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Influenza A viruses continue to circulate throughout the world as yearly epidemics or occasional pan-
demics. Influenza infections can be prevented by seasonal multivalent or monovalent pandemic vaccines.
In the present study, we describe a novel multiplex microarray immunoassay (MAIA) for simultaneous
measurement of virus-specific IgG and IgM antibodies using Pandemrix-vaccinated adult sera collected
at day 0 and 28 and 180 days after vaccination as the study material. MAIA showed excellent correlation
with a conventional enzyme immunoassay (EIA) in both IgG and IgM anti-influenza A antibodies and
good correlation with hemagglutination inhibition (HI) test. Pandemrix vaccine induced 5–30 fold
increases in anti-H1N1pdm09 influenza antibodies as measured by HI, EIA or MAIA. A clear increase in
virus-specific IgG antibodies was found in 93–97% of vaccinees by MAIA and EIA. Virus-specific IgM anti-
bodies were found in 90–92% of vaccinees by MAIA and EIA, respectively and IgM antibodies persisted for
up to 6 months after vaccination in 55–62% of the vaccinees. Pandemic influenza vaccine induced strong
anti-influenza A IgG and IgM responses that persisted several months after vaccination. MAIA was
demonstrated to be an excellent method for simultaneous measurement of antiviral IgG and IgM anti-
bodies against multiple virus antigens. Thus the method is well suitable for large scale epidemiological
and vaccine immunity studies.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Past influenza A virus pandemics have shown that new reassor-
tant viruses have the potential to spread rapidly throughout the
world leading to significant morbidity and mortality in humans.
The latest influenza pandemic in 2009 was caused by a novel
swine-origin reassortant H1N1pdm09 influenza A virus with gene
segments originating from avian, human and swine influenza A
viruses [1]. The possibility of avian or other animal-origin influenza
A viruses to infect and spread among humans has been identified
as a potential global threat that could lead to an even more severe
pandemic than the previous ones. The genetic determinants
responsible for the avian-to-human transmission of influenza A
viruses are still partly undetermined and the ability of different
strains to infect humans is not fully understood. However, there
is serological evidence for bird-to-human transmission of influenza
A viruses [2–5]. This highlights the need to further develop influ-
enza surveillance systems in animals and humans [6] as well as
to conduct serological surveys to monitor population immunity
to various influenza types and subtypes.

Globally circulating human influenza A and B virus strains are
continuously monitored and recommendations for the composi-
tion of influenza strains to be included in seasonal vaccines are
updated by the World Health Organization (WHO) expert group
twice a year. If novel reassortant influenza viruses are found in
humans they are often used as basis for the development of
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pre-pandemic or pandemic (monocomponent) vaccines. The
assessment of vaccine immunogenicity and efficacy is essential
for successful vaccination campaigns [7]. Vaccines are typically
developed and evaluated based on their ability to induce vaccine
antigen-specific antibody responses [8]. Demonstrating the pres-
ence of antibodies to specific influenza antigens and strains is of
great importance since antibodies play a prominent role in the pro-
tection against a given influenza virus strain.

The haemagglutination inhibition (HI) assay is the most com-
monly used method for measuring antibody levels against influ-
enza viruses [9–11]. Anti-influenza antibodies detected by the HI
assay have been shown to correlate well with protective immunity
[12,13]. Another commonly used method to detect antibody
responses against microbial pathogens and vaccine antigens is an
enzyme immunoassay (EIA). However, there are several limitations
in both HI and EIA methods. The limiting factors of these assays are
that they are labor- and time-intensive and especially the HI test
requires relatively large sample volumes [14,15]. Conventional
EIA allows analysis of different antibody classes, however each
immunoglobulin class has to be analyzed separately. HI assay has
a strong limitation in analysing currently circulating influenza A
(H3N2) viruses. Recent changes in the receptor binding character-
istics of seasonal A(H3N2) viruses led to poor agglutination of red
blood cells [16]. Therefore, inability of contemporary H3N2 viruses
to be analysed by the HI assay requires the development of alter-
native methods.

In order to better facilitate influenza surveillance and the
rapid assessment and development of vaccines, the limiting fea-
tures of traditional serological assays and enzyme immunoassays
have to be overcome. Modern multiplex techniques provide a
great opportunity for a more broad-spectrum characterization
of humoral immunity induced by vaccines and natural infec-
tions. Multiplex technology emerged about 20 years ago, first
in the field of genomics and it was later widely used in pro-
teomics, oncology, immunology, and infectious disease research
[17–22]. Emerging multiplex techniques allow researchers to
examine vaccine responses with greater throughput and less
time [15,23,24]. Recently, multiplex protein microarray assays
for influenza virus serology have been developed and the assays
have shown a great potential in studies of humoral immune
responses to influenza infection and influenza vaccines [25–
27]. Influenza hemagglutinin antigen-based microarrays have
shown to be a valuable tool in studies of specificity, cross-
reactivity and cross-protection of hemagglutinin-specific anti-
bodies [28–30]. A high density hemagglutinin protein microarray
consisting of 127 different hemagglutinin antigens from 60
viruses demonstrated a high-throughput measurement of
breadth of antibody diversity induced by vaccination and influ-
enza infection [31]. Of interest is the glycan microarray technol-
ogy which enables the detection of the specificity of influenza
virus strains for different types of glycan structures [32]. The
technology allows the analysis the human receptor specificity
of avian influenza virus strains.

Here we describe the development, validation, and implemen-
tation of an in-house multiplex microarray immunoassay which
enables simultaneous quantitative detection of IgM and IgG anti-
bodies against multiple vaccine or viral antigens. In the present
study, we analyzed serum specimens collected from 60 individuals
before and after vaccination with pandemic influenza vaccine in
2010 in Finland. We analyzed vaccine-induced humoral immune
responses and compared antibody responses determined by HI
test, EIA and microarray immunoassay. We sought to determine
whether the microarray immunoassay could be used instead of
other more labor-intensive tests to measure influenza vaccine-
induced antibody responses.
2. Materials and methods

2.1. Serum samples

A cohort of adults without any immunological disorders was
recruited to a clinical and serological follow-up study on a volun-
tary basis between December 2009 and September 2010 in Tam-
pere, Finland. Vaccinees received one intramuscular dose of
PandemrixTM (GlaxoSmithKlein, Rixenart, Belgium) vaccine in con-
nection with the national pandemic vaccination campaign that
was carried out in Finland in 2009 and 2010. The vaccine contained
inactivated, split influenza virus propagated in eggs and an oil-in-
water adjuvant AS03 [33]. The study protocol and the effectiveness
of the vaccine have been previously published [34]. All participants
gave their written informed consent before enrolment in the study.
Serum samples were collected before the vaccination (day -3 - 0)
and on an average of four weeks (day 28) and 6 months (day
180) after the vaccination. We analyzed altogether 180 serum sam-
ples from 60 individuals. The mean age of the vaccinees was 35
(range 18–65 years, median age 23 years) and 73% were females
and 27% males.

2.2. Antigens and controls

H1N1pdm09 (A/California/07/2009 strain; provided by National
Institute for Health and Welfare, THL, Finland) vaccine virus was
propagated in chicken eggs and the virus was utilized as an antigen
in the HI test. Pandemrix split whole virus vaccine (A/Califor-
nia/07/2009 strain; GlaxoSmithKline Biologicals) was concentrated
with Amicon 10 K filter centrifugal tubes (Merck Millipore) and
then the H1N1pdm09 vaccine antigen (ag) was used as a source
of capture antigen in EIA and MAIA. The microarray included also
partially purified influenza B virus (IBV) Yamagata strain (B/Fin-
land/58/2011; provided by THL) and four control antigens. Purified
human IgM (hIgM) was used as a positive control for the anti-hIgM
coated blue-emitting UCNPs (upconverting nanophosphors; Tm-
UCNP-anti-hIgM). Purified human IgG (hIgG) (Sigma-Aldrich, St.
Louis, MO) was used as a positive control for anti-hIgG coated
green-emitting UCNPs (Er-UCNP-anti-hIgG). UCNP labeling tech-
niques and IgG/IgM specificity of the assay have been described
before [35]. Rabbit anti-hIgG (Thermo Scientific, Rockford, IL,
USA) was also printed in the microarray as a positive control for
the assay. Human serum albumin (HSA), (Sigma-Aldrich, St.Louis,
MO), was used as a negative control to determine the extent of
non-specific binding in the assay. Capture antigens and antibodies
were biotinylated and immobilized onto streptavidin-coated plates
as described previously [36]. The printing concentration for the
spots with biotinylated whole-virus IBV Yamagata antigen and
biotinylated HSA (human serum albumin) were 400mg/ml. The
protein concentration of the H1N1pdm09 vaccine antigen was
200mg/ml. The antigen concentrations of the hIgG and hIgM
antibody controls were 50mg/ml and 150mg/ml for anti-hIgG control.

2.3. Serologic assays

Serum samples were analyzed by three serologic assays to
determine anti- H1N1pdm09 ag antibody endpoint titers (all
assays) and relative antibody units (EIA and MAIA).

Serum specimens were analyzed by the HI test using the A/Cal-
ifornia/07/2009 vaccine virus. The HI test was performed according
toWHO guidelines [37] using 0.5%/vol turkey erythrocytes. For sta-
tistical analyses, serum specimens with HI titers < 10 were
assigned a titer value of 5.

All serum samples from one individual were analyzed simulta-
neously for the presence of anti-H1N1pdm09 vaccine ag IgM and
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IgG antibodies. Endpoint titers were determined by enzyme
immunoassay (EIA) and microarray immunoassay (MAIA) using a
series of serum dilutions. All serum samples were tested in dupli-
cates and each plate included negative (denoted as 0 IgM/IgG
units) and positive (denoted as 100 IgM/IgG units) control samples.
IgM negative and positive controls consisted of seronegative and
seropositive adult serum samples, taken before and after vaccina-
tion, respectively. IgG negative control sample consisted of a pool
of seronegative child sera. The positive control consisted of a pool
of highly positive adult sera, taken 3 weeks after the vaccination.

EIA was performed with H1N1pdm09 vaccine ag essentially as
described previously [38]. The antigen was dissolved in
phosphate-buffered saline (PBS), pH 7.2 at a concentration of
1.25 lg/ml and adsorbed onto the wells of polystyrene microtiter
plates (Combiplate, 96-well format, Thermo Scientific, USA) in a
volume of 100 ll/well. For the determination of vaccine-induced
IgM antibodies serum samples were tested at five dilutions:
1/100, 1/300, 1/1000, 1/3000 and 1/10000. For the determination
of vaccine-induced IgG antibodies samples were tested at dilutions
of 1/1000, 1/3000, 1/10000, 1/30000 and 1/100000. For statistical
analyses (geometric mean titers, GMT), serum specimens with
IgM EIA titers < 100 and IgG EIA titers < 1000 were assigned a titer
value of 50 and 500, respectively.

MAIA was performed using microarrays spotted on the bottom
of microtiter plate wells essentially as described previously [36]
with the difference that two types of detection antibody conju-
gates, Er-UCNP-anti-hIgG and Tm-UCNP-anti-hIgM were added
into the wells simultaneously [35]. Two virus antigens
(H1N1pdm09 vaccine ag and IBV Yamagata virus) and four control
antigens (HSA, hIgG, hIgM, anti-hIgG) were printed in duplicates
forming a 4x3 format in a microarray-in-well. The analyzed serum
samples were diluted at 1/100, 1/300, 1/1000, 1/3000 and 1/10000
into the assay buffer. The upconversion luminescence (UCL) of the
bound antibody conjugates was imaged both at the green 550 nm
Fig. 1. Microarray immunoassay assay principle, array layout, fluorescent array-in-well im
antigens (pandemic influenza A (H1N1pdm09) vaccine ag, IBV Yamagata), human serum
printed on the bottom of the wells in streptavidin-coated 96-well plate. Binding of the ser
blue-emitting anti-hIgM coated Tm-UCNP and green-emitting anti-hIgG coated Er-UNCP
and blue 470 nm channels with an anti-Stokes photoluminescence
imager to produce two images from each well. Average UCL signals
from the individual microarray spots were obtained using ImageJ
software, version 1.43n. Specific signals of the antigen spots were
calculated by subtracting the assay HSA background from the
mean signal of the antigen spots. For statistical analyses (GMT cal-
culations), serum specimens with IgM and IgG MAIA titers < 100
were assigned a titer value of 50.

2.4. Statistical analysis

IgM cutoff level for endpoint titers and seropositivity was deter-
mined as the mean plus 3 SD (standard deviation) absorbance
values (for EIA) or mean specific signal counts (for MAIA) of all
pre-vaccination samples at 1/100 dilution that had an HI titer
<10. The cutoff values were absorbance of 0.517 for EIA and the
signal count value of 5075 for MAIA. We standardized the assays
by converting the raw EIA absorbance data to EIA IgM and IgG units
and raw microarray specific signal counts to MAIA IgM and IgG
units using negative and positive control calibrator samples in each
assay run. IgM seropositivity cutoff values at 1/100 serum dilution
were 13 and 10 units for EIA and MAIA, respectively.

IgG cutoff level for endpoint titers and seropositivity was deter-
mined as 4 times mean absorbance values (for EIA) or mean plus 3
SD specific signal counts (for MAIA) of negative controls at 1/1000
dilution and were equal to absorbance value of 0.220 for EIA and
signal count value of 2024 for MAIA. IgG seropositivity cutoff val-
ues at 1/1000 serum dilution were 5 and 10 units for EIA and MAIA,
respectively.

EIA and MAIA units were calculated from the linear plot of the
calibrator using Microsoft Excel version 2010 (Microsoft Corp.,
USA). EIA and MAIA endpoint titers were calculated with the 4
Parameter Logistic (4PL) curve using SigmaPlot 14.0 software.
EIA, MAIA and HI assays were compared and correlated with
ages and composite fluorescent image of an example of an entire 96-well plate. The
albumin (HSA, negative control), hIgG, hIgM, and anti-hIgG (positive controls) were
um IgM and IgG antibodies to antigens and positive controls were detected by using
, respectively.
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Pearson and t-tests using IBM SPSS Statistics v.22 software (IBM
Corp., USA). Data on the arithmetic mean units depicted on the
box plots were analyzed and graphed using Origin version 2016
(OriginLab, USA).

Geometric mean titers (GMTs) with 95% confidence intervals
and theoretical ‘‘seroprotection” rates were calculated. HI titers
of �40 were considered as seroprotective and the corresponding
seroprotective titers for EIA and MAIA were determined from the
correlation curves as the titer value corresponding to the HI titer
of 40. Statistical differences between the groups were calculated
using independent samples t-test (paired, two-tailed) and the sta-
tistically significant difference was set at a level of p < 0.05.
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Fig. 2. Specific IgM and IgG MAIA signal counts from each spot in the microarray
from a sample at day 0, day 28 and day 180 post-vaccination calculated as the mean
signal from 2 duplicate spots in 2 duplicate wells (4 spots altogether) after
subtracting the HSA signal.
3. Results

3.1. Microarray immunoassay spot signals

The assay principle is shown in Fig. 1. For this study, we
designed an array consisting of 12 spots. Two replicate spots of
each of 2 antigens and 4 controls were printed on 4 � 3 layout
on the bottom of each microtiter well. Upconversion luminescence
signals from each sample well were imaged separately at blue
550 nm and green 470 nm emission channels for the detection of
the bound Er-UCNP-anti-hIgG and Tm-UCNP-anti-hIgM, respec-
tively. Serum samples collected from the same individual at day
0, day 28 and day 180 were tested simultaneously in serial dilu-
tions in one 96-well plate. The fluorescent image of the entire 96
well-plate represents composite overlays of two separate images
obtained from green and blue emission channels.

Specific signal counts were calculated for each analyte from two
replicate spots in two replicate wells (Fig. 2). The blue emission
from the hIgM control spots in all three serum samples taken at
different time points confirmed bound Tm-UCNP-anti-hIgM
(Fig. 2A). The blue emission was also observed from H1N1pdm09
vaccine ag spots from samples collected at day 28 and day 180
after the vaccination, which confirms the development of anti-
vaccine IgM antibodies. The green emission was detected from
hIgG, anti-hIgG, H1N1pdm09 vaccine ag and IBV Yamagata spots
as a result of bound Er-UCNP-anti-hIgG (Fig. 2B). The equal signals
from all three samples (days 0, 28 and 180) in IBV Yamagata spots
indicated an existing immunity (IgG abs) to influenza B virus. A rise
in the signal strength from H1N1pdm09 vaccine ag spots from the
sample derived four weeks after influenza A vaccination, confirmed
vaccine-induced immunity. We observed practically no cross-
reactivity between Tm-UCNP-anti-hIgM and Er-UCNP-anti-hIgG
conjugates indicating that the assay is capable of measuring IgG
and IgM antibody responses separately.
3.2. Mean antibody levels and seroprevalence before and after
Pandemrix vaccination

Fig. 3A shows the arithmetic mean IgM and IgG unit values,
measured with H1N1pdm09 vaccine ag by EIA and MAIA in serum
specimens collected before and after the vaccination. The arith-
metic means of antibody values were slightly higher obtained with
the EIA than those seen in the MAIA. With the exception of a few
cases (possibly recently infected, n = 4 out of 60), there was no
pre-existing anti-H1N1pdm09 vaccine ag IgM antibodies before
the vaccination. Four weeks after the vaccination the mean IgM
antibody levels (units) rose significantly 8.9–12.2-fold in EIA and
MAIA assays, respectively (p < 0.001). As expected, the mean IgM
antibody levels decreased by 38–43% by day 180 (p < 0.001). Pre-
vaccination IgG antibodies were at levels 30 and 18 unit values
by EIA and MAIA, respectively. The vaccine-induced immune
responses between the pre-vaccine and 28-day post-vaccine serum
specimens increased 2.9 to 4.2-fold in EIA and MAIA, respectively
(p < 0.001). Late post-vaccination (day 180) IgG antibody levels
declined 68% to 49% in EIA and MAIA, respectively (p < 0.001).
The mean anti-IBV Yamagata IgM unit values stayed at a basal neg-
ative level of 15 to 16 units in pre- and post-vaccination samples
(Fig. 3B). Mean anti-IBV (Yamagata strain) pre-existing IgG anti-
bodies were at the level of 123 microarray units and showed no
significant change after Pandemrix (IAV H1N1pdm09) vaccination.
This confirms that the rise of antibodies against H1N1pdm09 vac-
cine ag is solely vaccine antigen-specific.

Fig. 4 shows the distribution of IgM and IgG unit values against
H1N1pdm09 vaccine ag as measured by EIA and MAIA tests. Calcu-
lated cut-off values discriminate seronegative from seropositive
serum samples. There were a few individuals who had pre-
existing IgM antibodies against H1N1pdm09 vaccine ag before
the vaccination. Most of the vaccinated individuals showed a sig-
nificant rise in anti-H1N1pdm09 vaccine ag IgM and IgG
antibodies.

3.3. Correlation between EIA, MAIA and HI titers

Next, we compared how EIA and MAIA antibody unit values cor-
related with each other. EIA and MAIA results had a very high
degree of correlation for both IgM and IgG unit values (Fig. 5,



Fig. 3. The arithmetic mean IgM and IgG unit values against (A) H1N1pdm09 vaccine ag measured by EIA and MAIA and (B) IBV Yamagata measured by MAIA, in 60
individuals at day 0, day 28 and day 180 post-vaccination. The error bars indicate the standard deviations of the means (n = 4). The values are shown as microarray and
enzyme immunoassay units, calculated in relation to the values for negative control specimens (MAIA or EIA unit values set as 0) and highly positive serum specimen (MAIA
or EIA unit values set as 100).
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p < 0.001). However, there was a tendency for a higher correlation
for IgM unit values (n = 180, r = 0.910, R2 = 0.8271, p < 0.001) than
that of IgG unit values (n = 180, r = 0.546, R2 = 0.2981, p < 0.001).

Then, we calculated the correlation between endpoint titers
determined by three different methods (Fig. 6). We found that
there was an almost perfect agreement between IgM endpoint
titers determined by EIA and MAIA (n = 180, r = 0.943,
R2 = 0.8891, p < 0.001) and a very good agreement between IgM
endpoint titers determined by either EIA (n = 180, r = 0.581,
R2 = 0.3369, p < 0.001) or MAIA and HI antibody titers (n = 180,
r = 0.537, R2 = 0.285, p < 0.001). The HI titer of 40, which is consid-
ered as a level of protective immunity, was considered to be equiv-
alent to the IgM EIA titer of 180 and IgMMAIA titer of 150 (Fig. 6A).

There was also a strong, positive correlation between EIA and
MAIA IgG endpoint titers, which was statistically significant
(n = 180, r = 0.797, R2 = 0.6375, p < 0.001). The antibody titers
determined by HI also correlated highly significantly with IgG end-
point titers determined by EIA (n = 180, r = 0.779, R2 = 0.6063,
p < 0.001) and by MAIA (n = 180, r = 0.478, R2 = 0.2304,
p < 0.001). The HI titer of 40 was considered to be equivalent to
the IgG EIA titer of 13,360 and IgG MAIA titer of 2980 (Fig. 6B).

3.4. Geometric mean titers and seroprotection rates

Geometric mean titers (GMTs) obtained with either EIA or MAIA
were typically higher than those seen in the HI test (Table 1). Pre-
vaccination anti-H1N1pdm09 vaccine ag antibody titers were rela-
tively low. Four weeks after the vaccination, GMTs for all three
assays increased significantly (p < 0.001). As analyzed by the HI
test H1N1pdm09 vaccine-induced antibody responses between
pre-vaccine and 28-day post-vaccine serum specimens increased
30.6-fold. Vaccine-induced IgM and IgG antibody GMTs rose 8.4
and 5.3-fold for MAIA, and 11.3 and 7.1-fold for EIA, respectively.
It is noteworthy that there was also a significant decrease in the
antibody GMT levels between day 28 and day 180 as analyzed by
all different methods (p < 0.0001).

Next, we analyzed the rate of seroprotection i.e. the percentage
of individuals showing � 1:40 titer in the HI test and



Fig. 4. Detection of IgM and IgG unit values against H1N1pdm09 vaccine ag in 60 individuals at day 0, day 28 and day 180 post-vaccination by EIA and MAIA. The dotted
horizontal lines indicate the cut-off values.
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corresponding titers in the EIA and MAIA, before and after the
influenza vaccination (Table 2). Pandemrix vaccination induced
very high seroprotection rates which ranged from 90 to 98% as
measured by the HI, EIA, and MAIA tests. In EIA and MAIA IgG
pre-vaccination seroprotective values were seen in 18–20% of indi-
viduals, respectively, whereas IgM pre-vaccination seroprotective
values were detected in 7% of individuals by both methods. The
seroprotection rate before the vaccination was 13% in the HI test.
H1N1pdm09 virus-specific antibody levels remained at a theoreti-
cally seroprotective level in 80% of individuals by HI test and in
73–83% by EIA and MAIA at six months after the vaccination.

4. Discussion

Vaccines are typically developed and evaluated based on their
ability to induce vaccine antigen-specific antibodies. It is generally
assumed that antigen-specific antibody levels correlate with the
protection of the host if the vaccine antigen(s) is/are the target(s)
for neutralizing antibodies. In the present study, we used the tradi-
tional HI test together with EIA and MAIA tests to analyze antibody
levels before and after vaccination with Pandemrix (H1N1pdm09)
vaccine. The aim of the study was to evaluate Pandemrix vaccine-
induced anti-H1N1pdm09 vaccine ag IgG and IgM antibody
responses, antibody decline and the correlation of different influ-
enza A virus-specific antibody assays. Especially, we also wanted
to evaluate the potential of a novel multiplex microarray
immunoassay for application in vaccine immunology research.

Currently, the HI test is widely used in influenza epidemiologi-
cal and vaccine studies. The clinical protection threshold has been
established for the assay [12,13,39] and the current policy requires
that influenza vaccines induce serum HI titers of �40. It is gener-
ally considered that an individual having HI antibody titer of �40
is protected from influenza infection or at least symptomatic clin-
ical illness. The HI test is relatively cheap and simple to perform
and the assay does not require expensive equipment. Even though
the HI test correlates well with the protection, there are several
challenges with the assay. The results of the assay are read visually
by the researcher and the determination of the end-point titer may
be subjective. International standardization studies have shown a
large variation in HI titers between different laboratories [40,41].
Also, the limiting features of the HI assay are its inability to distin-
guish between different antibody classes and to detect antibody
levels with a high degree of specificity due to its titration-based
test principle. The availability of different animal red blood cells
may be limited and certain influenza A virus strains fail to aggluti-
nate the most commonly used red blood cells.

EIA is a widely used assay to detect antigen-specific antibodies
and it is a very well-validated method. However, the assay is lim-
ited by its ability to measure only a single antibody isotype against
a single antigen in each assay. Even if EIA is of a relatively low cost
and simple to perform, the required time to analyze a large number
of samples practically limits the performance of EIA assays.

Multiplex immunoassay allows the analysis of antibody
responses simultaneously against several different antigens in a
large number of samples relative quickly. Therefore, multiplex
immunoassay is a very good alternative to conventional EIA meth-
ods. Multiplex immunoassay method has the capability to dramat-
ically simplify population-based large seroprevalence studies and



Fig. 5. Correlation of the multiplexed MAIA with the reference EIA assays for
detection anti- H1N1pdm09 vaccine ag antibodies (N = 180). (A) Correlation
between anti- H1N1pdm09 vaccine ag IgM unit values by EIA and MAIA; (B)
Correlation between anti- H1N1pdm09 vaccine ag IgG unit values by EIA and MAIA.
The results of both correlations were statistically significant and were greater or
equal to r(180) = 0.546, R2 = 0.2981, p < 0.001, two-tailed.
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to provide critical data to researchers working on vaccine develop-
ment. Different types of multiplex immunoassays developed for
simultaneous detection of vaccine-induced IgG antibodies have
already proved their efficacy [42–44].

Previous analyses of vaccine-induced antibody responses have
mainly focused on analyzing vaccine-specific IgG responses, which
represents long-lasting immunity. Many assays such as the HI and
neutralization tests do not discriminate antibody responses in
different immunoglobulin classes. Antigen-specific IgM responses
may play an important role in vaccine-induced immunity. Analysis
of IgM responses as demonstrated in our EIA or MAIA tests provides
a valuable addition to a traditional determination of post-
vaccination immune responses. Our data revealed that most Pan-
demrix vaccinated individuals showed a strong anti-H1N1pdm09
vaccine ag IgM response that persisted even up to 6 months after
the vaccination. It may be that virus-specific IgM antibodies, which
cannot be separatelymeasured by the HI or NT testsmay contribute
to protection against IAV more than previously thought.

We analyzed antibody levels in 60 influenza A virus vaccinated
individuals by three different methods. In general, anti-influenza A
antibody end-point titers detected by the HI test, EIA and MAIA
correlated very well with each other. There was a better correlation
between EIA and MAIA, compared to HI and EIA, and HI and MAIA
which is likely due to the fact that the HI test is unable to differen-
tiate between the antibody classes and it likely measures preferen-
tially virus surface glycoprotein-specific antibodies while EIA and
MAIA detect antibodies against all structural proteins of the
H1N1pdm09 virus. Other studies have also reported a good corre-
lation between EIA and multiplex assays [45,46]. We observed
somewhat higher antibody unit values detected by EIA compared
to those seen in MAIA. However, both methods showed a strong
correlation for the arithmetic mean antibody units before and after
the vaccination. It is important to consider potential interactions
between different antibody classes and antigens in the same sam-
ple in microarray immunoassay. Our study showed that there was
practically no cross-reactivity between IgM and IgG antibodies and
different virus antigens despite simultaneous detection in one
assay well. IBV Yamagata was included as one of the control anti-
gens in MAIA to demonstrate the multiplex analytic capacity of the
assay and to confirm that induced antibody levels are highly vac-
cine ag-specific. Anti-IBV Yamagata IgM and IgG antibodies
remained at similar levels before and after Pandemrix vaccination.
Thus, MAIA has a strong advantage over EIA since it includes sev-
eral internal controls in the assay to ensure better assay quality
and reliability of the assay results.

We also analyzed the performance of EIA and MAIA in estimat-
ing the theoretical ‘‘seroprotection” rates induced by the Pandem-
rix vaccine. We determined the EIA and MAIA titers that
corresponded to the HI titer of 40 and estimated seroprotection
rates by different assays. All methods showed very similar seropro-
tection rates before and after the vaccination. It is noteworthy that
only 7% of individuals showed ‘‘seroprotective” IgM and ca. 20% of
IgG antibody levels before vaccination. Three weeks after the vac-
cination IgM and IgG ‘‘seroprotection” values were seen in ca. 90%
and 93–97% of cases, respectively. These figures were very similar
to those seen by the HI test where 13% showed seroprotective anti-
body levels before the vaccination and 92% 4 weeks after the vac-
cination. Our results indicate that the Pandemrix vaccine induced
strong antibody responses with very high theoretical seroprotec-
tion rates that were similarly detected with different analytical
methods. However, it is worth mentioning that actual seroprotec-
tion was not measured. The EIA and MAIA seroprotective titers
were determined in comparison to HI titers and these assays
require their own validation to determine the actual seroprotec-
tion threshold.

To date, microarray technology is used in many research labora-
tories, but the assay(s) may one day emerge as routine clinical lab-
oratory tests. The multiplex microarray immunoassay overcomes
the limiting features of traditional immunoassays allowing the
detection of multiple analytes and antibody types simultaneously
in a small sample volume. This may be very critical in analyzing
samples from infants. In addition to saving the sample volume
and reagents, multiplex technology provides a significant save of
time to complete the assay. The limitation of the multiplex tech-
nology is that it requires investment in expensive equipment and
disposable supplies. Nevertheless, if four or more analytes are
measured simultaneously the overall multiplex assay costs are
lower than those of separate EIAs [47].



Fig. 6. Correlation of the antibody endpoint titers to A/California/07/2009 vaccine virus or H1N1pdm09 vaccine ag measured by haemagglutination inhibition (HI) test,
enzyme immunoassay (EIA) and microarray immunoassay (MAIA). Natural logarithm (Ln)-transformed antibody titers are presented, trend lines and coefficient of
determinations were calculated by linear regression analysis. The total number of serum samples is 180. (A) Correlations between HI and IgM EIA, HI and IgM MAIA, IgM EIA
and IgM MAIA endpoint titers. (B) Correlations between HI and IgG EIA, HI and IgG MAIA, IgG EIA and IgG MAIA endpoint titers.
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In the present study, we demonstrated that vaccination against
the 2009 pandemic influenza A virus induces strong virus-specific
IgM and IgG antibody responses likely providing a very high
seroprotection rate against IAV H1N1pdm09. We also show that
the microarray immunoassay data correlates extremely well with
other conventional EIA and HI tests in estimating influenza A



Table 1
Pandemrix vaccine-induced anti-A/California/07/2009 virus antibody end-point titers as measured by haemagglutination inhibition (HI) test and anti-H1N1pdm09 vaccine ag
(split whole virus) antibody titers as measured by enzyme immunoassay (EIA) and microarray immunoassay (MAIA).

Assay method HI EIA IgM MAIA IgM EIA IgG MAIA IgG

Geometric mean titer [95% CI]
Day 0 8.2 61.4 59.7 6700 1590

[6.7–10.1] [52.6–71.7] [52.1–68.5] [5494–8177] [1255–2019]
Day 28 251 693 503 47,390 8350

[167.3–376.7] [518.0–928.5] [375.3–676.2] [39540–56810] [7014–9943]
Fold increase* 30.6 11.3 8.4 7.1 5.3
Day 180 99.6 213 158 19,260 3510

[67.0–148.1] [171.3–266.9] [125.1–200.2] [16240–22850] [2900–4240]
Fold increase* 12.1 3.5 2.6 2.9 2.2

The significance of differences between day 0 and 28 (increase) and day 28 and 180 (decrease) geometric mean titers within all different methods p < 0.0001.
* Fold increase compared to day 0.

Table 2
Theoretical seroprotection rates before and after vaccination with Pandemrix vaccine measured by haemagglutination inhibition (HI) test, enzyme immunoassay (EIA) and
microarray immunoassay (MAIA).

Number (%) of seroprotected* individuals (n = 60)

HI EIA MAIA

IgM IgG IgM + IgG IgM IgG IgM + IgG

Day 0 8 (13%) 4 (7%) 11 (18%) 13 (22%) 4 (7%) 12 (20%) 14 (23%)
Day 28 55 (92%) 55 (92%) 58 (97%) 59 (98%) 54 (90%) 56 (93%) 59 (98%)
Day 180 48 (80%) 37 (62%) 37 (62%) 50 (83%) 33 (55%) 34 (57%) 44 (73%)

* Seroprotection relates to serum specimens with a HI titer � 40, which corresponds to �180 and �13,360 in IgM and IgG EIA, respectively and �150 and �2980 in IgM and
IgG MAIA assay, respectively.
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virus-specific antibodies. We have thus shown that the microarray
immunoassay is a very promising new tool to measure influenza
vaccine as well as basically any other vaccine-induced antibody
responses and it is also well suitable for large-scale seroepidemio-
logical studies.
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