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ABSTrACT

Background. Current seasonal influenza vaccines are believed to confer 
protection against a narrow range of virus strains. However, their protective ability 
is commonly estimated based on an in vitro correlate of protection that only 
considers a subset of anti-influenza antibodies that are typically strain specific, 
i.e. hemagglutination inhibiting antibodies. Here we evaluate the breadth of 
protection induced with a seasonal trivalent influenza vaccine (composition 
H1N1 A/California/07/09, H3N2 A/Victoria/210/08, B/Brisbane/60/08) against 
influenza challenge in mice. 
methods. Balb/c mice were immunized once, twice, or three times with seasonal 
influenza vaccine to assess protection against heterosubtypic H5N1 influenza 
challenge, or homologous H1N1 influenza virus as a control. Passive transfer of 
immune serum was used to determine the contribution of humoral immunity to 
protection.
results. Multiple immunizations with seasonal influenza vaccine induced up 
to 80% protection against heterosubtypic H5N1 influenza challenge in mice 
without eliciting detectable H5N1 neutralizing antibodies. Comparable levels of 
protection were reached by passive transfer of immune serum, and protection was 
correlated with the titer of vaccine-induced, H5 cross-reactive, non-neutralizing 
antibodies that are at least in part directed against conserved HA epitopes. 
Conclusions. Here we demonstrate that seasonal vaccine has the ability to induce 
broad serum-mediated protection, and that the mechanism of this protection is 
different from the vaccine-induced homologous protection. 
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INTrOduCTION

Annual influenza epidemics are responsible for up to 5 million cases of severe 
illness and between 250 000 to 500 000 deaths as reported by the World Health 
Organization (WHO)(1). Seasonal influenza vaccines are the most effective way to 
reduce the impact of influenza epidemics identified to date. To cover the variety 
of circulating influenza strains seasonal influenza vaccines comprise components 
of an H1N1 virus, an H3N2 virus and either one or two Influenza B viruses. The 
inclusion of two influenza B strains is based on the typically low cross-protection 
observed between the two major lineages of influenza B virus(2) and as indicated 
by the Centers of Disease Control and Prevention(3).

The protective efficacy of seasonal influenza vaccines is commonly estimated 
by their ability to induce antibody response against the globular head of the 
influenza hemagglutinin (HA) protein(4-6). Antibodies that bind to the head 
of influenza HA inhibit infection by blocking attachment of influenza virus to 
sialic acid residues on host cell glycoproteins(7-10). These antibodies can be 
detected in an assay that mimics viral attachment to host cells, namely the 
agglutination of red blood cells by influenza virus. Antibodies that block the 
interaction between virus and sialic acids inhibit the agglutination of red blood 
cells (hemagglutination inhibition, HI)(11, 12). HI is currently the only accepted 
in vitro correlate of protection against influenza infection in humans(6) and 
as reported by the Food and Drug Administration (FDA)(13). Even though 
licensed seasonal influenza vaccines contain several influenza proteins(14), the 
vaccines are currently standardized solely on their HA content and anti-HA 
immunogenicity(15).

The globular head of influenza HA, however, is highly variable among different 
influenza strains. Error-prone replication of influenza virus, which is due to the 
lack of proof-reading activity of the viral polymerase(16), combined with selective 
pressure from pre-existing immunity cause a high rate of genetic drift, particularly 
in the HA head sequence(7, 8, 17, 18). To keep pace with the genetically drifted 
circulating strains, the composition of seasonal influenza vaccines is updated 
almost annually(19). Once there is a larger than 4-fold drop in cross-reactive HI 
titer between the dominant circulating influenza strain and last year’s vaccine 
strain, the WHO recommends a change in vaccine composition(20). Recent 
isolation of several broadly neutralizing human antibodies, directed against the 
more conserved parts of HA, indicates that HI mediating antibodies are not the 
only immunological mechanism able to prevent influenza virus infection(21-26). 
Vaccine strain selection based on the HI assay does not take into account these 
alternative protection mechanisms, and thus using solely the HI assay as an in 
vitro correlate likely underestimates the protective ability of a seasonal vaccine, 
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in particular against divergent strains. The in vitro immunological correlates of 
broad protection against genetically divergent strains have not yet been fully 
defined(27). 

Here we evaluated the ability of a licensed trivalent virosomal seasonal 
influenza vaccine (TVV) to elicit broad protection against influenza challenge in 
mice. We assess whether such protection can be correlated to other HA mediated 
protection mechanisms than HI. We show that repeated immunization of mice 
with seasonal influenza vaccine confers protection against lethal challenge 
with heterosubtypic H5N1 influenza virus. Using passive transfer studies we 
demonstrate that this protection is mediated by serum and correlates with 
recombinant H5 (rH5) binding antibodies in the absence of detectable H5N1 
specific HI, virus neutralizing antibodies and antibodies capable of mediating 
Antibody-Dependent-Cellular-Cytotoxicity (ADCC).

mEThOdS

Statement of Ethics
All mouse experiments were performed in accordance with Dutch legislation on 
animal experiments and approved by the appropriate institutional review board. 
In all experiments six-to-eight-week-old female Balb/c (H2d) mice (Charles River, 
Sulzfeld, Germany) were used. Mice were kept under specific pathogen-free 
conditions.

Immunization and Influenza Challenge

Active immunization

Groups of mice (n = 8 for H1N1 challenge study, n = 10 for H5N1 challenge study) 
received 1, 2 or 3 intramuscular (i.m.) immunizations with Inflexal® V (Crucell, 
Bern, Switzerland), a trivalent virosomal seasonal vaccine (TVV) (composition of 
the 2011–2012 season; H1N1 A/California/07/09, H3N2 A/Victoria/210/09 and B/
Brisbane/60/08; 3 µg HA per strain per immunization) at 3 week intervals. All final 
immunizations with vaccine were performed at the same time. Mice immunized 
with vaccine only once, received two immunizations with phosphate buffered 
saline (PBS) prior to vaccine. Mice immunized with vaccine twice, received one 
immunization with PBS prior to vaccine.  

Passive immunizations

To generate immune serum groups of mice (n = 50) were immunized according 
to the same scheme as described above. To generate naïve serum mice (n = 100) 
were injected 3× with PBS. Four weeks after final immunization blood was 
collected via heart puncture under isoflurane anesthesia (IsoFlo®, Abbott Park, IL, 
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USA) followed by cervical dislocation. Serum was collected after centrifugation 
for 4 minutes at 1699× g followed by 1 minute at 20817× g. The serum was 
isolated and frozen down at -20ºC. Mice (n=8) were passively immunized on 1 to 
3 consecutive days with immune serum (400µl, intraperitoneal (i.p.)) obtained 
from mice immunized 1×, 2× or 3× with seasonal influenza vaccine or with 
naïve serum. 

Influenza challenge

Mice were infected with influenza virus 4 weeks after the final immunization or 
24 hours after the final serum transfer. On the day of challenge a pre-challenge 
mouse blood sample was obtained via submandibular bleeding to assess pre-
challenge antibody titers. Mice were challenged intranasally (i.n.) (total 50 µl, 25 µl 
per nostril) with 25×LD50 of influenza virus under anesthesia with ketamine/xylazine 
(100 mg/kg ketamine (Nimatek® 100mg/ml, Eurovet, Cuijk, the Netherlands); 
20  mg/kg xylazine (Sedamun® 20mg/ml, Eurovet, Cuijk, Netherlands)). Virus 
stocks of mouse adapted H1N1 A/The Netherlands/206/09 (Viroclinics, 
Rotterdam, the Netherlands) and wild-type H5N1 A/Hong Kong/156/97 (Central 
Veterinary Institute, Wageningen University, the Netherlands) were grown on 
embryonated chicken eggs. Groups of mice receiving PBS (either 1× or 3×, and 
i.m. or i.p. depending on experimental design) were used as negative control 
and groups receiving 2× inactivated challenge virus i.m. or broadly protective 
monoclonal antibody (CR6261, 15mg/kg in PBS, either intravenously (i.v.), or i.m. 
depending on experimental design) 24 hours prior to challenge were used as 
positive controls for the challenge. After challenge mice were monitored for 
weight-loss and clinical score for up to 21 days or until a humane endpoint based 
on clinical score (clinical score 4). Clinical scores were defined as: 0 = no clinical 
signs, 1 = rough coat, 2 = rough coat, less reactive, passive during handling, 
3 = rough coat, rolled up, labored breathing, passive during handling, 4 = rough 
coat, rolled up, labored breathing, unresponsive. 

Statistics

Influenza challenge studies

Statistical differences between immunization regimens of seasonal influenza 
vaccine relative to negative control group receiving either 1× or 3× PBS i.m or 
i.p. (depending on experimental design) were evaluated for survival proportion, 
survival time, change in bodyweight and clinical score. Survival proportion 
and survival time after challenge were analyzed using Fisher’s exact test and 
log-rank test, respectively. Repeated measurements in the challenge phase 
(i.e. bodyweight and clinical scores) were summarized as a single outcome per 
animal using an Area Under the Curve (AUC) approach. Mice that succumb to 
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infection prior to day 21 are kept in the analysis at their last recorded bodyweight 
and clinical score 4 (i.e. last-observation-carried-forward). Body weight data 
are expressed as the change relative to the day 0 measurement, and added up 
over the 21 days of observation, to calculate AUC. An ANOVA on AUC’s was 
done with group as explanatory factor. Clinical scores were added up over the 
21 days of observation, to calculate AUC per mouse. Groups were compared 
using a generalized linear model with a cumulative logit distribution. All analyses 
followed a step-wise approach, starting by testing the group receiving 3× TVV 
or TVV immune serum against the PBS group and proceeding with testing the 2× 
TVV vs. PBS and 1× TVV vs. PBS groups only when the result in the prior step was 
statistically significant. For the studies in which the mice were challenged with 
H5N1 the analyses of the immunization regimens relative to PBS were analyzed 
using a Bonferroni adjustment for 2 comparisons. In passive transfer experiments 
the group of mice that received naïve serum i.p. served as a negative control 
group to demonstrate specificity from i.p. administered TVV immune serum.

The studies were considered valid only when there was a statistically significant 
difference in survival proportion (Fisher’s exact-test, 2-sided) between negative 
and positive challenge model control groups (data not shown for positive controls). 

Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc. 
Cary, NC, USA) and SPSS version 20 (SPSS Inc., IL, USA). Statistical tests were 
conducted two-sided at an overall significance level of α= 0.05. Only p values 
less than 0.05 are reported.

Correlate of protection analysis

The Receiver Operator Characteristic (ROC) curve method was applied for 
assessing the correlation between serum titers and challenge outcome. For this 
purpose the survival status of each mouse and the corresponding ELISA titer in 
mouse serum pre-challenge was used to calculate the ROC curve. The area under 
the ROC curve was calculated and the null hypothesis was tested for equality to 
0.50 (no correlation with protection) with an asymptotic Mann-Whitney test.

Hemagglutination Inhibition Assay 
Nonspecific hemagglutination inhibitors were removed from sera by O/N 
incubation with Cholera Toxin (Sigma-Aldrich; St. Louis, MO, USA; diluted 1:25 
in PBS) at 37ºC in presence of turkey red blood cells (bioTRADING Benelux 
B.V., Mijdrecht, the Netherlands, 0.5% in PBS). Cholera toxin was subsequently 
inactivated by heat at 56ºC for 30 minutes. Sera were tested in duplicate 2-fold 
serial dilutions with an initial dilution of 1:8. Diluted sera were mixed with 8 
HA units of H1N1 A/California/07/09 (reassortant NYMC X-181) or H5N1 A/
Hong Kong/156/97 (reassortant rgPR8-H5N1) for 1 hour at RT. Turkey red blood 
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cells (1% in PBS) were added to the serum and incubated for 1 hour at room 
temperature (RT). Confirmed positive and negative sera were used as assay 
controls. HI titer is expressed as reciprocal of the highest dilution that completely 
inhibited hemagglutination. 

Virus Neutralization Assay 
Madin-Darby Canine Kidney (MDCK) cells were seeded in a 96-well plate 
at 15.000 cells/well in growth medium (Dulbecco’s Modified Eagle Medium 
(DMEM) containing 200 mM L-glutamine, 3 μg/ml trypsin and 1% (w/v) penicillin/
streptomycin stock solution, all Gibco, Invitrogen Ltd, Life Technologies, Paisley, 
UK) and allowed to attach for a minimum of 3 hours. Duplicate serial dilutions of 
heat-inactivated (30 minutes at 56ºC) serum samples (0.01–20%) were prepared 
in DMEM with or without trypsin/EDTA (0.6% of a 0.05% stock solution) and 
mixed with 112 TCID50 of H1N1 A/California/07/09 (reassortant NYMC X-181) or 
200 TCID50 of the H5N1 A/Hong Kong/156/97 (reassortant rgPR8-H5N1) virus 
per sample, respectively, for 1 hour at 37ºC, 10% CO2. Mixes were subsequently 
added to the MDCK cells and incubated for 18 hours at 37°C, 10% CO2. Cells were 
fixed with 80% acetone, labeled with mouse anti-NP (H16-L10-4R5, produced in-
house), followed by goat anti-mouse HRP-coupled antibody (KPL, Gaithersberg, 
MD, USA) for one hour each. TMB substrate (Roche, Basel, Switzerland) was 
added, and absorbance was read in a BioTek® reader (PerkinElmer, Groningen, 
the Netherlands) after 5–15 minutes. Monoclonal antibody mCR9114 (mouse 
IgG2a, produced in-house) and naïve mouse serum were used as positive and 
negative controls, respectively. Samples without detectable neutralization at the 
lowest dilution are indicated as the lowest dilution (i.e. background level). The 
IC50 values were calculated after 4-parameter logistic curve fit. 

HA specific ELISA
Recombinant HA (rHA) (0.05µg per well in PBS pH7.4) from H1N1 A/California/07/09 
(Protein Sciences Inc., CT, USA) or from H5N1 A/Hong Kong/156/97 (His-tagged 
HA manufactured in-house on HEK293F cells as truncated, soluble trimetric 
protein, purified by nickel affinity purification) were coated onto Maxisorp 
96-well plates (Nunc™, Thermo Scientific) O/N at 4°C. Plates were washed 
with PBS (Gibco®, Life Technologies™, Paisley, UK) containing 0.05% Tween-20 
(Calbiochem®, Merck Millipore, Darmstadt, Germany) (PBS-T) and subsequently 
blocked with PBS containing 2% dried skimmed milk (Difco™, BD, Breda, the 
Netherlands) for 1 hour at RT. Following a wash with PBS-T serum was added 
to the plate in duplicate, serially diluted (2- fold, 0.002–2%) and incubated for 
1hour at RT. Following a wash with PBS-T a 1:2000 dilution of Goat-anti-Mouse 
IgG-HRP (KPL, Gaithersburg, MD, USA) was added to the plate and incubated 
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for 1 hour at RT. After washing with PBS-T OPD substrate (Thermo Scientific, 
Bremen, Germany) was added to the plate. The colorimetric reaction was 
stopped after 10 minutes by adding 1M H2SO4. The optical density (OD) was 
measured at 492 nm and standard curves were created using a four parameter 
logistic curve. The OD of each sample dilution was then quantified against the 
standard curve and the final concentration per sample (in Elisa Units, EU/ml) 
calculated by a weighted average, using the squared slope of the standard curve 
at the location of each quantification as weight. Negative samples were set at 
the limit of detection (LOD), defined as the lowest sample dilution multiplied 
by the lowest standard concentration with an OD response above the lower 
asymptote of the standard curve and background. All ELISA titers presented in 
the figures have been transformed to log10 values.

CR9114 competition ELISA
Polyclonal rabbit-Anti His-tag Ab  (Genscript USA Inc., NJ, USA) was coated onto 
Maxisorp 96-well plates (Nunc™, Thermo Scientific) (0.031µg per well in PBS 
pH7.4) O/N at 4°C. Plates were washed with PBS (Gibco®, Life Technologies™, 
Paisley, UK) containing 0.05% Tween-20 (Calbiochem®, Merck Millipore, 
Darmstadt, Germany) (PBS-T) which was further used in all subsequent washes. 
Subsequently, the plates were blocked with PBS containing 2% dried skimmed 
milk (Difco™, BD, Breda, the Netherlands) for 1 hour at RT. Following a wash, 
His-tagged HA of H1N1 A/California/07/09 (0.05 µg per well) (produced in-
house on HEK293F cells) was added to the plate and incubated for 2 hours at 
RT. Following a wash, serum was added to the plate in duplicate and serially 
2-fold diluted (to final dilution of 2-0.004% serum) and incubated for 1hour at 
RT. Biotinylated CR9114(22) (0.001µg/well) (human IgG1, produced in-house) was 
added to the plate and incubated for 1 hour at RT. Following a wash with PBS-T 
a 1:1000 dilution of Streptavidin-HRP (Becton & Dickinson) was added to the 
plate and incubated for 1 hour at RT. After washing with PBS-T OPD substrate 
(Thermo Scientific, Bremen, Germany) was added to the plate. The colorimetric 
reaction was stopped after 10 minutes by adding 1M H2SO4. The optical density 
(OD) was measured at 492 nm. The percentage competition was calculated 
as follows; % competition= (A-P)/Ax100, where A is the maximum signal (OD) 
of CR9114 binding to rHA when no serum is present, P is the signal (OD) of 
CR9114 binding to rHA in presence of serum(28). Positive (CR9114) and negative 
(irrelevant antibody) controls showed 100% and 0% competition, respectively 
(data not shown).  
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rESuLTS

Seasonal influenza vaccine protects against homologous H1N1 
and heterosubtypic H5N1 challenge
Using lethal challenge with influenza viruses, we assessed homologous and 
heterosubtypic protection conferred by single and multiple immunizations with 
seasonal influenza vaccine (trivalent virosomal vaccine Inflexal® V, season 2011–
2012) (TVV). Mice were immunized once, twice, or three times (1×, 2× or 3×) with 
seasonal influenza vaccine followed by a lethal infection with vaccine homologous 
H1N1 A/Netherlands/602/09 or H5N1 A/Hong Kong/156/97. All immunizations 
with seasonal influenza vaccine protected 100% of mice from death after 
homologous H1N1 challenge (p < 0.001 relative to PBS using Fisher’s exact test, 
p < 0.001 using log rank test), although mice developed slight and transient 
disease symptoms (bodyweight loss and clinical scores p < 0.001 relative to PBS) 
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Figures: 

Figure 1: 

Figure 1. Seasonal influenza vaccine protects against homologous h1N1 and hetero-
subtypic h5N1 challenge in mice.  
Mice were immunized with seasonal influenza vaccines (1-3xTVV) or with PBS (vehicle). 
Kaplan-Meier survival curves (left), mean bodyweight change (middle) and median clinical 
score (right) graphs following challenge with A) H1N1 A/Netherlands/602/09 (n = 8) and 
B) H5N1 A/Hong Kong/156/97 (n = 10 for vehicle, 1x TVV and 3x TVV; n = 9 for 2x TVV). 
Asterisk indicates statistically significant difference (exact p-values reported in the Results). 
For Kaplan-Meier curves asterisk indicates statistically significant difference as calculated 
using log rank test. Error bars indicate 95% confidence interval (bodyweight) or interquar-
tile range (clinical scores).
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(Figure 1A). A single immunization with seasonal influenza vaccine did not protect 
mice from death after challenge with heterosubtypic H5N1 influenza (Figure 1B). 
Two and three immunizations with seasonal influenza vaccine, however, resulted 
in 67% and 80% survival, respectively (p = 0.006 and 0.001 relative to PBS using 
Fisher’s exact test), prolonged survival time (p = 0.031 and p < 0.001 relative 
to PBS using log rank test), reduced bodyweight loss (p = 0.007 and p < 0.001 
relative to PBS) and clinical scores (both p < 0.001 relative to PBS). 

H5N1 binding antibodies but not H5N1 neutralizing antibodies 
are detectable after immunization with seasonal vaccine
In order to characterize the mechanism of protection, we evaluated the antibody 
response induced by the seasonal vaccine to its standardized component, HA. 
Antibodies directed to “vulnerable” spots in HA, either the receptor binding 
domain in the globular head or parts of the HA stem, mediate direct neutralization 
of influenza virus (29). Neutralizing antibodies binding to the globular head 
of influenza HA prevent viral attachment to target cells and can be detected 
using the HI assay (9). Other antibodies, such as the ones binding to conserved 
regions in the HA stem, can neutralize the virus by preventing viral release from 
endosomes, egress or both (22, 30, 31). Both types of neutralizing antibodies, 
i.e.  head and stem binding, can be detected using virus neutralization assays 
(VNA). Using a rHA binding assay, all antibodies that target the HA molecule, 
including antibodies that do not have direct neutralizing activity, can be detected. 

Using VNA, HI and rHA binding (ELISA) assays we determined the 
neutralizing and binding antibody titers against vaccine homologous H1N1 

Table 1. h5N1 binding but not neutralizing antibodies are detectable after immunization 
with seasonal vaccine 

Vaccination 
regimena

h1N1 A/California/07/09 h5N1 A/hong Kong/156/97

hI
titerb

VNA
titerc

rh1 ELISA
(Eu/ml)d

hI
titerb

VNA
titerc

rh5 ELISA 

(Eu/ml)e

Naive serum <8 <10 <0.024 <8 <10 <0.049

1x TVV 16 401 3.23 <8 <10 0.10

2x TVV 32 2900 16.5 <8 <10 1.04

3x TVV 128 18700 43.6 <8 <10 2.39

a Immune serum (pool of 50 mice) collected from mice immunized with seasonal influenza vaccine 
(1×, 2×, 3× TVV) or with PBS (naïve serum, pool of 100 mice). 
b HI, Hemagglutination inhibition, lower limit of detection: serum dilution titer <8
c VNA, Virus neutralization assay, lower limit of detection: serum dilution titer <10
d rH1 A/California/07/09, lower limit of detection: 0.024 EU/ml
e rH5 A/Hong Kong/156/97, lower limit of detection: 0.049 EU/ml
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and heterosubtypic H5N1 virus strains, using serum generated for passive 
immunization experiments. As expected, the vaccine elicited HI, VNA and rH1-
binding antibody titers against homologous H1N1 virus (Table 1), and these 
titers increased after repeated immunizations. While neutralizing antibodies 
against H5N1 virus were not detectable (neither in the HI nor in the VNA assay), 
increasing titers of rH5 binding antibodies were detected with increasing number 
of immunizations. 
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Figure 2: 

 

Figure 2. Vaccine immune serum transfer confers protection against homologous 
influenza challenge. 
Mice (n = 8) were passively immunized 1x with seasonal influenza vaccine immune serum 
(Tr 1-3xTVV) or with PBS (vehicle). Mice were challenged with A-B) H1N1 A/Nether-
lands/602/09 or C-D) H5N1 A/Hong Kong/156/97. A) Kaplan-Meier survival curves. B) 
Pre-challenge ELISA titer against rH1 A/California/07/09. C) Kaplan-Meier survival curves. 
D) Pre-challenge ELISA titer against rH5 A/Hong Kong/156/97. Log 10 transformed ELISA 
titers (with group median) are shown in B and D. For Kaplan-Meier curves asterisk indicates 
statistically significant difference as calculated using log rank test (exact p-values reported 
in the Results).
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Seasonal vaccine elicited H5N1 protection is serum mediated
To determine whether the observed protection against lethal H5N1 challenge 
following repeated immunizations with seasonal influenza vaccine is associated 
with humoral response, we performed passive immunization by transferring 
400 µl serum from immunized mice to naïve mice and subsequently challenged 
the recipient mice with influenza virus. 

In order to confirm that serum transfer is a feasible approach to detect a 
protective response, we first challenged recipient mice with H1N1. Immune 
serum obtained from mice immunized 2× or 3× with seasonal influenza vaccine 
conferred protection against vaccine-homologous H1N1 A/Netherlands/602/09 
challenge (p < 0.001 relative to PBS using Fisher’s exact test, p < 0.001 relative 
to PBS using log rank test, reduced bodyweight loss, p < 0.001 relative to 
PBS, reduced clinical scores, p < 0.001 relative to PBS) (Figure 2A and S1.A). 
Immune serum from 1× seasonal influenza vaccine did not confer protection 
against homologous H1N1 A/Netherlands/602/09 but reduced clinical scores 
(p < 0.001 relative to PBS). The lack of protection in mice receiving 400 µl serum 
from 1× immunized animals is likely due to the more than 2-fold lower antibody 
titer in the recipient animals compared to the actively immunized animals: the 
median rH1 titer was 1.24 EU/ml in mice receiving the serum from 1× immunized 
animals (Figure 2B) while the median titer was 3.23 EU/ml in serum of 1× actively 
immunized mice (Table 1). 
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Figure 3. Triple transfer of vaccine immune serum raises recipient antibody titers to the 
level of active immunization. 
High titer seasonal influenza vaccine immune serum was passively transferred into naïve 
mice (n = 8) on 3 consecutive days. rHA ELISA titer were measured at baseline in naïve 
serum (Naive) and post each transfer (Tr1-Tr3). A) rH1 A/California/07/09  B) rH5 A/Hong 
Kong/156/97. Log 10 transformed ELISA titers (with group median) are shown.
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Protection against H5N1 was not observed after transferring immune serum 
from mice immunized 1×, 2×, or 3× with seasonal influenza vaccine (Figure 2C 
and S1.B). In addition, rH5 binding antibodies could not be detected in serum 
of recipient mice (Figure 2D). We hypothesized that, in analogy to the reduced 
antibody titers and, consequently, reduced protection in the passive transfer 
experiment with H1N1 relative to active immunization, the single transfer of 
400  µl serum is not sufficient to yield H5N1 protective antibody titers in the 
serum of recipient mice. Therefore, we performed an experiment to evaluate 
the effect of increasing the antibody titer in recipient animals by transferring 
400 µl high titer seasonal influenza vaccine immune serum on three consecutive 
days (triple transfer). As shown in Figure 3, antibody titers increased with each 
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Figure 4. Cross-reactive rh5 A/hong Kong/156/97 binding antibody titer correlates 
with protection against h5N1 challenge. 
Mice (n = 8) were passively immunized 3x with seasonal influenza vaccine immune serum (3Tr 
1-3xTVV) or with PBS (vehicle). Mice were challenged with H5N1 A/Hong Kong/156/97. A) 
Kaplan-Meier survival curves. B) Pre challenge ELISA titer against rH5 A/Hong Kong/156/97. 
C) Receiver-operator characteristic (ROC) curve, ROC area = 0.874, 95% confidence interval 
(CI) 0.692–1, p < 0.05. Log 10 transformed ELISA titers (with group median) are shown in 
B. For Kaplan-Meier curves asterisk indicates statistically significant difference as calculated 
using log rank test (exact p-values reported in the Results).
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consecutive transfer, both for homologous rH1 titer and cross-binding rH5 titer. 
The statistical analysis showed a linear relationship between the number of 
passive transfers and HA Ab titer in recipient mouse. The HA Ab titer in the 
recipient mice was significantly higher when receiving immune serum 3 times 
compared to 1 time (p < 0.001). 

Next, we evaluated whether mice receiving triple transfer of the immune 
serum (obtained after one, two or three immunizations with seasonal vaccine) 
were protected against challenge with H5N1. While triple transfer of immune 
serum obtained after one or two immunizations with seasonal influenza vaccine 
did not confer protection after challenge with heterosubtypic H5N1 influenza 
virus, the triple transfer of immune serum obtained after three immunizations 
protected 75% of the recipient mice, with prolonged survival time (p = 0.015 
relative to PBS), reduced bodyweight loss (p = 0.009 relative to PBS) and clinical 
scores (p < 0.001 relative to PBS) (Figure 4A and S2). The degree of protection 
after triple transfer was comparable to the protection after active immunization. 
We confirmed that multiple serum transfers increased rH5 binding antibody 
titer relative to a single serum transfer in recipient mice (Figure 4B and 2D). 
Serum transfer-mediated protection against heterosubtypic H5N1 challenge 
correlated significantly (p < 0.05, ROC analysis) with the level of rH5 binding 
antibody titers in recipient mice (Figure 4C). However, since bodyweight loss 
appeared to be more severe in the passive transfer experiment, we cannot 
exclude a contribution of cellular immunity to protection following active 
immunization. 

Multiple immunizations with seasonal influenza vaccine induces 
HA stem directed antibodies 
We aimed to determine whether the H5 cross-reactive antibodies that are 
induced by multiple vaccination were directed against conserved epitopes in 
the HA stem. For that purpose, we assessed whether the immune serum could 
compete with the binding of a well characterized human broadly neutralizing 
mAb CR9114(22), which is directed against a conformational conserved epitope 
in the HA stem. Our results show that repetitive immunization induces antibodies 
that are able to compete with CR9114 for binding to the stem (Figure 5). These 
antibodies could at least in part be responsible for the observed cross-protection 
against H5N1 influenza challenge.
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dISCuSSION 

Here we show that multiple immunizations with a licensed, non-adjuvated, trivalent 

seasonal influenza vaccine confer protection against lethal heterosubtypic H5N1 

influenza challenge in mice. We demonstrate that humoral immunity is a major 

mechanism of protection, since significant protection was reached by passive 

transfer of immune serum. The protection against H5N1 challenge correlated 

with the titer of vaccine-induced rH5 binding antibodies.

Trivalent seasonal vaccines were shown to confer a degree of heterosubtypic 

protection in animal models previously. Seasonal vaccines based on whole 

inactivated virus(32) or inactivated split virions(33, 34) administered in a prime-

boost regimen elicited partial heterosubtypic protection against H5N1. A triple 

immunization regimen with inactivated split virion vaccine was investigated 

by Ichinohe et al. using the nasal tract as route of immunization(35). In that 

study, heterosubtypic protection was only observed when the vaccine was 

supplemented with an adjuvant. Several studies have assessed the ability of 

adjuvants to increase the level of cross-protection. Song et al. showed the ability 

of a monovalent whole inactivated virus vaccine to confer both heterosubtypic 

protection within both group 1 and 2 of influenza A when supplemented with 

influenza M2-expressing virus like particles (VLPs)(36). In ferrets, FluVax® was 

shown to confer 50% protection against heterosubtypic H5N1 as a stand-alone 

vaccine in a prime-boost regimen while 100% protection was observed when 

Figure 5. multiple immunizations with seasonal influenza vaccine induces hA stem 
directed antibodies.  
CR9114 competition ELISA using serum (pool of 10 mice) collected from mice immunized 
with seasonal influenza vaccine (1-3xTVV) or with PBS (vehicle).  Percentage competition is 
presented as mean of duplicates at each serum dilution step.  
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Ampligen® was added as adjuvant(33). We here demonstrate that a seasonal 
influenza vaccine, registered for use in humans can, without any adjuvation elicit 
heterosubtypic protection using standard (intramuscular) route of administration 
and that the correlate of this protection resides in serum. 

The broad protection by seasonal influenza vaccine is not only observed in 
mice and ferrets but may also occur in humans. A recent meta-analysis has shown 
that seasonal vaccines provide a level of cross-protection against non-matching 
circulating strains(37). In addition, B cells producing broadly neutralizing 
antibodies against influenza have been isolated from humans after seasonal 
influenza vaccination, indicating that seasonal vaccines may elicit protective 
responses against divergent influenza strains (21-24, 26, 38). This suggests that 
seasonal influenza vaccines, in addition to inducing strain specific antibodies, 
can also induce broadly protective immunity in humans. In a previous study we 
demonstrated that a single vaccination of humans with seasonal vaccine induces 
serum-mediated protection against H5N1 influenza(39). The fact that we needed 
three immunizations to achieve protection against H5N1 in mice may be due to 
the lack of previous exposure to influenza in mice i.e. the lack of pre-existing 
immunity. 

Consistent with previous publications(32, 33) we did not detect H5N1 
neutralizing antibodies in mice after immunization with seasonal vaccine, which 
suggests that these antibodies either were not elicited or were below limit of 
detection of the assay. The lack of heterosubtypic HI titer in our experiments 
was expected, considering the large difference in HA head between H1 and H5 
strains, and in agreement with previous studies(33). Seasonal vaccine did elicit 
detectable rH5 binding antibodies, which correlated with H5 protection, as well 
as the antibodies able to compete with broadly neutralizing HA stem specific 
CR9114 antibody(22). Antibodies binding to conserved regions of influenza HA 
appear to be more efficient at mediating activation of natural killer (NK) cells 
through Fc receptor interaction than antibodies binding to the globular head 
and they require ADCC activity for optimal in vivo efficacy against influenza 
challenge in mice(40). Using mouse-adapted surrogate ADCC bio-reporter 
assay we could not detect H5-specific, Fc-receptor activating antibodies in 
the sera from immunized mice (data not shown). Therefore, it is conceivable 
that the heterosubtypic protection demonstrated here may be mediated by a 
combination of neutralizing mechanisms which individually are difficult to detect 
in separate in vitro assays due to insufficient assay sensitivity. 

Inactivated and live attenuated seasonal influenza vaccines do not only 
contain the HA protein but also the NA protein of the vaccine influenza 
strains. A number of studies have investigated the role of NA in protection 
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against influenza(33, 38, 41, 42) and its ability to induce cross-protective 
immunogenicity. Although NA-specific humoral immune responses have 
shown to be cross-protective, the induction of such antibodies by a seasonal 
influenza vaccine is less investigated. Rockman et al.(33) suggested that 
heterosubtypic protection, in the absence of cross-reactive HA antibodies, 
is correlated to NA antibodies. Although our seasonal vaccine contains NA 
and induces high vaccine homologous N1 antibody titers, we could not detect 
H5 NA cross-binding antibodies (data not shown). It is therefore unlikely that 
cross-protection in our studies is mediated by NA-reactive antibodies. In 
the current study we have focused on the humoral response against the HA, 
the only standardized vaccine component, to assess the ability of licensed 
influenza vaccines to confer heterosubtypic protection. We do not exclude the 
possibility that immune responses to other influenza proteins (such as NP and 
M2e), which are present in influenza vaccines but not at standardized amounts, 
can also contribute to the heterosubtypic protection. 

The passive transfer of serum does not take into account the contribution 
of cellular immunity to protection against influenza. T cells have been shown 
to play an important role in the protection against the disease(43, 44) and 
a number of conserved T-cell epitopes have been identified in influenza 
proteins(45, 46). Whole inactivated virus(47) as well as vector-based vaccines(48, 
49) conferred cross-protection in animal models through induction of cross-
reactive CTL responses. It was recently demonstrated that cross-protection 
against symptomatic influenza in humans lacking cross-neutralizing antibodies 
correlated to CD8+ T cells specific for conserved viral epitopes(50). Although 
we cannot exclude a contribution of cellular immunity in our active immunization 
experiments, similar levels of protection were reached in passive transfer 
experiments compared to active immunization, indicating that humoral immunity 
is an important mechanism of protection. 

In conclusion, we demonstrate that a seasonal influenza vaccine has the ability 
to elicit broad serum-mediated protection and that this protection correlates 
with HA cross-reactive antibodies. The protection against the heterosubtypic 
strain is substantially weaker than protection against homologous strain and 
modifications to the formulation, such as the use of adjuvants, could further 
enhance the protective breadth of seasonal vaccines. 
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Supplementary figures: 

Figure S1: 

A.        H1N1 A/Netherlands/602/09 

B.        H5N1 A/Hong Kong/156/97 
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Figure S1. Vaccine immune serum transfer reduces disease symptoms after homolo-
gous influenza challenge. 
Mice (n = 8) were passively immunized 1x with seasonal influenza vaccine immune serum 
(Tr 1-3xTVV) or with PBS (vehicle). Mean bodyweight change (left) and median clinical score 
(right) graphs following challenge with A) H1N1 A/California/07/09. Mean bodyweight loss 
for immune serum of 1xTVV is significantly higher than vehicle control (p = 0.001), likely due 
to significantly increased survival time (p < 0.001). B) H5N1 A/Hong Kong/156/97. Asterisk 
indicates statistically significant difference (exact p-values reported in the Results). Error 
bars indicate 95% confidence interval (bodyweight) or interquartile range (clinical scores).
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Figure S2. Triple transfer of vaccine immune serum reduces disease symptoms after 
h5N1 challenge. 
Mice (n = 8) were passively immunized 3x with seasonal influenza vaccine immune serum 
(3Tr 1-3xTVV) or with PBS (vehicle). Mean bodyweight change (left) and median clinical 
score (right) graphs following challenge with H5N1 A/Hong Kong/156/97. Asterisk indicates 
statistically significant difference (exact p-values reported in the Results). Error bars indicate 
95% confidence interval (bodyweight) or interquartile range (clinical scores).
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Figure S2: 
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