viruses. There is,
however, a clear effect within our study on the
timing and doses of influenzas vaccines on the
vaccine and infection-specific antibody response.

Our mouse vaccination data show that mice
that received three or four vaccinations displayed

a higher cumulative IgG production at
vaccination compared to mice that received only
1 or 2; however, alteration of the timing and
antigenic content can affect the vaccine and
infection response, as evident in Group 5 mice.
The vaccination regime has 2 parameters which
are difficult to deconvolute, that Group 2 and
Group 5 had a different timing (3 weeks versus
9 weeks between vaccinations) and vaccine
antigens (Group 2 had homologous vaccination
with H3HA Singapore-2016, and Group 5 had
heterologous vaccination with H3HA Singapore-
2016 and HK-2014). However, the regimes of
Groups 2 and 5, repeated vaccination versus
staggered delayed vaccination, were designed to
mimic a vaccination with the varying duration
between doses and compare once-annual versus
twice-annual type of vaccination with an
antigenic change that did occur during
vaccination in Hong Kong. Group 1 and Group 2
vaccine groups performed similarly, while Groups
4 and 5 had an immunological advantage at
vaccination and infection.

The staggered vaccination regimen at 3 weeks
after final vaccination of Group 5 elicits the
highest antibody titres for the H3N2 vaccination
strains HK-2014, Singapore-2016 and also for
drifted strain HK-1968 not included in the
vaccines. However, at challenge with the HK-1968
strain, we observed that mice vaccinated with
staggered vaccination were not capable of
producing an early high titre de novo response
for HK-1968-specific IgG by ELISA or VNA
compared to mice vaccinated with the 4 other
regimens. This absence of an early de novo
response in Group 5 could be because of the
presence of high levels of cross-reactive antibodies
in this group after vaccination (Figure 1) that
neutralise the virus prior to the induction of a
specific HK-1968 response. However, weight loss
and viral loads indicate infection of Group 5 was
comparable to other groups and high levels of
pre-existing antibodies did not fully block
infection. The production of high levels of HK-
2014 and Sgp-2016 IgG after stimulation of bone
marrow B cells from vaccination with HK-1968 HA
supports this hypothesis of cross-reactivity. Data
from day 21 post-challenge VNA and ELISA show
that Group 5 is indeed producing HK-1968-specific
IgG with delayed kinetics (Figure 6). In addition,
levels of IL-6, total proteins and IgA at challenge
show that Group 5 had a protective immune
response with reduced local inflammation.
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Groups 3 and 4 (with 3 and 4 repeated
vaccinations, respectively) showed cumulative
maturation of memory B cells and antibody titres.
Importantly, regardless of the de novo response at
infection, all mice had reduced viral loads and
weight loss compared to PBS mice, but Group 5
also had reduced viral titres and lung
inflammation and therefore attained a greater
level of immune protection by vaccination.

In our model, increasing the number of repeated
vaccinations did not lead to a ceiling effect on
antibody levels nor to a reduced vaccine efficacy at
viral challenge. Indeed, 4 repeated vaccinations in
Group 4 had increased IgG titres and higher B-cell
activation which led to an overall increased
antibody response with no disadvantage at
vaccination and at challenge compared to groups
that received 3, 2 or 1 vaccinations.

The benefit of vaccination in Group 4 over Group
5, that is cumulative vaccinations versus staggered
heterologous vaccination, is only evident by
considering the rapid de novo response at infection
in Group 4 but not in Group 5, which supports
repeated annual influenza vaccination.
Furthermore, from vaccination Group 1 and 2 had a
less matured B-cell response and at infection were
therefore able to make HA-stem-specific responses
which may be important for outcomes at
subsequent reinfection, that were not present in the
PBS recovered group despite high neutralisation.
Therefore, a balance exists in the influenza vaccine
response, where there are advantages in each
scenario of vaccination. Cumulative vaccination
drives B-cell maturation which has the immediate
benefit for reduced viral titres and inflammation at
infection; however, a less mature B-cell responses
(with no repeated vaccinations) are able to
generate HA-stem-specific antibodies which may
play a role in protection from diverse sources of
infection. Therefore, immune responses to
vaccination programmes and schedules should not
be studied in isolation but in the context of current
infection and future influenza encounters.

METHODS

Vaccination and infection of mice

To assess immunogenicity of repeat vaccination and
vaccine-mediated protection, female 6-week-old BALB/c
mice were vaccinated once to up to four times at 21 days
apart (Figure 1a and b) via the intramuscular (i.m.) route
with a third of a human dose of FluQuadri (Sanofi Pasteur,

Lyon, France) in 100 µL of 2017 SH [A/Michigan/45/2015
(H1N1)pdm09-like virus, A/Hong Kong/4801/2014 (H3N2)-like
virus (clade 3C.2a), B/Brisbane/60/2008-like virus and B/
Phuket/3073/2013-like virus], 2017/2018 NH (same antigen
content as 2017 SH), 2018 SH [A/Michigan/45/2015 (H1N1)
pdm09-like virus, A/Singapore/INFIMH-16-0019/2016 (H3N2)-
like virus (clade 3C.2a1), B/Brisbane/60/2008-like virus and B/
Phuket/3073/2013-like virus], 2018/2019 NH (same antigen
content as 2018 SH) or PBS. A/Hong Kong/4801/2014
(clade 3C.2a, HK-2014) and A/Singapore/INFIMH-16-0019/
2016 (clade 3C.2a1, Singapore-2016) share 98.23% amino
acid homology for the HA protein by CLUSTALW
(Figure 1c). For assessment of vaccination responses, mice
were culled at day 21 after final vaccination (equivalent to
day 0 of virus challenge experiments).

To assess whether the breadth of vaccine-mediated
protection was impacted by repeat vaccination for H3N2
strains that are substantially different to the vaccine, mice
were challenged with a ‘drifted’ H3N2 strain [A/Hong Kong/
1/1968 (HK-1968)], which circulated 46 years earlier of the
vaccine strains. This represents a ‘heterologous’ challenge,
with HA homology with vaccine strains at only 85.69%
versus HK-2014, and 85.59% versus Singapore-2016.
Vaccinated mice were challenged with HK-1968 virus at
21 days after the final vaccination. Mice were anaesthetised
and then infected intranasally with a lethal dose (20LD50) of
HK-1968 (1 9 104 pfu per 25 µL), and mice were culled at
day 7 or day 21 after virus challenge (Figure 1a).

Blood was collected by cardiac puncture and clotted
(MiniCollect, Greiner Bio-one, Kremsm€unster, Austria), and
serum was harvested after centrifugation and aliquoted
and heat-inactivated, at 30 min at 56°C, before all in vitro
experiments. To quantify virus replication, antibody and
cellular responses, the lungs, BAL, lymphoid organs (mLN
for challenged mice or iLN for vaccinated mice) and bone
marrow were processed as previously described.30 Lung viral
titres were determined from homogenates by M gene
quantification using quantitative RT-PCR.30 All experimental
procedures were conducted in accordance with the
standards approved by the Committee on the Use of Live
Animals in Teaching and Research, the University of Hong
Kong.

Antibody quantification by enzyme-linked
immunosorbent assay

To assess influenza-specific binding antibodies from
vaccination or infection, protein-specific ELISAs were
performed on mice heat-inactivated sera. Commercial
proteins to represent challenge viruses and vaccine strains
included the following: HK-2014 HA (MyBiosource, San
Diego, CA, USA) and NA (Sinobiological, Beijing, China; A/
Hong Kong/4801/2014), Singapore-2016 HA (A/Singapore/
INFIMH-16-0019/2016; MyBiosource), HK-1968 HA (A/Hong
Kong/1/1968) (Sinobiological). The H3-stem (A/Aichi/2/1968)
protein (from Raghavan Varadarajan, Indian Institute of
Science) was made as previously described.23,31

Recombinant HA proteins (at 80 ng mL�1) and HA-stem
protein (at 800 ng mL�1) were coated on 96-well flat-
bottom immunosorbent plates (Nunc-Immuno MaxiSorp,
Roskilde, Denmark), in 100 µL coating buffer (PBS with 53%
Na2CO3 and 42% NaHCO3, pH 9.6) at 4°C overnight. An
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additional plate coated with a non-specific protein
(blocking buffer, PBS with 5% FBS) was used to measure
the background binding of each individual mouse serum
and used as a background subtraction from protein-specific
responses. Following FBS blocking and thorough washing,
diluted serum samples (starting at 1:100), followed by 1:3
subsequent dilutions for the endpoint titrations, were
bound for 2 h, further washed and then detected by a
secondary anti-mouse IgG-HRP (Invitrogen, Carlsbad, CA,
USA). TMB/peroxide was used as substrate, and the reaction
was stopped by addition of sulfuric acid (R&D systems,
Minneapolis, MN, USA) and optical density (O.D.)
absorbance read at 450 nm (Tecan Life Sciences,
Mannedorf, Switzerland).

Single-cell suspensions from bone marrow or mediastinal
lymph nodes (pooled from four per group) were harvested
from mice and stimulated for 72 h with H3HA proteins
(5 lg mL�1) in complete RPMI [10% FBS, 1% NEAA, 1%
sodium pyruvate, 1% L-glutaMAX, 1% Pen-Strep, 1% HEPES,
0.05 mM 2-mercaptoethanol, in RPMI (all Invitrogen)], and
supernatants were collected. The presence of H3HA Hong
Kong-2014 or Singapore-2016-specific IgG was then assessed
by ELISA on 1:2 diluted supernatants as described above.
Protein-specific ELISAs were performed on lungs
supernatants to assess the presence of secretory IgA. Lungs
were collected at day 7 of virus challenge and homogenised
(Omni, Kennesaw, GA, USA). After clarification by
centrifugation, supernatants were used at a 1:10 dilution
for ELISA using the same protocol as above, with HRP anti-
mouse IgA (Invitrogen) as the secondary antibody.

Virus-neutralising antibody assays

Influenza-specific VNA was measured by standard micro-
neutralisation (MN) assay. Twofold serial dilutions from 1:5
to 1:3200 of mouse serum samples were prepared in virus
medium (MEM, 100 U mL-1 penicillin and 100 µg mL�1

streptomycin). An equal volume of 200TCID50 35 lL�1 of
influenza viruses: H3N2-2014, H3N2-2016 and H3N2-1968
was added to the sample dilutions (final serum dilution
1:10 to 1:1280) and incubated for 2 h. Then, 35 µL of
antibody/virus was added to MDCK cells and incubated for
72 h. Visualisation of cytopathic effect was used to measure
reciprocal titres of antibodies for virus inhibition.

Memory B-cell profiling by flow cytometry

To quantify and profile memory B cells from vaccination,
single-cell suspensions were prepared from inguinal lymph
nodes, as previously described.32 Cells were stained with
Zombie live/dead (Biolegend, San Diego, CA, USA), FcR-
blocked (anti-CD16/CD32, BD Bioscience, Franklin Lakes, NJ,
USA) and stained with a cocktail containing anti-mouse
B220-PECy7, CD38-PE, IgD-APC, CD95 (Fas)-BV605, IgM-FITC,
IgG-APCCy7 (all Biolegend), for 30 min on ice in FACS
buffer (PBS, 1% FBS, 0.5% NaN3). Cells were finally fixed
with 100 µL of 4% PFA for 20 min on ice. B memory cells
were defined as B220+ CD38+/� Faslow IgD- IgM+ or IgG+.
Samples were acquired by flow cytometry on a FACS Attune
(Invitrogen) and analysed with FlowJo software (BD).
Representative FACS plots are shown in Supplementary
figure 2a.

Activation-induced markers of T follicular
helper responses

Single suspensions from mLN were prepared as described
above. Cells were then stimulated with H3HA HK-1968
(5 lg mL�1 in 250 lL) or vehicle control with BSA
(5 lg mL�1) in 96-well plates, and anti-CD154-PE mAb
(Biolegend) for 18 h at 37°C in the dark. Stimulated cells
were then washed and surface-stained with an antibody
cocktail as follows: live-dead Zombie-Violet, B220-PECy7,
CD3-BV605, CD4-APCCy7, CXCR5-PerCPCy5.5, PD1-FITC,
CD25-BV510, Ox40-BV711, ICOS-APC for 30 min at 4°C in
the dark. Cells were washed, fixed and acquired on a FACS
Attune and analysed with FlowJo software. Representative
FACS plots are shown in Supplementary figure 2b.

Inflammation and damage by total protein
in BAL

BAL samples were harvested in a total of 3 mL MEM and
supernatant for measuring total protein and cytokine
concentrations. Total protein was measured on BAL fluid
with the BCA Protein Assay Kit (Thermo-Fisher Scientific,
Waltham, MA, USA) with a twofold standard range using
BSA, according to the manufacturer’s instructions. Optical
densities were read on a plate reader at 562 nm. For the
measurement of IL-6 in the BAL fluid, the Quantikine ELISA
mouse kit (R&D systems) was used following the
manufacturer’s instructions.

Quantitative RT-PCR of B cell genes
associated with antibody regulation

Quantitative RT-PCR (qRT-PCR) was performed for the
murine Blimp1, CXCR4, CD21, on B cells isolated from bone
marrow using magnetic B cell isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany), as previously described.30

RNA was extracted using RNeasy mini kit (Qiagen, Hilden,
Germany), and a reverse transcription using Oligo dT
primers with PrimeScript RT reagent kit (TAKARA, Kusatsu,
Japan) was performed. The cDNA was then used in the
qPCR (Fast SYBR green, ABI, St. Louis, MO, USA) with gene-
specific primers (Supplementary table 1), then run and
analysed in the LightCycler480 (Roche, Basel, Switzerland).
To quantify the gene expression, relative qRT-PCR was
performed by normalising the data to GAPDH gene
expression.

Statistical analysis

Results represent the individual result, mean � SEM of 4–6
mice per group, unless indicated otherwise. Statistical
significance was compared between vaccinated groups 1–5
versus PBS (indicated in black as *P < 0.05, **P < 0.01 and
***P < 0.0001) and when relevant and indicated within
vaccinated groups (indicated in colour for the comparator
group as #P < 0.05, ##P < 0.01 and ###P < 0.0001) using a
one-way ANOVA (unless indicated) on GraphPad Prism
Software v8 (San Diego, CA, USA). To compare the
endpoint titrations of IgG between groups, the area under
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the curve (AUC) was calculated for each individual mouse
serum and groups AUC was compared using a one-way
ANOVA on GraphPad Prism Software v8. In Figure 6h, the
delta change for the AUC at different time points was
calculated as follows: delta 1 representing AUC at day 7
post-challenge – AUC at vaccination time point; and delta 2
representing AUC at day 21 post-challenge – AUC at day 7
post-challenge.
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