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Abstract

Results from pre-clinical and clinical studies with influenza vaccines 
derived from different virus subtypes suggest that there may be subtype-
specific differences in vaccine immunogenicity. However, proper head-
to-head studies of vaccines produced from different virus subtypes 
in a consistent way are lacking, making firm conclusions on subtype-
specific immunological properties difficult. In this study, we performed 
a systematic comparison of vaccines derived from H1N1, H3N2, H5N1 and 
H7N9 influenza virus strains by assessing their physicochemical properties 
and by evaluating their immunological effects on reporter cell lines, human 
dendritic cells (DCs) and T cells and in naïve mice. When using whole 
inactivated virus (WIV) vaccines, requiring minimal processing of the virus, 
we observed physical differences among the virus subtypes with respect 
to zeta potential and to the degree of aggregation, with H5 displaying 
the most negative zeta potential and the lowest tendency to aggregate 
and H1 and H3 the highest. We also detected intrinsic differences in 
immunogenicity in vitro as well as in vivo. These differences were highly 
enunciated, and results depicted the H5 strain as the most immunogenic 
and the H7 strain as the least immunogenic. For subunit vaccines, 
differences were less pronounced and more variable across readouts than 
observed for WIV. Nevertheless, also for subunit, H7 stood-out as the least 
immunogenic amongst the virus subtypes. Overall, we demonstrate that 
vaccines derived from different influenza virus subtypes differ in their 
physico-chemical and immunological properties. Notably, in vitro and in 
vivo properties of the vaccines correlated well, with H5 showing the least 
aggregation and the highest level of immunogenicity. This inventory of 
subtype vaccine characteristics gives important insights which can be 
used to improve the immunological properties of vaccines. 

Keywords: Influenza, H1N1, H3N2, H5N1, H7N9, vaccines, whole inactivated 
virus, subunit, immunogenicity 
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Introduction

Influenza is an acute respiratory disease caused by influenza A and, to a 
lesser extent, influenza B viruses. The infection not only affects the upper 
respiratory tract including nose and throat, but also the bronchi and 
occasionally the lung parenchyma. Influenza virus, in particular influenza 
A virus, is highly variable as it can accumulate mutations in the surface 
glycoproteins hemagglutinin (HA) and neuraminidase (NA) resulting 
in antigenic drift causing yearly epidemics, or can acquire new types of 
HA and NA through reassortment resulting in antigenic shift causing 
occasional pandemics [1,2]. Epidemics have a significant socio-economic 
impact worldwide while pandemics form a serious threat for population 
health [3–6].

Vaccination is the most effective way for prevention and control of influenza 
infections [7].  Accordingly, the rapid availability of effective vaccines is 
paramount to control new influenza pandemics [8]. Previously, it has been 
demonstrated that new virus strains can differ in their immunogenicity 
[9–16]. This has important repercussions during the development of vaccines 
as it determines the amount of antigen required to achieve adequate 
protection [9–15]. The observed differences in immunogenicity among virus 
subtypes in humans have been attributed to different levels of cross-
reactive immunity induced by previous infections [17–21]. However, it is 
also plausible that they are due to intrinsic differences among influenza 
virus subtypes [22]. Notwithstanding, the reasons for the immunological 
differences are poorly understood due to a lack of direct comparisons 
using vaccine formulations produced in a consistent manner. 

Here we performed a head-to-head comparison using four different 
influenza virus subtypes (H1N1pdm09, H3N2, H5N1, H7N9) and two 
different vaccine formulations, whole inactivated virus (WIV) and subunit 
vaccine, prepared using standardized procedures. We characterized the 
physico-chemical properties of these vaccines in vitro and assessed their 
immunological properties in Toll-like receptor (TLR)-expressing reporter 
cell lines, human DCs and T cells, and in naïve mice. We argued that 
WIV, produced by inactivation of egg-grown virus with β-propiolactone 
without any further processing, would reflect virus-intrinsic differences, 
while subunit vaccine, produced from inactivated virus by detergent 
solubilization of the viral membrane followed by removal of the 
nucleocapsid, would reflect virus-intrinsic as well as processing-induced 
differences. Our results demonstrate that WIV derived from the different 
virus strains differed markedly in appearance and ability to induce innate 
and adaptive immune responses with H5 WIV being the most and H7 WIV 
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being the least immunogenic. For subunit vaccines, these differences 
were less pronounced than for WIV vaccines, yet the SU H7 vaccine was 
again depicted as the least immunogenic. The insights gained through 
this head-to-head comparison of vaccines derived from different influenza 
virus subtypes will be helpful for improving the immunogenicity or 
influenza vaccines.

Materials and Methods

Virus and Vaccines
The following virus strains were used in this study: NIBRG-121xp, a reassor-
tant prepared by reverse genetics from A/California/7/2009 (H1N1pdm09) 
virus and A/PR/8/34(H1N1); X- 31, a conventionally produced reassortant of 
A/Aichi/68 (H3N2) and A/PR/8/34); NIBRG-23, a reassortant of A/turkey/Tur-
key/1/2005 (H5N1) (in which the polybasic HA cleavage site was excised) and 
A/PR/8/34; and NIBRG-268 (H7N9), a reassortant of A/Anhui/1/2013(H7N9) 
and A/PR/8/34. All virus strains were propagated in embryonated chick-
en eggs and inactivated with 0.1% β-propiolactone following the standard 
NIBSC protocol to produce WIV. Subunit vaccine was prepared by solubiliz-
ing the inactivated virus (0.8 mg virus protein/ml) in HBS buffer containing 
Tween 80 (0.6 mg/ml) and hexadecyltrimethylammonium bromide (CTAB, 
3.0 mg/ml) for 3 h, at 4 °C under continuous stirring, followed by removal 
of the viral nucleocapsid from the preparation by ultracentrifugation for 
30 min at 50,000 rpm in a TLA100.3 rotor at 4 °C. Detergents were then re-
moved by overnight absorption onto Biobeads SM2 (634 mg/ml, Bio-Rad, 
Hercules, Canada) washed with methanol prior to use. 

Protein content was determined by a modified Lowry assay [23]. Phospho-
lipids were extracted according to the Bligh and Dyer method [24] and in-
organic phosphate was determined as measure for the phospholipid con-
tent [25].
 
For determination of the RNA content, RNA was extracted from 190 μl 
samples (to which 10 μl internal control, phocine distemper virus (PDV), 
was added) using the NucliSense EasyMag (bioMérieux, Lyon, France). 
PCR was performed in a total reaction volume of 25 μl using 10 μl RNA, 
1xTaqMan® Fast Virus 1-Step Master Mix (Applied Biosystems, Foster City, 
CA, USA), 800 nM forward (5´AAGACCAATCCTGTCACCTCTGA 3´), 600nM 
reverse primer (5´CAAAGCGTCTACGCTGCAGTCC 3´) and 200 nM probe for 
influenza A (5´TTGTGTTCACGCTCACCGTGCC 3´) and DNase/RNase free 
water (Sigma). Reactions were run on an ABI7500 real-time PCR machine 
using a program of 2 min 50 °C, 20 s 95 °C, followed by 45 cycles of 3s 95 °C 
and 32 s 60 °C. The concentration of viral cDNA in copies/ml and thus the 
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number of genome containing particles (GCP) was determined for influ-
enza A by comparison with a serially diluted plasmid standard of known 
concentration included on each 96 well plate.  All PCR analyzes were kindly 
performed by the Clinical Virology Unit, Department of Medical Microbiol-
ogy & Infection Prevention, UMCG. 

The haemagglutinin protein concentration in the WIV and SU vaccines 
was determined by single radial immunodiffusion following the protocol 
as lined out by the WHO’s Expert Committee on Biological Standardisa-
tion [26]. Endotoxin levels were determined by a quantitative chromogenic 
Limulus Amebocyte Lysate assay; all vaccines met the requirements of the 
European Pharmacopoeia standard ≤ 200 IU/mL.

Cryo EM 
WIV vaccine samples were analyzed using cryo-electron microscopy on a 
FEI Tecnai T20 electron microscope operating at 200 keV. A small droplet 
of whole inactivated virus suspension was placed on a holey carbon coated 
grid (Quantifoil 3.5/1) and blotted and vitrified in a Vitrobot (FEI, Eindhoven, 
NL). Frozen hydrated samples were observed at low temperature using a 
Gatan model 626 cryo stage. Images were recorded on a slow scan CCD 
camera under low-dose conditions.

Dynamic light scattering (DLS) and zeta potential measurements. 
Influenza WIV vaccine particle size and zeta potential were measured by 
a Mobius Zeta Potential and DLS detector in combination with an Atlas 
flow cell pressurization system (Wyatt Technology, Santa Barabara, US). 
Approximately 250 uL of WIV vaccine was injected into the Mobius cell 
via the Atlas injection port. To avoid any bubbling the sample containing 
Mobius cell was pressurized with approximately 15 bar by the Atlas 
system. The hydrodynamic diameter and electrophoretic mobility were 
determined simultaneously using a laser (532 nm) with a detector angle 
of 163.5° at a temperature of 25 ⁰C. At least five scans were performed with 
an acquisition time of five seconds. Each measurement was repeated for 
at least four times. The zeta potential was derived from the electrophoretic 
mobility (Smoluchowski model) using the Dynamics software. The size 
distribution was expressed as the polydispersity percentage. Although 
arbitrary, the level of homogeneity of the sizes of the vaccine particles 
was consider high when the polydispersity was < 15% and low when the 
polydispersity was > 30% (as defined by the manufacturer of the Mobius).  

RAW-Blue™ cells and HEK-Blue™ hTLR7 assays 
TLR reporter cell lines from mouse (RAW-Blue™ cells) and human (HEK-
Blue ™ hTLR7) origin (Invivogen) were propagated according to the 
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manufacturer’s instructions. 50.000 cells/well were seeded in a 96-well 
plate and stimulated with serial 2-fold dilutions of WIV vaccines prepared 
from the different influenza virus strains (starting concentration 10 µg/ml). 
After overnight stimulation, 50 µl of supernatant were harvested, added 
to 150 µl of QUANTI Blue (Invivogen) and absorption at 630 nm was read 
after 1 hour of incubation at 37 °C in an ELISA reader. R848 (Invivogen) was 
used as a positive control and values are reported as the percentage of 
activation relative to the response at 1 µg/mL of R848.

In vitro stimulation of human monocyte-derived DCs (MoDCs) 
Monocytes were isolated from peripheral blood mononuclear cells (PBMCs) 
and differentiated into MoDCs as previously described [27]. Briefly, monocytes 
were isolated from PBMCs using an immunomagnetic negative selection 
kit (MagniSort™ Human pan-Monocyte Enrichment Kit, Thermofisher). 
Monocytes were seeded at a density of 5 X 105 / mL and cultured with 
RPMI-1640 medium (L-glutamine, HEPES) supplemented with 10% FCS, 
1% penicillin/streptomycin, GM-CSF (450 U/mL) and interleukin-4 (IL-4) 
(500 U/mL) (both cytokines from ProsPech, Revohot, Israel). Medium was 
refreshed with new cytokines every 2 days for 6 days. After differentiation, 
MoDCs were stimulated for 24 hours with WIV H1, WIV H3, WIV H5, WIV 
H7 (the amount of WIV used was equivalent to 10 μg/mL HA), R848 (5 
μg/mL; Invivogen, Toulouse, France), as positive control or PBS, as mock-
stimulation control. 24 hours after stimulation cells were harvested with 
FACS buffer (1X PBS supplemented with 2% FCS and 1 mM EDTA). 

Immunophenotyping of stimulated MoDCs 
Cells were stained for viability with the fixable dye, Viobility (Viobility 
405/452m Miltenyi Biotec, Bergisch Gladbach, Germany). After 15 min of 
incubation at room temperature cells were washed and fixed for 20 min at 
4⁰C in the dark with 4% paraformaldehyde (Merck Darmstadt, Germany). 
Cells were washed and stained for 15 min at room temperature in the dark 
with the following antibodies: CD14-PerCP-Vio770, CD11c-APC-Vio770, 
CD80-PE, CD86-PE-Vio770, HLA-DR-VioBlue (all antibodies from Miltenyi 
Biotec). Flow cytometry was performed using a FACSVerse (BD Bioscience). 
Data was analyzed using FlowLogic (Miltenyi Biotec).

In vitro stimulation of PBMCs 
Non-fractionated PBMCs were seeded at a density of 1 X 106 / mL with 
RPMI-1640 medium (L-glutamine, HEPES) supplemented with 10% FCS, 
1% penicillin/streptomycin and rested overnight. On day 1, cells were 
stimulated with the different WIV vaccines (10 μg/mL corresponding to HA) 
and medium as negative control. On day 5, medium was refreshed and on 
day 10, cells were harvested to assess T cell responses by flow cytometry. 12 
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hours before harvesting, Brefeldin A (eBioscience) was added as a protein 
inhibitor. 

Immunophenotyping of stimulated T cells 
Harvested cells were then washed using FACS Buffer and stained for 
viability using a fixable viability dye (Viobility 405/450, Miltenyi Biotec) for 
15 min at room temperature, washed, fixed and permeabilized using the 
BD Cytofix/Cytoperm Kit (BD Biosciences) for 20 min at 4 ⁰C, according 
to the manufacturer’s instructions. Intracellular staining was performed 
with IFNγ-FITC and TNFα-PE antibodies followed by surface staining with 
CD3-PacificBlue, CD4-APC-CY7 and CD8-Per-CPCy5.5 antibodies (all from 
Miltenyi Biotec). Cells were acquired using a FACSVerse (BD Bioscience). 
Data was analyzed using FlowLogic (Miltenyi Biotec).

Mice and vaccination 
Animal experiments were evaluated and approved by the Central 
Committee for Animal Experiments (CCD), The Netherlands, according 
to the guidelines provided by the Dutch Animal Protection Act (approval 
AVD105002016530). Female F1 hybrids of BALB/c and C57BL/6 (6 per 
experimental group) were intramuscularly injected with 50 µl of PBS 
containing a total of 1 µg hemagglutinin protein of either WIV or SU 
vaccine formulation. At 21 days after immunization, sera were collected 
and a second immunization was performed, 7 days later (day 28) sera and 
spleens were collected for evaluation.

Hemagglutination inhibition (HAI) assay 
Serum samples were pre-heated at 56 °C for 30 min to inactivate serum 
proteins. After cooling down, 75 µl of the processed serum samples were 
treated with 225 µl of Kaolin for 30 min at room temperature followed by 
centrifugation at 1500 rpm for 10 min. The supernatant was collected and 
applied to a V-bottom 96-well plate for 2-fold serial dilutions. The same 
volume of each influenza virus dilution containing 4 haemagglutination 
units of virus was added to each well and allowed to incubate for 40 
min at room temperature. 50 µl of 1% guinea pig erythrocytes were then 
added to each well and the plate was incubated for another 2 h before 
reading. The titer was determined as the highest serum dilution at which 
hemagglutination inhibition was visible. The 2log HAI titers for individual 
mice are presented.

Microneutralization (MN) assay 
Microneutralization assays were performed as follows, twofold serial 
dilutions of sera were added to 50 TCID50 of each virus and incubated for 2 
hours at 37 °C. Mixtures of serum and virus were then added to MDCK cells 
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in 96‐well plates. After 1 h incubation at 37 °C, culture supernatants were 
replaced by medium supplemented with 6 μg/ml of TPCK trypsin and cells 
were incubated for an additional 72 hours. Supernatants were harvested 
and tested for hemagglutinating activity. The highest dilution of serum 
preventing virus infection was taken as the MN titer.

Isotype ELISA 
For detection of virus‐specific serum antibodies of different isotypes, 
microtiter plates (Greiner, Alphen a/d Rijn, the Netherlands) were coated 
with 0.2 μg of influenza subunit vaccine in 100 μl of 0.05 M carbonate–
bicarbonate coating buffer (pH 9.6–9.8) per well, overnight at 37 °C, 
followed by blocking with 2% milk in coating buffer for 45 minutes at 37 
°C. After washing with coating buffer and 0.05% Tween 20/PBS (PBS/T), 
100 μl of serum diluted in PBS/T was applied in duplicate to the first well 
and serial twofold dilutions were made. A subsequent incubation for 1.5 
hours at 37 °C was followed by washing and incubation with 100 μl of 
horseradish peroxidase conjugated goat anti‐mouse IgG‐isotype antibody 
(Southern Biotech) for 1 hour at 37 °C. Plates were washed and stained 
with o-phenylenediamine dihydrochloride commercially known as OPD 
(Sigma-Aldrich, St. Louis, USA). Absorbance at 492 nm (A 492) was read 
with an ELISA reader (Bio‐tek Instruments, Inc.). After subtraction of 
background levels, serum antibody concentrations were calculated. IgG 
titers were calculated as the (10log of the) reciprocal of the sample dilution 
corresponding to an OD492 of 0.2. For calculation purposes, sera with titers 
below the detection limit were assigned an arbitrary titer corresponding to 
half of the detection limit.

Calibration plates for IgG1 and IgG2a assay were coated with 0.1 µg goat 
anti-mouse IgG (SouthernBiotech, Alabama, USA). Standard curves were 
generated by adding increasing concentrations of purified mouse IgG1 or 
IgG2a (SouthernBiotech, Alabama, USA) to the plates. Average IgG1 and 
IgG2a responses for each group are given as concentrations (µg/ml) of 
influenza HA-specific IgG1 and IgG2a.

IFNγ and IL-4 ELISPOT assay 
IFNγ and IL-4 producing T cells specific to each of the strains were detected 
by ELISPOT assay using a murine ELISPOT kit (Mabtech AB, Nacka Strand, 
Sweden). Single cell suspensions were prepared from isolated spleens and 
250,000 splenocytes per well were added to the antibody-coated plates in 
triplicate. Cells were incubated overnight at 37 °C with 5% CO2 in Iscove’s 
Modified Dulbecco’s Medium (IMDM) complete medium (Gibco Life 
technologies BV, Bleiswijk, The Netherlands) in the presence or absence 
of 10 µg/ml of SU vaccine. IFNγ and IL4-producing cells were detected as 
per manufacturer’s protocol. The developed plates were analyzed with 



 Head-to-head comparison on WIV and SU vaccines

99

an automated ELISPOT scanning analysis system (A.EL.VIS, Hannover, 
Germany). Results are presented as number of spots in peptide-stimulated 
wells corrected for number of spots in non-stimulated cells.

Statistical analysis 
Significant differences in the read-outs for the different WIV strains were 
determined using a 1-way ANOVA (Friedman test and Dunn’s multiple 
comparison tests). A p value of p < 0.05 was considered significant. 

Figure 1. Cryo – EM images, hydrodynamic diameter and zeta potential of different WIV 
vaccines. Cryo-EM images (magnification of 62000 x) of the WIV vaccines A) H1, B) H3, C) H5 
and D) H7. All vaccine preparations were evaluated by dynamic light scattering to asses the 
E) hydrodynamic particle size distribution and F) the zeta potential.
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Statistical analyses were performed using GraphPad Prism version 8 for 
Windows (GraphPad Sofware, La Jolla, California, USA www.graphpad.
com). For the principal component analysis (PCA), outcomes of all mouse 
experiments (HAI, MN, ELISA and ELISpot) were collected into one table 
and imported into RStudio (v3.6.0). Prior to PCA analysis, metadata (strain, 
vaccinetype) was removed from the main table and subsequently z scores 
were calculated for each feature. For the visualization of the PCA analysis, 
individual samples were labelled according to their available metadata 
(strain, vaccinetype).

RESULTS

WIV vaccines derived from different virus strains differ in physicochemical 
properties
All four virus strains went through the same process of purification 
and inactivation with β-propiolactone and subsequently protein, HA, 
phospholipid and RNA content were determined and ratios with respect 
to total protein were calculated (Table 1). The ratio of HA to total viral 
protein was rather similar for H1, H3 and H7 vaccines but was considerably 
lower for H5 vaccines. Since all vaccines showed the same level of purity on 
Coomassie- and silver-stained gels (not shown) it can be concluded that 
the H5N1 virus particles contained less HA relative to other viral proteins 
than the other virus strains. Some variation was also observed for the 
phospholipid/protein ratio were the H7 virus particles showed the lowest 
ratios while the H1 and H3 the highest. As for the GCP/protein ratio the 
H5 virus particles displayed the lowest ratios when compared to the rest 
(Table 1).

Table 1. 
Phisical feature (ratio) H1 H3 H5 H7

HA/protein 0.30 0.35 0.17 0.38

Phospholipids/Protein 0.658 0.363 0.107 0.038

GCP / Protein 4.64x108 7.06x108 1.63x108 6.70x108

Cryo EM revealed typical influenza virus particles with an expected diameter 
of about 150 nm and prominent spikes extending from the surface for all 
four virus strains (Figure 1A-D) [28]. While many aggregates were found in H1 
and H3 WIV preparations (Figure. 1A, B), the preparation of H5 WIV (Figure 
1C) was very clean and consisted of well separated single virus particles. 
H7 WIV contained next to intact virus particles also ‘split’ particles, visible 
as pieces of spike-covered membranes, possibly indicating damage 
of the virus during the purification process (Figure 1D). Dynamic light 
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scattering (DLS) confirmed in H1 and H3 WIV preparations the presence of 
aggregates with a hydrodynamic diameter of 2000-3000 nm in addition to 
viral particles with the expected size of 100-200 nm (Figure 1E) while such 
aggregates were completely absent in H5 and largely absent in H7 WIV 
preparations. Accordingly, the polydispersity percentage (%PD) was > 50% 
for H1 and H3 WIV, which indicates a lower level of homogeneity between 
the vaccines’ particle sizes compared to H7 WIV (%PD = 23.6 ± 0.39%) and 
H5 WIV (%PD = 16.6 ± 1.75%) (Table 2). In line with the aggregation status, 
H5 WIV displayed the highest negative zeta potential and thus the lowest 
tendency of particles to aggregate, followed by H7 WIV (Figure 1F).

WIV vaccines derived from different virus strains diverge in their 
stimulatory capacity on mouse and human cell lines
After assessing the physicochemical characteristics of the different WIV 
vaccines, we evaluated their ability to activate cells in vitro. As SU vaccines 
lack pathogen associated molecular patterns (PRRs) and are thus unable 
to activate cells [29] only the WIV vaccines were taken along for these 
experiments. First, we assessed the effect of the vaccines on two reporter 
cell lines; the mouse RAW-Blue™ and the human and HEK-Blue™ hTLR7 
cell lines. In the mouse cell line, WIV vaccines from H5 and H7 viruses 
induced notable stimulation, the H1 vaccine showed poor stimulatory 
capacity and the H3 vaccine hardly any (Figure 2A). In the human HEK-
Blue™ hTLR7 cell line, we also observed a concentration-dependent level 
of activation; H3, H5 and H7 induced a rather similar level of activation while 
the H1 WIV vaccine was incapable of successfully activating the human cell 
line (Figure 2B) at any of the concentrations used.

All WIV subtypes induce MoDC activation and T cell-antigen specific 
responses in vitro in human primary cells, but to different extents
We further analyzed the effects of the WIV vaccines derived from different 
influenza subtypes on MoDCs. In these experiments we analyzed the 
capacity of the vaccines to upregulate the expression of different activation 
markers by flow cytometry, using R848 and PBS as positive and negative 
control, respectively. After 24 hours of stimulation, we observed that all 
influenza WIV vaccines induced significant upregulation of at least one of 
the activation markers when compared to the PBS control (Figure 3). This 
upregulation is consistent with an activated DC phenotype. However, the 
induction of these markers was somewhat different among the vaccine 
subtypes (Figure 3). While the H5 vaccine displayed the strongest capacity 
among the vaccines to upregulate MHCII and CD86 (significant between 
H5 and H3 for CD86), the H1 vaccine was superior in the ability to upregulate 
the CD80 marker (significant between H1 and H7). Overall, we observed a 
certain level of donor-to-donor variation, reflected in the spreading of the 
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data. Such variation was observed not only in the cells stimulated with the 
subtype vaccines but also in cells stimulated with the positive control, thus 
highlighting the potential heterogeneous expression of PRRs in humans 
as previously reported [30]. To conclude, we found that exposure of MoDCs 
to the different subtype vaccines consistently resulted in activation of the 
cells but induced distinct response patterns with respect to activation 
marker expression.

Table 2. Polydispersity index
Vaccine Subtype % polydispersity index (%PD)

WIV H1 >50% !

WIV H3 >50% !

WIV H5 16.6 ± 1.75

WIV H7 23.6 ± 0.39

SU H1-H7 > 50% !

Next, we assessed the effect of the different subtype WIV vaccines on T 
cells. To this end, we used unfractionated PBMCs which were stimulated in 
a long-term culture approach followed by determination of the production 
of IFNγ and TNFα by CD4 and CD8 T cells using flow cytometry (Tapia-Calle 
et al, submitted). After 10 days of stimulation, we observed that all WIVs had 
induced the activation of T cells to about equal levels, which was reflected 
by the enhanced frequencies of cytokine-producing T cells (Figure 4). We 
used the integrated MFI (iMFI) as an additional metric to assess the total 
amount of cytokines being produced. In CD4 T cells, all WIV subtypes 
induced the production of IFNγ and TNFα to levels significantly higher 
than observed in the mock-stimulated control, PBS (Figure 4). There 
were no significant differences in the amounts of cytokines induced by 
the different vaccine subtypes. In the CD8 T cells, the H5 subtype vaccine 
induced the highest frequencies of CD8 T cells producing IFNγ and TNFα 
and the highest amounts of both IFNγ and TNFα; these amounts were 
significantly higher than those induced by the H3 and the H7 vaccines.

Thus, all WIV subtype vaccines induced the production of IFNγ and TNFα 
by human CD4 and CD8 T cells, with H5 WIV being most potent in this 
respect. 

H5 WIV vaccine is superior in inducing antibodies and cellular responses 
in vivo
We next determined whether the differences in physico-chemical 
properties and in vitro stimulation of antigen presenting cells and T cells 
translated into immunological differences in vivo. For this purpose, naïve 
C57Bl/6-Balb/c F1 mice were immunized with either WIV or SU vaccine 



 Head-to-head comparison on WIV and SU vaccines

103

prepared from the different virus subtypes. We argued that WIV, requiring 
only inactivation of the virus particles but no further processing, would 
allow us to assess intrinsic differences in virus immunogenicity. Use of SU 
vaccine on the other hand, could give information whether (additional) 
differences in immunogenicity are introduced during the processing 
steps. Sera collected on day 21 and day 28 were used for determination of 
antibody responses by HAI and MN assay, and by ELISA (IgG, IgG1, IgG2c). 
Splenocytes were used to assess T cell responses by IFNγ and IL-4 ELISpot. 

Immunization with any of the WIV vaccines reliably induced HAI 
antibodies against the virus used for immunization, with titers to H5 being 
significantly higher than those to H1 and H7 virus. H7 WIV was also a very 
poor inducer of virus neutralizing antibodies (as measured by MN assay), 
while the other three virus subtype vaccines performed equally well in this 
respect (Figure 5A-B). The subunit vaccines were generally less potent in 
raising HAI and MN titers than the corresponding WIV vaccines but again 
H5 vaccine elicited relatively high and H7 vaccine elicited very low levels of 
HAI and MN antibodies.

IgG titers to WIV vaccines largely reflected the HAI and MN titers, with IgG 
titers to H5 WIV vaccine being significantly higher than those to H1 (day 21) 
and H7 (day 21 and 28) WIV (Figure 5C). This was not the case for IgG titers 
evoked by SU subtype vaccines which did not show a clear correlation 
with HAI and MN titers and did not differ much for the different subtypes, 
except for the fact that H7 subunit gave the lowest titers (Figure 5C). We 
additionally checked for the type of antibody response. As expected, we 
found that WIV vaccines favored the induction of IgG2c antibodies over 
IgG1a while subunit vaccines elicited IgG1 antibodies (to even higher levels 
than WIV vaccines) but hardly any IgG2c antibodies (Figure 5D-E). For the 
WIV vaccine formulations, there were no significant differences among 
IgG1 and IgG2c antibodies elicited by the different subtypes, but the H7 

Figure 2. WIV vaccines derived from different virus strains diverge in their stimulatory 
capacity on mouse and human cell lines. RAW-Blue™ cells and HEK-Blue™ hTLR7 cells 
were stimulated with WIV at different 2-fold dilutions (10, 5, 2.5 and 1.25 μg/mL) for 12 h. 
Subsequently, 50 µl of supernatant were added to 150 µl of detection medium, for assessment 
of NF-κB-induced production of the reporter protein.
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vaccine induced the lowest IgG1 as well as IgG2c titers. Regarding the 
subunit vaccines, the H1 vaccine induced a significantly higher amount 
of IgG1 and somewhat higher amount of IgG2a at day 28 than the other 
subtypes which had about equal effects.

Next to the humoral responses we also evaluated vaccine-induced T cell 
responses. For this, splenocytes of immunized mice were collected on day 
28 after immunization, re-stimulated in vitro with matching SU vaccines 
and cytokine production was assessed by ELISpot. H5 WIV and H5 subunit 
vaccine were more potent inducers of IFNγ as well as of IL-4 producing T 
cells than the other vaccines. However, differences were significant only 
in comparison to H3 vaccines which were the poorest T cell stimulators 
(Figure 6).

In order to get a better overview of the differences in immune stimulation 
among the vaccine formulations derived from the different influenza virus 
subtypes, we summarized the results of the different immunological read-
outs in a heatmap (Figure 7). From this heat map, two main messages 
can be extracted. First, overall, WIV vaccines were superior to subunit 
vaccines in inducing humoral and cellular immune responses to influenza 
and induced a TH1 type of response (high IgG2a, little IgG1) in contrast to 
subunit vaccines which induced a TH2 type of response (little IgG2a, high 
IgG1).  Second, there are intrinsic differences in immunogenicity among 
the influenza virus subtypes. Among the WIV vaccines on the one hand 
and the subunit vaccines on the other hand, H5-derived vaccines induced 
the strongest immune responses, followed by H3 and H1 vaccines with 
an intermediate immunogenicity, placing the H7 vaccines as the least 
immunogenic of the four subtypes tested.

Figure 3. WIV vaccines derived from the influenza virus subtypes H1, H3, H5 and H7 
differ in their capacity to induce upregulation of activation markers in Mo-DCs. Human 
monocytes (from 9 different donors) were differentiated into dendritic cells using GM-CSF 
and IL-4 for 6 days. Mo-DCs were then stimulated with H1, H3, H5 and H7 WIV vaccines for 24 
hours. To assess activation, cells were harvested and analyzed by flow cytometry. R848 and 
PBS were used as internal positive and negative control respectively (n=9). Asteriks indicate 
significant differences between the vaccines. Hash symbols indicate significant differences 
between the vaccines and and PBS. p < 0.05 = *, ** < 0.01 and *** < 0.001
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To get further insight in the in vivo immunogenicity data, we performed a 
principal component analysis (PCA) (Figure 8). In the PCA, the first dimension 
(Dim1 axis), which explains 42.5% of the variance, clearly separated WIV 
(filled circles) from SU (hollow circles) formulations. Interestingly, all of the 
WIV subtypes separated from the SU formulation subtypes except for the 
WIV H7 vaccine; highlighting its poor immunogenicity. WIV formulations 
seemed to form rather distinct clusters, with the H5 WIV being the most 
distant from all the subunit formulations. As for the SU subtypes, variance 
could not separate any of the subtypes into a discrete cluster, underlining 
not only the low immunogenicity of these vaccines but also the loss of 
intrinsic differences among them.

Lastly, we analyzed the data from the in vitro and in vivo readouts together 
to evaluate in how far they are in line and in how far the in vitro assays are 
thus predictive for immune responses in vivo (Figure 9). For this, we included 
the activation markers (MHII, CD86) measured on MoDCs, the cytokines 
(IFNγ and TNFα) assessed by intracellular staining (ICS) on the T cells and 
some of the readouts (MN, HA, IFNγ  and IgG) measured in the mouse 
experiments after immunization with WIV. The immunological responses 
to H5 and H7 vaccines observed in the in vitro assays (left columns) were 
rather consistent with the results from the in vivo observations (right 

Figure 4. The magnitude of the antigen specific responses measured in vitro is influenced 
by the type of influenza subtype. Human PBMCs were stimulated with different H1, H3, H5 
and H7 WIV, 10 days after culture, cells were evaluated by flow cytometry. Harvested cells 
were stained for CD4, CD8, TNFα and IFNγ. Depicted are the frequencies and the iMFIs of 
TNFα+ and IFNγ+ cells. PBS was used as internal negative controls for each individual. Asteriks 
indicate significant differences between the influenza virus subtypes. Hash symbols indicate 
significant differences between each vaccine and PBS  (n=6). p < 0.05 = *, ** < 0.01 and *** < 
0.001
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Figure 5. Vaccine strains and vaccine formulations differ in their ability to induce 
antibodies in mice. Mice were immunized with H1, H3, H5, H7 –WIV or -SU (5 μg HA on day 1 
and day 21) intramuscularly. Sera were then tested for A) HAI titers and B) MN titers against 
the virus strain used for vaccination. Antibodies induced by the different influenza subtypes 
and vaccine types were assessed by ELISA, 21 and 28 days after immunization and booster (5 
μg HA on day 1 and day 21) intramuscularly.  ELISA plates were coated with SU vaccine of each 
strain, followed by  incubation with 2 fold serial dilutions of mice serum previously vaccinated 
with the matching strain. HRP anti mouse specific antibodies were used to determine the 
titers. C) Total IgG, D) IgG1, E) IgG2C. Bars represent mean titers ±SEM of six mice per group. 
***P < 0·001; Kruskal-Wallis test. Depicted mean titers ±SEM of six mice per group. ***P < 0·001; 
Kruskal-Wallis test

A.

C.

D.

E.

B.
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columns). As for the H1 and H3 WIV, both in vitro and in vivo readouts 
showed that these subtypes had an overall higher immunogenic potential 
than the H7 but lower than the H5 WIV. In general, this heatmap shows 
that in vitro responses correlated well with the responses found in vivo.

Discussion 

In this study we performed a head-to-head comparison of vaccines 
derived from different influenza virus subtypes (H1N1, H3N2, H5N1 and 
the H7N9), using WIV and subunit vaccine formulations. We found that; 1) 
WIV vaccines prepared from the different virus subtypes differed in their 
physical characteristics; 2) immunological properties determined using 
in vitro and in vivo readouts varied amongst the different virus subtype 
vaccines; 3) WIV formulations distinctively depicted the H5 strain as the 
most immunogenic and the H7 strain as the least immunogenic; 4) SU 
formulations displayed less differences in immunogenicity than observed 
for WIV formulations.

Physical characteristics grouped the different influenza viral subtypes into 
2 distinct profiles; avian virus subtypes (H5 and H7) and seasonal virus 
subtypes (H1 and H3). Avian virus subtypes showed a trend towards large 
zeta potentials, hence, a repulsion behavior. Seasonal virus subtypes on 
the other hand, displayed lower zeta potentials, thus a bigger tendency 
to aggregate. Indeed, these virus subtypes showed a 1000X increase in 
aggregate size as compared to H5 and H7. It is well-known that pH and 

Figure 6. Influenza H5 WIV induces the highest cellular responses in terms on IFNγ 
and IL-4 production. Splenocytes were harvested and processed on day 28 after a second 
immunization on day 21. Single cell suspension splenocytes were stimulated with matching 
SU subtype overnight and IFNγ and IL-4 producing T cells were assessed by ELISpot assay. 
Each symbol represents one mouse (n=6). Asterisks indicate statistical significant differences 
between conditions. p < 0.05 = *, ** < 0.01 and *** < 0.001 Asterisks indicate statistical significance. 
Kruskal-Wallis test
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salt conditions affect the tendency of influenza virus to form clusters [31]. 
However, differences in pH and salt conditions can be ruled out here since 
all preparations were prepared and kept in the same buffer. Another factor 
influencing aggregation is the presence of genomic DNA (from the chicken 
embryo cells in which the virus was propagated) [31]. We did not measure 
the DNA content of our preparation and thus do not have evidence that 
DNA played a role in the clustering nor can we rule out that it did. It has 
also been discussed that virus aggregation might actually be a functional 
property of viruses allowing them to protect themselves from inactivation 
through environmental agents or from neutralizing antibodies [32]. While 
this is a property which can certainly differ among virus strains it will be 
difficult to prove that it does.

Next, we assessed whether the physical differences of the influenza 
virus subtype vaccines correlated with differences in their capacity to 
activate antigen presenting cells (APCs). Our data reveals that H5 and H7 
WIV, mainly consisting of relatively small particles, were more potent in 
stimulating mouse RAW-Blue™ cells than H1 and H3 WIV preparations 
which contained many large virus particle aggregates. In line with these 
results, studies assessing the effect of size on immunogenicity have shown 
that nanosized particles (20-200 nm) are more efficiently taken up by APCs 
than bigger particles ranging between 0.5-5 um [33–36]. Yet, a correlation 
between small size and potent stimulation was not observed for HEK-
Blue™ hTLR7 or human primary cells. Thus, additional characteristics 
besides size are likely playing a role in the stimulatory capacity of the WIV 
vaccines in the human setting. 

Unexpectedly, the effects induced by the different WIV subtype vaccines 
varied for the two cell lines and the human primary cells. In the mouse 

Figure 7. Heat map visualization shows distinct immunological signatures between the 
influenza virus subtypes in WIV and subunit vaccine formulations. Mice were immunized 
with H1, H3, H5 or H7 –WIV or –SU as previously indicated. After immunization, sera, blood 
and spleens were collected. Data collected was used as input to plot a A) WIV and a B) SU 
heatmap. Each column represents the averaged response to different readouts. Rows depict 
each influenza subtype tested. Heatmap ranges from white (lowest response) to dark blue 
(highest response).
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RAW-Blue™ cells, successful stimulation was restricted to the H5 and 
the H7 subtypes while in the human HEK-Blue™ hTLR7 cells also H3 WIV 
induced activation. Moreover, H1 WIV did not impose effective stimulation 
in either cell line but this was different for human primary Mo-DCs, where 
H1 WIV was quite potent in upregulating CD80 and CD86. Differences 
between the human cell line and primary human DCs can be explained 
by the fact that HEK-Blue™ hTLR7 cells express only TLR7, while primary 
human Mo-DC can express a bigger array of pattern recognition receptors 
(i.e. NOD-like and RIG-like receptors) [37–39] and can thus respond to other 
triggers than viral single stranded RNA alone. The mouse RAW-Blue™ cells 
do express a multitude of pattern recognition receptors including RIG-, 
NOD-, TLR-, RLR- and CLR-like ones [40]. However, it is known that mouse 
PRRs, particularly TLR-like receptors, differ functionally from those of 
humans. For instance, murine TLRs show a different specificity to natural 
and synthetic TLR ligands (i.e. R848 and CpGs) than human TLRs [41,42]. 

TLR7 is an endosomal receptor; its triggering by viruses requires virus 
fusion and uncoating from the endosomal compartments such that the 
viral RNA can get access to the receptor [43]. It has been shown that higher 
order structures in the viral genomic RNA (vRNA) determine the potency 
of the RNA to trigger TLR7 [44]. Interestingly, the structural organization of 
the vRNA differs among influenza virus subtypes [45]. For instance, H1 vRNA 
has fewer higher order structures than H3, H5 and H7 vRNA. Given that the 
HEK-Blue™ hTLR7 cells rely only on the TLR7 receptor for stimulation, this 
could explain the lack of stimulation of these cells by H1 WIV. 

Comparison of the different WIV virus subtypes in mice showed clear-cut 
differences in immunogenicity between the H5 and the H7 vaccines with 
the H1 and H3 vaccines being in between. Low immunogenicity of the H7 
vaccine has been previously reported; in clinical trials, non-adjuvanted 
H7N9 split vaccines displayed poor immunogenicity [46,47]. In the same line, 
a recent study comparing H1, H3 and H7 WIV vaccines in BALB/c mice, 
showed that H7 WIV induced significantly lower HAI and neutralizing 
antibody titers than H1 and H3 vaccines [48]. However, in contrast to our 
results, IgG responses (as measured by ELISA) elicited by the 3 vaccine 
virus subtypes were comparable; similarly, Blanchfield and colleagues 
found minor differences in IgG responses induced by H1, H3 and H7 HA 
(but low immunogenicity of H7 in terms of HAI titers) [49]. Discrepancies 
between these results and ours could be associated with the coating 
conditions used for the ELISA; we used SU vaccines which contained 
both HA and NA while Kamal et al. [48] and Blanchfield et al. [49] only used 
HA. Differences among the different subtype vaccines in the capacity to 
induce NA-specific antibodies might thus explain why our result diverge 
from the earlier published ones [50]. 
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When assessing the effects of the different subtype vaccines on human 
T cells in vitro, we observed that all WIV vaccines stimulated CD4 T cells 
equally well. All vaccines also activated CD8 T cells, although H5 WIV showed 
a high and H7 WIV a relatively low capacity to induce production of IFNγ 
and TNFα by these cells. This result demonstrates that humans possess 
T cells, probably induced by previous exposure to H1 and/or H3 viruses or 
vaccines, which cross-react with H5 and H7. Similar results have also been 
reported by others [51–56]. H7 WIV was somewhat less potent in stimulating 
CD4 T cells and clearly less potent in stimulating CD8 T cells than the other 
vaccines. De Groot and colleagues [57] used immunoinformatic tools and 
found that the T cell epitope content of H7 is lower than that of other HAs 
and H7 also contains fewer conserved T cell epitopes shared with other 
strains which is in line with our observations. 

In agreement with the high immunogenicity of the H5 WIV vaccines 
observed in our study, different clinical trials using the WIV formulations of 
this virus subtype reported high MN and antibody titers using 7.5 mg of cell 
culture-derived WIV vaccine antigen [58]. Other clinical studies using the 

Figure 8. PCA analysis of the in vivo immune responses to WIV and SU vaccines reveals 
vaccine formulation- and virus subtype-related differences. In vivo immune responses 
were used as PCA variables. Filled points represent WIV and hollow points subunit vaccine. 
Blue, green, purple and orange represent H1, H3, H5 and H7 respectively. Each dot represents 
one mouse.
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Figure 9. Heatmap correlation of in vitro / in vivo readouts depicts matching outcomes 
in the immunological responses of virus subtypes. Data from in vitro and in vivo responses 
was used as input and conditional formatting was used to generate this heatmap. Columns 
represent the average of each immunological readout. Rows correspond to the different 
influenza virus subtypes. Heat map ranges from white (lowest response) to dark blue (highest 
response).

same amount of antigen in a pediatric population show a good induction 
of MN titers in 100% of the participants after the second immunization 
[59]. Additionally, studies making use of adjuvanted H5N1 WIV reported a 
single immunization with a low doses of 6 µg to induce protection [60]. This 
adjuvanted low dose vaccine was licensed in 2007. When compared to 
other vaccine formulation, H5 WIV vaccines have always shown superiority. 
In a study comparing adjuvanted WIV and split H5 vaccines, 5 µg of WIV 
induced higher responses than 10 µg of split [61]. 

A limitation of the current study is that we used only one strain of each 
virus subtype. However, our results are in line with earlier published 
data implying that the observed differences in immunogenicity are not 
merely strain-specific but rather representative for the virus subtype. 
Nevertheless, it would be interesting to evaluate in how far differences in 
immunogenicity are indeed found for other virus strains belonging to the 
same virus subtypes as used in this study. 

Taken together, this study demonstrates that WIV vaccines derived from 
different influenza virus subtypes differ in their appearance as well as in 
their capacity to stimulate APCs and T cells in vitro and to induce immune 
responses in vivo and that these properties are in line with each other 
and are also reflected by subunit vaccines, though to a lower extent. Yet, 
the immunogenic properties of the vaccines did not correlate with their 
physico-chemical properties: H5 WIV had a rather low HA and RNA content 
but was rather immunogenic while H7 despite a high HA content was 
poor in inducing HA-specific immune responses. These results imply that 
vaccine immunogenicity is determined by virus strain-specific intrinsic 
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properties. A deeper understanding of these properties will be highly 
important for future vaccine design. 

Acknowledgements

We would like to thank Prof. H.G.M. Niesters, Clinical Virology, University 
Medical Center Groningen, for help with quantification of influenza virus by 
means of qPCR, Dr. M.C.A Stuart from the Electron Cryo-Microscopy group 
at the Groningen Institute Biomolecular Sciences and Biotechnology, 
University of Groningen, for help with electron microscopy, and Jens 
Seidel, Research Group Valenzano, Max Planck Institute for Biology of 
Aging, Cologne for help with the principal component analysis. JHR was 
funded by a scholarship from Conacyt, Mexico; GTC was funded by the 
University Medical Center Groningen. This research was further funded 
by the European Union Seventh Framework Program 19 (FP7/2007-2013) 
Universal Influenza Vaccines Secured (UNISEC) consortium under grant 
agreement no. 602012. The Kornelis de Cock Foundation, Groningen, is 
acknowledged for additional funding.



 Head-to-head comparison on WIV and SU vaccines

113

References
[1] Salk JE, Suriano PC. Importance of Anti-
genic Composition of Influenza Virus Vaccine 
in Protecting against the Natural Disease Ob-
servations during the Winter of 1947-1948. vol. 
39. n.d.

[2] Tricco AC, Chit A, Soobiah C, Hallett D, 
Meier G, Chen MH, et al. Comparing influ-
enza vaccine efficacy against mismatched 
and matched strains: a systematic review 
and meta-analysis. BMC Med 2013;11:153. 
doi:10.1186/1741-7015-11-153.

[3] Putri WCWS, Muscatello DJ, Stock-
well MS, Newall AT. Economic burden of 
seasonal influenza in the United States. 
Vaccine 2018;36:3960–6. doi:10.1016/j.vac-
cine.2018.05.057.

[4] Dorratoltaj N, Marathe A, Lewis BL, Swarup 
S, Eubank SG, Abbas KM. Epidemiological 
and economic impact of pandemic influen-
za in Chicago: Priorities for vaccine interven-
tions. PLOS Comput Biol 2017;13:e1005521. 
doi:10.1371/journal.pcbi.1005521.

[5] Maynard A, Bloor K. The economic impact 
of pandemic influenza. BMJ 2009;339:b4888. 
doi:10.1136/bmj.b4888.

[6] Meltzer MI, Cox NJ, Fukuda K. The Econom-
ic Impact of Pandemic Influenza in the United 
States: Priorities for Intervention. Emerg Infect 
Dis 1999;5:659–71. doi:10.3201/eid0505.990507.

[7] Houser K, Subbarao K. Influenza Vac-
cines: Challenges and Solutions. Cell Host 
Microbe 2015;17:295–300. doi:10.1016/J.
CHOM.2015.02.012.

[8] Wood JS, Robertson JS. Reference viruses 
for seasonal and pandemic influenza  vaccine 
preparation. Influenza Other Respi Viruses 
2007;1:5–9.

[9] Stephenson I, Nicholson KG, Glück R, 
Mischler R, Newman RW, Palache AM, et al. 
Safety and antigenicity of whole virus and 
subunit influenza A/Hong Kong/1073/99 
(H9N2) vaccine in healthy adults: phase I 
randomised trial. Lancet 2003;362:1959–66. 
doi:10.1016/S0140-6736(03)15014-3.

[10] Treanor JJ, Campbell JD, Zangwill KM, 
Rowe T, Wolff M. Safety and Immunogenicity 
of an Inactivated Subvirion Influenza A (H5N1) 
Vaccine. N Engl J Med 2006;354:1343–51. 
doi:10.1056/NEJMoa055778.

[11] Brady RC, Treanor JJ, Atmar RL, Keitel 
WA, Edelman R, Chen WH, et al. Safety and 

immunogenicity of a subvirion inactivated 
influenza A/H5N1 vaccine with or without 
aluminum hydroxide among healthy elderly 
adults. Vaccine 2009;27:5091–5. doi:10.1016/J.
VACCINE.2009.06.057.

[12] Belshe RB, Frey SE, Graham I, Mulligan 
MJ, Edupuganti S, Jackson LA, et al. Safety 
and Immunogenicity of Influenza A H5 Sub-
unit Vaccines: Effect of Vaccine Schedule and 
Antigenic Variant. J Infect Dis 2011;203:666–73. 
doi:10.1093/infdis/jiq093.

[13] Lin J, Zhang J, Dong X, Fang H, Chen J, Su 
N, et al. Safety and immunogenicity of an in-
activated adjuvanted whole-virion influenza 
A (H5N1) vaccine: a phase I randomised con-
trolled trial. The Lancet  2006;368:991–7.

[14] Leroux-Roels I, Borkowski A, Vanwol-
leghem T, Dramé M, Clement F, Hons E, et al. 
Antigen sparing and cross-reactive immunity 
with an adjuvanted rH5N1 prototype pandem-
ic influenza vaccine: a randomised controlled 
trial. Lancet 2007;370:580–9. doi:10.1016/S0140-
6736(07)61297-5.

[15] Phan TL, Ho VT, Vu MH, Nguyen TN, Du-
ong HT, Holt R, et al. Clinical testing of an in-
activated influenza A/H5N1 vaccine candidate 
in a double-blinded, placebo-controlled, ran-
domized trial in healthy adults in Vietnam. 
Vaccine 2016;34:5449–56. doi:10.1016/j.vac-
cine.2016.08.055.

[16] Couch RB, Patel SM, Wade-Bowers CL, 
Niño D. A Randomized Clinical Trial of an In-
activated Avian Influenza A (H7N7) Vaccine. 
PLoS One 2012;7:e49704. doi:10.1371/journal.
pone.0049704.

[17] Krammer F, Jul-Larsen A, Margine I, Hirsh 
A, Sjursen H, Zambon M, et al. An H7N1 in-
fluenza virus vaccine induces broadly reac-
tive antibody responses against H7N9 in hu-
mans. Clin Vaccine Immunol 2014;21:1153–63. 
doi:10.1128/CVI.00272-14.

[18] Molesti E, Ferrara F, Lapini G, Montomoli 
E, Temperton N. Discordant Correlation be-
tween Serological Assays Observed When 
Measuring Heterosubtypic Responses against 
Avian Influenza H5 and H7 Viruses in Unex-
posed Individuals. Biomed Res Int 2014;2014:1–
12. doi:10.1155/2014/231365.

[19] Pica N, Hai R, Krammer F, Wang TT, Maam-
ary J, Eggink D, et al. Hemagglutinin stalk an-
tibodies elicited by the 2009 pandemic influ-
enza virus as a mechanism for the extinction 
of seasonal H1N1 viruses. Proc Natl Acad Sci 
2012;109:2573–8. doi:10.1073/pnas.1200039109.
[20] Palese P, Wang TT. Why Do Influenza Vi-
rus Subtypes Die Out? A Hypothesis. MBio 



C
h

ap
te

r 
4

114

2011;2. doi:10.1128/mBio.00150-11.

[21] Krammer F, Cox RJ. The emergence of 
H7N9 viruses: a chance to redefine correlates 
of protection for influenza virus vaccines. Ex-
pert Rev Vaccines 2013;12:1369–72. doi:10.1586/1
4760584.2013.850036.

[22] Couch RB, Decker WK, Utama B, Atmar 
RL, Niño D, Feng JQ, et al. Evaluations for In 
vitro Correlates of Immunogenicity of Inacti-
vated Influenza A H5, H7 and H9 Vaccines in 
Humans. PLoS One 2012;7:e50830.

[23] Peterson GL. A simplification of the 
protein assay method of Lowry et al. 
which is more generally applicable. Anal 
Biochem 1977;83:346–56. doi:https://doi.
org/10.1016/0003-2697(77)90043-4.

[24] Breil C, Abert Vian M, Zemb T, Kunz W, 
Chemat F. “Bligh and Dyer” and Folch Meth-
ods for Solid–Liquid–Liquid Extraction of Li-
pids from Microorganisms. Comprehension 
of Solvatation Mechanisms and towards Sub-
stitution with Alternative Solvents. Int J Mol 
Sci 2017;18. doi:10.3390/ijms18040708.

[25] Böttcher CJF, Van gent CM, Pries C. 
A rapid and sensitive sub-micro phos-
phorus determination. Anal Chim Acta 
1961;24:203–4. doi:https://doi.org/10.1016/0003-
2670(61)80041-X.

[26] Expert Committee on Biological Stand-
ardization W. Generic protocol for the cali-
bration of seasonal and pandemic influenza 
antigen working reagents by WHO essential 
regulatory laboratories 2013. https://www.who.
int/biologicals/areas/vaccines/TRS_979_An-
nex_5.pdf?ua=1 (accessed June 12, 2019).

[27] Tapia-Calle G, de Vries-Idema J, Stoel M, 
Huckriede A. Distinctive responses in an in 
vitro DC-based system upon stimulation with 
different influenza vaccine formulations. Uni-
versity of Groningen, 2014.

[28] Gallagher JR, McCraw DM, Torian U, Gulati 
NM, Myers ML, Conlon MT, et al. Characteriza-
tion of Hemagglutinin Antigens on Influenza 
Virus and within Vaccines Using Electron Mi-
croscopy. Vaccines 2018;6:31. doi:10.3390/vac-
cines6020031.
[29] Geeraedts F, Goutagny N, Hornung V, 
Severa M, de Haan A, Pool J, et al. Superior 
Immunogenicity of Inactivated Whole Vi-
rus H5N1 Influenza Vaccine is Primarily Con-
trolled by Toll-like Receptor Signalling. PLoS 
Pathog 2008;4:e1000138. doi:10.1371/journal.
ppat.1000138.
[30] Brodin P, Davis MM. Human immune sys-
tem variation. Nat Rev Immunol 2017;17:21–9. 
doi:10.1038/nri.2016.125.

[31] Vajda J, Weber D, Brekel D, Hundt B, 
Müller E. Size distribution analysis of influenza 
virus particles using size exclusion chroma-
tography. J Chromatogr A 2016;1465:117–25. 
doi:10.1016/j.chroma.2016.08.056.

[32] Gerba CP, Betancourt WQ. Viral Aggre-
gation: Impact on Virus Behavior in the Envi-
ronment. Environ Sci Technol 2017;51:7318–25. 
doi:10.1021/acs.est.6b05835.

[33] Jhaveri A, Torchilin V. Intracellular delivery 
of nanocarriers and targeting to subcellular 
organelles. Expert Opin Drug Deliv 2016;13:49–
70. doi:10.1517/17425247.2015.1086745.

[34] Oyewumi MO, Kumar A, Cui Z. Nano-mi-
croparticles as immune adjuvants: correlating 
particle sizes and the resultant immune re-
sponses. Expert Rev Vaccines 2010;9:1095–107. 
doi:10.1586/erv.10.89.

[35] Joshi VB, Geary SM, Salem AK. Biode-
gradable particles as vaccine antigen de-
livery systems for stimulating cellular im-
mune responses. Hum Vaccin Immunother 
2013;9:2584–90. doi:10.4161/hv.26136.

[36] Bachmann MF, Jennings GT. Vaccine 
delivery: a matter of size, geometry, kinetics 
and molecular patterns. Nat Rev Immunol 
2010;10:787.

[37] Takeuchi O, Akira S. Pattern Recog-
nition Receptors and Inflammation. Cell 
2010;140:805–20. doi:10.1016/j.cell.2010.01.022.

[38] Lundberg K, Albrekt A-S, Nelissen I, San-
tegoets S, de Gruijl TD, Gibbs S, et al. Tran-
scriptional profiling of human dendritic cell 
populations and models--unique profiles 
of in vitro dendritic cells and implications 
on functionality and applicability. PLoS One 
2013;8:e52875. 
doi:10.1371/journal.pone.0052875.

[39] Lundberg K, Rydnert F, Greiff L, Lindst-
edt M. Human blood dendritic cell subsets 
exhibit discriminative pattern recognition re-
ceptor profiles. Immunology 2014;142:279–88. 
doi:10.1111/imm.12252.

[40] InvivoGen. RAW-BlueTM Cells 
- InvivoGen n.d. https://www.invivogen.com/
raw-blue#contents (accessed May 31, 2019).

[41] Jurk M, Heil F, Vollmer J, Schetter C, Krieg 
AM, Wagner H, et al. Human TLR7 or TLR8 
independently confer responsiveness to the 
antiviral compound R-848. Nat Immunol 
2002;3:499. doi:10.1038/ni0602-499.

[42] Gorden KKB, Qiu XX, Binsfeld CCA, Vasi-
lakos JP, Alkan SS. Cutting Edge: Activation 



 Head-to-head comparison on WIV and SU vaccines

115

of Murine TLR8 by a Combination of Imida-
zoquinoline Immune Response Modifiers 
and PolyT Oligodeoxynucleotides. J Immunol 
2006;177:6584 LP – 6587. doi:10.4049/jimmu-
nol.177.10.6584.

[43] Lund JM, Alexopoulou L, Sato A, Karow M, 
Adams NC, Gale NW, et al. Recognition of sin-
gle-stranded RNA viruses by Toll-like recep-
tor 7. Proc Natl Acad Sci 2004;101:5598–603. 
doi:10.1073/pnas.0400937101.

[44] Wang JP, Liu P, Latz E, Golenbock DT, Fin-
berg RW, Libraty DH. Flavivirus Activation of 
Plasmacytoid Dendritic Cells Delineates Key 
Elements of TLR7 Signaling beyond Endoso-
mal Recognition. J Immunol 2006;177:7114–21. 
doi:10.4049/jimmunol.177.10.7114.

[45] Gultyaev AP, Spronken MI, Richard M, 
Schrauwen EJA, Olsthoorn RCL, Fouchi-
er RAM. Subtype-specific structural con-
straints in the evolution of influenza A virus 
hemagglutinin genes. Sci Rep 2016;6:38892. 
doi:10.1038/srep38892.

[46] Jackson LA, Campbell JD, Frey SE, 
Edwards KM, Keitel WA, Kotloff KL, et al. Effect 
of Varying Doses of a Monovalent H7N9 In-
fluenza Vaccine With and Without AS03 and 
MF59 Adjuvants on Immune Response. JAMA 
2015;314:237. doi:10.1001/jama.2015.7916.

[47] Madan A, Segall N, Ferguson M, Frenette 
L, Kroll R, Friel D, et al. Immunogenicity and 
Safety of an AS03-Adjuvanted H7N9 Pandem-
ic Influenza Vaccine in a Randomized Trial in 
Healthy Adults. J Infect Dis 2016;214:1717–27. 
doi:10.1093/infdis/jiw414.

[48] Kamal RP, Blanchfield K, Belser JA, Music 
N, Tzeng W-P, Holiday C, et al. Inactivated H7 
Influenza Virus Vaccines Protect Mice despite 
Inducing Only Low Levels of Neutralizing An-
tibodies. J Virol 2017;91. doi:10.1128/JVI.01202-17.

[49] Blanchfield K, Kamal RP, Tzeng W-P, 
Music N, Wilson JR, Stevens J, et al. Recom-
binant influenza H7 hemagglutinins induce 
lower neutralizing antibody titers in mice 
than do seasonal hemagglutinins. Influenza 
Other Respi Viruses 2014;8:628–35. doi:10.1111/
irv.12285.

[50] Chen Y-Q, Wohlbold TJ, Zheng N-Y, Huang 
M, Huang Y, Neu KE, et al. Influenza Infection 
in Humans Induces Broadly Cross-Reactive 
and Protective Neuraminidase-Reactive An-
tibodies. Cell 2018;173:417-429.e10. doi:10.1016/j.
cell.2018.03.030.

[51] Sridhar S, Begom S, Bermingham A, 
Ziegler T, Roberts KL, Barclay WS, et al. Pre-
dominance Of Heterosubtypic IFNγ-On-

ly-Secreting Effector Memory T Cells In Pan-
demic H1N1 Naive Adults. Eur J Immunol 
2012;42:2913–24. doi:10.1002/eji.201242504.

[52] Jameson J, Cruz J, Ennis FA. Human Cyto-
toxic T-Lymphocyte Repertoire to Influenza A 
Viruses. J Virol 1998;72:8682 LP – 8689.

[53] Lee LY-H, Ha DLA, Simmons C, de Jong 
MD, Chau NVV, Schumacher R, et al. Memo-
ry T cells established by seasonal human in-
fluenza A infection cross-react with avian in-
fluenza A (H5N1) in healthy individuals. J Clin 
Invest 2008;118:3478–90. doi:10.1172/JCI32460.

[54] Roti M, Yang J, Berger D, Huston L, James 
EA, Kwok WW. Healthy human subjects have 
CD4+ T cells directed against H5N1 influenza 
virus(). J Immunol 2008;180:1758–68.

[55] Quiñones-Parra S, Grant E, Loh L, Nguyen 
THO, Campbell K-A, Tong SYC, et al. Preexist-
ing CD8&lt;sup&gt;+&lt;/sup&gt; T-cell immu-
nity to the H7N9 influenza A virus varies across 
ethnicities. Proc Natl Acad Sci 2014;111:1049 LP 
– 1054. doi:10.1073/pnas.1322229111.

[56] Richards KA, Nayak J, Chaves FA, DiPiaz-
za A, Knowlden ZAG, Alam S, et al. Seasonal 
Influenza Can Poise Hosts for CD4 T-Cell Im-
munity to H7N9 Avian Influenza. J Infect Dis 
2014;212:86–94. doi:10.1093/infdis/jiu662.

[57] De Groot AS, Ardito M, Terry F, Levitz L, 
Ross T, Moise L, et al. Low immunogenicity 
predicted for emerging avian-origin H7N9. 
Hum Vaccin Immunother 2013;9:950–6. 
doi:10.4161/hv.24939.

[58] Ehrlich HJ, Müller M, Oh HML, Tamb-
yah PA, Joukhadar C, Montomoli E, et al. A 
Clinical Trial of a Whole-Virus H5N1 Vaccine 
Derived from Cell Culture. N Engl J Med 
2008;358:2573–84. doi:10.1056/NEJMoa073121.

[59] van der Velden MVW, Fritz R, Pöllabauer 
EM, Portsmouth D, Howard MK, Kreil TR, et al. 
Safety and Immunogenicity of a Vero Cell Cul-
ture–Derived Whole-Virus Influenza A(H5N1) 
Vaccine in a Pediatric Population. J Infect Dis 
2013;209:12–23. doi:10.1093/infdis/jit498.

[60] Vajo Z, Kosa L, Visontay I, Jankovics M, 
Jankovics I. Inactivated Whole Virus Influ-
enza A (H5N1) Vaccine1. Emerg Infect Dis 
2007;13:807–8. doi:10.3201/eid1305.061248.

[61] Wu J, Liu S-Z, Dong S-S, Dong X-P, Zhang 
W-L, Lu M, et al. Safety and immunogenici-
ty of adjuvanted inactivated split-virion and 
whole-virion influenza A (H5N1) vaccines 
in children: A phase I–II randomized tri-
al. Vaccine 2010;28:6221–7. doi:10.1016/j.vac-
cine.2010.07.008.




	Chapter 4



