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Determination of influenza-specific antibody titers is commonly done using the hemagglutination inhi-
bition assay (HAI) and the viral microneutralization assay (MN). Both assays are characterized by high
intra- and inter-laboratory variability. The HAI assay offers little opportunity for standardization. For
the MN assay, variability might be due to the use of different assay protocols employing different read-
outs. We therefore aimed at investigating which of the MN assay readout methods currently in use would
be the most suitable choice for a standardized MN assay that could serve as a substitute for the HAI assay.
For this purpose, human serum samples were tested for the presence of influenza specific neutralizing
antibodies against A/California/7/09 H1N1 (49 sera) or A/Hong Kong/4801/2014 (50 sera) using four dif-
ferent infection readout methods for the MN assay (cytopathic effect, hemagglutination, ELISA, RT qPCR)
and using the HAI assay. The results were compared by correlation analysis and by determining the level
of agreement before and after normalization to a standard serum. Titers as measured by the 4 MN assay
readouts showed good correlation, with high Person’s r for most comparisons. However, agreement
between nominal titers varied with readouts compared and virus strain used. In addition, Pearson’s cor-
relation of MN titers with HAI titers was high but agreement of nominal titers was moderate and the
average difference between the readings of two assays (bias) was virus strain-dependent.
Normalization to a standard serum did not result in better agreement of assay results. Our study demon-
strates that different MN readouts result in nominally different antibody titers. Accordingly, the use of a
common and standardized MN assay protocol will be crucial to minimize inter-laboratory variability.
Based on reproducibility, cost effectiveness and unbiased assessment of results we elected the MN assay
with ELISA readout as most suitable for a possible replacement of the HAI assay.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Influenza A and B viruses are highly contagious airborne viruses
which cause an infectious respiratory disease of varying severity.
Being responsible for 2–5 million severe cases and 290000–
650000 deaths per year worldwide, influenza viruses represent a
significant burden to society [1–3]. Vaccines are the mainstay
of infection control during seasonal epidemics and are
considered as highly important to mitigate occasional pandemics.
The majority of currently available influenza vaccines aims at elic-
iting antibodies which can prevent the virus from infecting its
envisaged target cells. Accordingly, vaccine immunogenicity can
be evaluated by determining serum levels of such antibodies [4–6].

The two primary serological assays for this purpose are the
hemagglutination inhibition (HAI) assay and the virus microneu-
tralization (MN) assay [7–9]. The HAI assay is generally more fre-
quently used than the MN assay to measure influenza specific
humoral immunity for multiple reasons: a widely accepted corre-
late of protection exists for HAI titers which is not the case for
titers measured by MN assay, it requires less hands-on time than
the MN assay and it does not necessarily require Biosafety Level
2 (BSL2) conditions if performed with inactivated virus [10–12].
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The HAI assay relies on the ability of hemagglutinin-specific
antibodies to inhibit the binding between the hemagglutinin of
the virus and the sialic acid receptors on the surface of red blood
cells (RBCs; mostly from chicken or turkey). This assay thus quan-
tifies antibodies which are able to prevent virus-induced aggluti-
nation of RBCs [10,13–15]. However, the HAI assay lacks
reproducibility and consistency as shown by several inter-
laboratory studies, mainly due to the fact that it requires reagents
which are difficult to standardize: e.g. RBCs [10,14,16]. Red blood
cells from various animal species differ in their ability to aggluti-
nate influenza viruses, and for some virus subtypes, such as influ-
enza A H5 and H7, the use of RBCs from selected animal species, in
these cases horse, is required for efficient hemagglutination
[10,16]. Moreover, an increasing number of currently circulating
influenza A H3 strains shows a reduced ability to agglutinate ery-
throcytes and this assay cannot always detect antibody responses
to influenza B strains [10,17,18]. Furthermore, in some HAI proto-
cols agglutination is performed at room temperature, while in
others it is performed at 0 �C, thus introducing yet another cause
of variability in the results [3,19,20]. Finally, the well-established
HAI titer of 40, reported in literature as correlate of 50% protection,
might not be as reliable as we thought since it is not valid for the
whole population, leaving out the very young and the elderly from
its window of accountability, and since it was established using
viruses that are no longer circulating [10,14,21]. For this reason
an HAI titer � 40 is no longer accepted as a threshold of seropro-
tection by the EMA [22].

The MN assay on the other hand, is an assay for the detection of
neutralizing antibodies to influenza viruses in human and animal
sera. The assay starts with a virus-antibody reaction step, in which
the virus is mixed with dilutions of serum and incubated for a cer-
tain time period in order for any antibodies to bind to the virus.
The assay then proceeds with a step in which the mixture is inoc-
ulated into cells, Madin-Darby Canine Kidney cells (MDCK) in most
of the cases, followed by an infection detection step, which allows
for indirect evaluation of neutralizing antibody titers. Low levels of
infection correlate with high titers of influenza specific neutraliz-
ing antibodies [8,18,23,24]. Several protocols exist for MN assays
which vary in major steps of the MN protocol: cell seeding condi-
tions, number of cells seeded, virus amount used in the infection
step, virus-serum-cells incubation period etc. The biggest differ-
ence among MN assays is represented by the infection detection
step which can be carried out using different readouts. The most
commonly used readouts are: evaluation of cytopathic effect
(CPE), detection of viral particles through hemagglutination (HA),
detection of viral infectious particles through plaque reduction
neutralization test (PRNT) and detection of viral nucleoprotein
(NP) through ELISA assay [22,23,25]. In addition, novel readouts
are recently emerging, such as quantification of viral RNA by qPCR
[26].

The MN assay has been reported to be more sensitive than the
HAI and single radial hemolysis assay (SRH) for detection of anti-
bodies to seasonal strains and H5N1 viruses and it has the great
advantage of being a functional assay, detecting antibodies which
are indeed truly inhibiting the infection [10,27–29]. As such, the
MN assay could potentially substitute the poorly reproducible
HAI assay. Nevertheless, the differences in pivotal steps in MN
assay protocols, in particular the readout method used, account
for a high degree of variability and inconsistency of the results
[10,24]. Using a common readout, a harmonized protocol for the
MN assay, and a common standard serum could potentially solve
this issue [30,31].

Given this situation, the main aim of our study was to
investigate which of the several MN assays and readout methods
currently in use would be the most adequate choice for implemen-
tation in a standardized MN assay protocol in terms of repro-
ducibility, standardization possibilities, cost effectiveness and
comparability of results with results from HAI assays. Using two
sets of human serum samples we determined MN titers against
A/California/7/2009 (H1N1pdm) and A/Hong Kong/4801/2014
(H3N2), respectively, employing CPE, HA, ELISA, and qPCR as read-
out methods. PRNT readout, despite being commonly used as MN
readout, was not included in our study because of the fact that it
is time-consuming, and relies greatly on the expertise of the person
performing the experiment for the interpretation of the results
[18,32]. For each pair of assays, the titers obtained were compared
by Pearson’s correlation analysis and further analyzed for equiva-
lence using the Bland Altman method [33]. In addition, antibody
titers were determined by conventional HAI assay and results were
compared to the results of the MN assays. The effect of normalizing
titers to a standard serum on comparability among assays was also
investigated.
2. Materials and methods

2.1. Serum samples

Two panels of human sera were analyzed for the presence of
antibodies against influenza A/California/7/09 (H1N1pdm) and
A/Hong Kong/4801/2014 (H3N2): 49 sera for H1N1pdm and 50
sera for H3N2 respectively. These 99 sera were collected by the
University of Siena from anonymized subjects whose vaccination
history was unknown. Standard sheep hyper immune sera
(anti-A/California/7/09 HA serum 16/114 and anti-A/Hong
Kong/4801/2014-like HA serum 16/182) were purchased from
the National Institute for Biological Standards and Control (NIBSC,
Potters Bar, UK) and used as positive controls. Human serumminus
IgA/IgM/IgG (Sigma) was used as negative control. All sera were
treated with sodium citrate dihydrate tribasic solution 8% (Sigma)
and heat inactivated at 56 �C for 1 h before use.

2.2. Cells

Madin-Darby Canine Kidney (MDCK) cells were purchased from
the European Collection of Authenticated Cell Cultures (84121903
– ECACC). MDCK cells were cultured in Eagle’s Minimum Essential
Medium (EMEM, Lonza) containing 2 mM glutamine (Lonza), 100
units/ml penicillin-streptomycin (Lonza) and 10% fetal bovine
serum (FBS, Euroclone) in a 37 �C, 5% CO2 humidified incubator.

MDCK cells were used for all MN assays in this study. Cell sus-
pensions or adherent cell monolayer were prepared in different
media depending on the MN assay considered.

2.3. Red blood cells (RBCs)

Red blood cells (RBCs) from turkey suspended in 50% Alsever
solution (2.05% dextrose, 0.8% sodium citrate, 0.055% citric acid,
and 0.42% sodium chloride) were used for HAI assay and MN-HA
assays. The blood was washed twice with saline solution by two
centrifugation steps (15 min at 295g). The pellet was collected to
prepare a solution of 0.5% RBCs (v/v) in saline solution.

2.4. Viruses

The viruses used in this study were influenza A/California/7/09
(H1N1pdm, 09/268) and A/Hong Kong/4801/2014 (H3N2,15/184).
Both viruses were obtained from NIBSC and propagated in
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embryonated 10–11 days old chicken eggs according to the follow-
ing procedure: using a special drill a small area of the shell in a
location corresponding to the air sac of the egg was removed. Influ-
enza virus stock was diluted to obtain approximately 10-4 pfu/ml
in sterile PBS. Using an insulin syringe, 100 ml of virus was inocu-
lated in the allantoic cavity of each egg. The holes in the shell were
sealed using wax. The inoculated eggs were left in an incubator at
32–36 �C for 24–72 h depending on the strain. Eggs were then left
at �20 �C for 30–40 mins. Using sterile scissors the eggs were
opened and the allantoic fluid was collected. The allantoic fluid
was then centrifuged at approximately 650g for 10 min at 4 �C to
remove debris. Virus containing supernatants were frozen at
�80 �C for long term storage.

2.5. Virus titration

For each virus, the infectious titer was determined by infecting
MDCK cells with 2-fold serial dilutions of the virus and calculating
the 50% tissue culture infectious dose (TCID50) using the
Spearman-Karber formula [34]. The viruses were titrated sepa-
rately for each of the assays, using experimental conditions (cell
numbers, virus incubation time, readout etc.) similar to the ones
later employed in the MN assay.

2.6. Virus inactivation

For use in HAI assays, the viruses were inactivated using forma-
lin (37 wt%, Sigma Aldrich) at a final concentration of 0.02 wt%
overnight in an 18 �C water bath.

2.7. Microneutralization assays

All assays were performed using the most recent protocols
employed in the GLP facility of Vismederi.S.r.l.. Differences among
the protocols of important parameters like the absence or presence
of FBS during infection, infection of cells in suspension or while
attached to the culture plate etc. were therefore taken for granted.
Serum samples were tested in duplicate in two individual experi-
ments and ultimately geometric mean titers (GMTs) were calcu-
lated from the results of the two experiments for the final
analysis of the data. In case the titers of the two duplicates differed
by more than 2 dilution steps, the sera were retested. The sera
were serially 2-fold diluted from a starting dilution of 1:10 in
96-wells microtiter plates and pre-incubated with live virus
(amount depending on the readout, see below) for 1 h in a 37 �C,
5% CO2 humidified incubator before incubation with adherent or
suspension MDCK cells. After incubation of the virus-serum-cell
mixture for the indicated period, the infection of MDCK cells was
evaluated through four different readouts.

2.7.1. Evaluation of the cytopathic effect (CPE)
MDCK cells (350000 cell/ml) were pre-seeded in 96 well plates

48 h before infection in a final volume of 100 ml/well in Episerf
Serum Free Medium (Gibco). Supernatants were removed from
all the wells and 100 ml of the ‘‘virus (2000 TCID50/ml) + serum”
mixture was applied to the wells. The medium used to dilute
serum and virus in this assay was Episerf Serum Free medium sup-
plemented with 8 mg/ml of TPCK trypsin (Sigma). The cells were
checked for signs of CPE 5 days post-infection by optical micro-
scopy. Serum titers were expressed as the reciprocal of the highest
dilution of sera showing less than 50% of CPE in the MDCK cell
lawn. Not infected cell monolayers were used as negative control.

2.7.2. Evaluation of hemagglutination
MDCK cells were seeded and infected as described above. Five

days post-infection the cell supernatants (100 ml) were harvested
and transferred from the MN 96-wells plate to new ‘‘V” bottom
96-well plate and 1 vol of 0.5% RBCs in saline solution were added
in each well. The plates were checked for hemagglutination after a
2 h-incubation period at room temperature (RT) and the serum
titers were expressed as the reciprocal of the highest dilution of
serum that prevented agglutination. Supernatant from a non-
infected cell monolayer was used as negative control.

2.7.3. Detection of influenza A virus nucleoprotein (NP) by ELISA assay
MDCK cells (150000 cell/ml) were seeded in 96 well plates in a

final volume of 100 ml/well in EMEM supplemented with 0.5% FBS.
100 ml of the ‘‘virus (2000 TCID50/ml) + serum” mixture was
applied to the cells right after seeding. The final volume in each
well was then 200 ml.

18–22 h post infection the ELISA assay was performed using the
ELISA Starter Accessory Kit (Bethyl). To improve the sensitivity of
NP detection, a mixture of two mouse monoclonal antibodies
specific for anti-influenza A NP protein were employed at a dilu-
tion of 1:4000 and in a 1:1 ratio (MAB8257, MAB8258 – Merck).
Horseradish peroxidase (HRP)-labeled goat anti-mouse IgG
(H + L) (Invitrogen) was used as secondary antibody at a dilution
of 1:16000. 3,30,5,50-Tetramethylbenzidine (TMB) was used as sub-
strate for HRP and the OD (measured at 450 nm) of each well was
determined by ELISA reader. The OD value x which represents the
cut off for virus neutralization is calculated as follows:

x ¼ average OD of VC wellsð Þ � average OD of CC wellsð Þ½ �
2 þ average OD CC wells

where the cell control (CC) consisted of non-infected cells and the
virus control (VC) consisted of infected cells without addition of
serum [3]. All wells with an OD (450 nm) below or equal to ‘‘x” were
considered positive for neutralization activity. The neutralizing titer
was determined as the reciprocal of the highest serum dilution with
an OD � x.

2.7.4. Detection of the influenza A virus Matrix 1 (M1) gene by RT-
qPCR

The use of qPCR for the quantification of viral RNA was based on
amplification of the Matrix protein 1(M1)-encoding sequence and
was performed according to Teferedegne et al. with some modifi-
cations [26]. Briefly MDCK cells (300000 cell/ml) were seeded in
96 well plates in a final volume of 100 ml /well in Minimum
Essential Medium (EMEM, Lonza) supplemented with 0.5% Fetal
Bovine Serum (FBS, Lonza). 100 ml of the ‘‘virus (20000
TCID50/ml) + serum” mixture was added to the cells right after
seeding. The final volume in each well was then 200 ml.

6 h post-infection cytoplasmic RNA from the cells in each well
was extracted as follows. Cell supernatants were discarded and cell
lysates were obtained by incubating iScriptTM RT-qPCR Sample
Preparation Reagent (Biorad) on the cells for 1 min at RT (24 �C);
cell lysates were then collected and stored frozen at �80 �C. Upon
thawing, the RNA was transcribed in cDNA using the PrimeScript
RT reagent Kit (Takara). The M1 gene was quantified from each
cDNA sample through quantitative PCR. The sequences of the pri-
mers used were AAGACCAATCCTGTCACCTCTGA for M1 forward
primer and CAAAGCGTCTACGCTGCAGTCC for M1 reverse primer
(sequence of both primers is to be intended 50 � 30). The protocol
used in the thermocycler was the following: 95 �C for 10 min
(1X), 95 �C for 15 sec and 60 �C for 1 min (40X), and finally 95 �C
for 15 sec.

In parallel to each test, 10-fold serial dilutions of plasmid DNA
containing the M1 sequence were run in order to generate a stan-
dard curve for M1 copy number calculation in our samples of inter-
est. Furthermore, for each test, both cell controls and virus controls
were run. Neutralizing antibody titers were calculated as the recip-
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rocal of the highest dilution of serum showing a decrease in M1
copy number of at least 90% with respect to the virus control.
2.8. Hemagglutination inhibition assay

The hemagglutination units (HAU) of each inactivated virus
preparation was quantified by evaluating hemagglutination activ-
ity in serially diluted virus suspensions in presence of 0.5% Turkey
RBCs. The virus titer was calculated as the reciprocal of the highest
dilution of virus showing complete hemagglutination of RBCs.
Serum samples were serially 2-fold diluted from a starting dilution
of 1:10 in 96-well microtiter plates (25 ml per well). Inactivated
virus suspension containing 4 HAU/25 ml was added to each well
containing diluted serum (25 ml per well). The plates weremanually
agitated for 10 s. Plates were covered and incubated at RT for 1 h.
Finally 0.35% turkey RBCs in saline solutionwere added to eachwell
(50 ml per well). Following 1 h incubation at RT, hemagglutination
and its inhibition were read in each well. Wells only containing
PBS were used as negative controls, while sheep hyperimmune sera
were used as positive controls (see paragraph ‘‘sera”). Serum titers
were expressed as the reciprocal of the highest dilution of serum
that did not show agglutination. For both, MN and HAI assays, if
the initial dilution did not give a positive titer, the titer was
recorded as half the minimum detectable titer for calculation pur-
poses, e.g. 5 in MN assay if the starting dilution was 1:10.
Table 1
Titers of standard positive antisera against influenza virus as calculated by either MN ass

A

Influenza virus
strain

H1N1

MN assay
readout

Standard Sample Test 1 serum
titers

Test 2 serum
titers

HA Anti-A/California/7/09
(NIBSC code: 16/114)

2560 1280
2560 1280
2560 2560
1280 2560

Human Serum minus
IgA/IgM/IgG (Sigma)

5 5

CPE Anti-A/California/7/09
(NIBSC code: 16/114)

2560 2560
2560 5120
2560 2560
5120 5120

Human Serum minus
IgA/IgM/IgG (Sigma)

5 5

ELISA Anti-A/California/7/09
(NIBSC code: 16/114)

5120 5120
5120 5120
5120 5120
5120 5120

Human Serum minus
IgA/IgM/IgG (Sigma)

5 5

RT qPCR Anti-A/California/7/09
(NIBSC code: 16/114)

1600 10,240
1600 12,800

Human Serum minus
IgA/IgM/IgG (Sigma)

5 5

B

Influenza virus
strain

H1N1

Assay Standard Sample Test 1 serum
titers

Test 2serum
titers

HAI Anti-A/California/7/09
(NIBSC code: 16/114)

640 1280
640 640
1280 1280
1280 640

Human Serum minus
IgA/IgM/IgG (Sigma)

5 5

*The titers correspond to replicates analyzed in two separate experiments which were pe
influenza virus H1N1pdm09 and H3N2.
2.9. Data analysis

Linearity of the MN assay data obtained using different
readouts was evaluated by fitting a linear regression line and
calculating respective R2 in GraphPad Prism software (version
5.01).

Correlations between MN-assay results obtained with different
readouts and between MN and HAI assay results were calculated
by Pearson correlation test; p values were corrected for multiple
comparisons using the Bonferroni-Šidák method using GraphPad
Prism software (version 8.0). Comparison between different Pear-
son’s correlation coefficients was performed using MEDCALC� as
statistical software. Agreement between titers determined using
the different readouts for the MN-assay and between titers deter-
mined by MN and HAI assay, respectively, was analyzed graphi-
cally using Bland-Altman plots [33].
3. Results

3.1. MN assays and HAI assay show good linearity and repeatability

When comparing two methods it is important that both show
good repeatability. When there is considerable variability in
repeated measurements, correlation and agreement between the
two methods are clearly doomed to be poor. For this reason, we
ays or by HAI assay.

H3N2

Standard Sample Test 1 serum
titers

Test 2 serum
titers

Anti-A/Hong Kong/4801/2014-like
(NIBSC code: 16/182)

40,960 40,960
20,480 20,480
40,960 40,960
20,480 20,480

Human Serum minus IgA/IgM/IgG (Sigma) 5 5

Anti-A/Hong Kong/4801/2014-like
(NIBSC code: 16/182)

20,480 20,480
20,480 20,480
40,960 20,480
40,960 20,480

Human Serum minus IgA/IgM/IgG (Sigma) 5 5

Anti-A/Hong Kong/4801/2014-like
(NIBSC code: 16/182)

40,960 40,960
40,960 20,480
40,960 40,960
40,960 40,960

Human Serum minus IgA/IgM/IgG (Sigma) 5 5

Anti-A/Hong Kong/4801/2014-like
(NIBSC code: 16/182)

1600 800
1600 800

Human Serum minus IgA/IgM/IgG (Sigma) 5 5

H3N2

Standard Sample Test 1 serum
titers

Test 2serum
titers

Anti-A/Hong Kong/4801/2014-like
(NIBSC code: 16/182)

2560 2560
2560 2560
2560 2560
2560 2560

Human Serum minus IgA/IgM/IgG (Sigma) 5 5

rformed in different days to evaluate repeatability of the four MN and HAI assays for
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first evaluated linearity and repeatability for each of the four MN
assay readouts and for the HAI assay. Each criterion was evaluated
individually using standard hyper-immune sera specific for the
used strains of H1N1pdm09 and H3N2 viruses. A negative control
(human serum depleted of IgA/IgM/IgG) was also included for the
5 10 15
0

2

4

6

8

Log2 initial serum dilution

di
lu

tio
n 

on
 p

la
te

CPE

Slope= -1,0
R2= 0,98

5 10 15
0

2

4

6

8

Log2 initial serum dilution

di
lu

tio
n 

on
 p

la
te

ELISA
Slope= -0,96
R2= 0,99

0 5
0

2

4

6

8

Log2 initial se

di
lu

tio
n 

on
 p

la
te

RT 

5 10 15
0

5

10

15

Log2 initial serum dilution

di
lu

tio
n 

on
 p

la
te

CPE
Slope= -0,89
R2= 0,98

5 10 15
0

2

4

6

8

Log2 initial serum dilution

di
lu

tio
n 

on
 p

la
te

ELISA

Slope= -0,88
R2= 0,97

0 5
0

2

4

6

8

Log2 initial s

di
lu

tio
n 

on
 p

la
te

RT 

A B

D

F G

H I

C

Fig. 1. Demonstration of the linearity of the MN and HAI assays. Different initial dil
1:25600 (Log2 = 14.6)) were prepared and further 2-fold diluted prior to running the in
plotted against the highest dilution of the sera on the plate where protection from infecti
and correlation coefficient are listed in the legend of each graph).
evaluation of repeatability. For all assays the repeatability was
evaluated for each strain by performing multiple replicate titra-
tions of standard samples (positive and negative sera) on different
days. Titers obtained for the standard sera differed at most by 1
dilution steps in most of the cases (Table 1).
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on was still observed and correlations were calculated using linear regression (slope
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Linearity of the MN assays and the HAI assay was evaluated by
performing the assays starting from different initial dilutions of the
H1N1pdm09- and H3N2-specific standard positive sera and by
plotting Log2 of the initial serum dilutions against the last dilution
on the plate where the cells were found to be still protected from
infection (MN) or where hemagglutination was still inhibited
(HAI). After fitting the data with a linear regression model, the
coefficient of correlation (R2) was determined for each assay. R2

oscillated for all the MN assays between 0.96 and 0.99 (Fig. 1) thus
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Fig. 2. Correlation of MN titers as determined using different assay readouts. Titers o
in the sera of 99 volunteers using CPE, HA, ELISA or qPCR as readout. Pearson ‘‘r” correlat
readouts in a pairwise fashion. Correlation analysis was corrected for ‘‘multiple comp
comparisons of MN assay results).
confirming the ability of the assays to return titers that are directly
proportional and linearly correlated with the concentration of the
antibodies in the sample.
3.2. Correlation of MN assay results vary with the readouts compared
and the virus strain used

We were next interested in evaluating in how far MN antibody
titers determined using different assay readouts correlate with
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f neutralizing antibodies against H1N1pdm09 (A-F) and H3N2 (G-N) were measured
ion coefficients were calculated by comparing the antibody titers from the four MN
arisons” using the Bonferroni-Šidák method (adjusted p < 0,0006 for all pairwise
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each other. For this purpose 99 human serum samples were tested
for the presence of influenza specific neutralizing antibodies
against A/California/7/09 H1N1 (49 sera) or A/Hong
Kong/4801/2014 (50 sera) using four different infection readout
methods for the MN assay, namely CPE, HA, ELISA, and RT qPCR.

Pearson’s ‘‘r” correlation coefficients were calculated by com-
paring the titers measured through the four MN assays in a pair-
wise fashion (Fig. 2). We observed statistically significant
Pearson’s correlation in all pairwise comparisons (p = 0,0006).
When comparing r coefficients we observed statistically significant
differences for just 2 out of 12 pairwise comparisons. Interestingly,
assays with rather similar experimental conditions, such as ELISA
vs qPCR, did not correlate better than assays with different condi-
tions, such as CPE and ELISA. (Fig. 2). Moreover, the pattern of cor-
relations among the different MN assays was not the same for the
two different influenza virus strains included in the study. This
result indicates that MN titers determined using different assay
Fig. 3. Agreement of MN titers as determined using different assay readouts. Bland-Al
assay readouts by plotting the differences of the log10 titers between measurements obtai
limits of agreement were set to ±0.39 on the y axis which represents a 2.5 fold change i
H3N2 (G-N).
readouts correlate to various degrees and that the performance
of some assays depends on the virus strain investigated.

3.3. MN assays with different readouts show poor agreement

Correlation analysis, even though informative and widely used
in literature, does not tell us to what extent two assays deliver
the same nominal antibody titer for a given serum sample. We
therefore determined the level of agreement in the results of each
pair of different assays using the method described by Bland and
Altman [33]. This method makes use of a simple graphical tech-
nique for which the average of two readings derived from two dif-
ferent assays is plotted against the difference of the same readings.

Applying this technique to the data obtained from the MN
assays revealed that for H1N1pdm09, agreement was fairly good
for CPE vs qPCR and ELISA vs qPCR (differences fairly close to zero)
but rather poor for any of the other comparisons (Fig. 3A-F). For
tman plots were created as graphical representation of agreement between two MN
ned from two readouts for each serum (y axis) against their mean value (x axis). The
n titers between one assay and the other (log10 2.5 = 0.39). H1N1pdm09 (A-F) and



Table 2
Percentage of cases with difference between titers � 2,5 fold.

A

H1N1

Pairwise
comparisons
MN-MN

Before introduction
of bias as correction
factor

After introduction
of bias as correction
factor

BIAS

CPE vs HA 45%* 100% 0.39
CPE vs ELISA 53% 89% �0.37
CPE vs RT qPCR 67% 67% �0.17
HA vs ELISA 12% 63% �0.77
HA vs RT qPCR 28% 65% �0.56
ELISA vs RT qPCR 90% 97% 0.21

B

H3N2

Pairwise
comparisons
MN-MN

Before introduction
of bias as correction
factor

After introduction
of bias as correction
factor

BIAS

CPE vs HA 86% 94% 0.18
CPE vs ELISA 90% 90% 0.01
CPE vs RT qPCR 16% 64% 0.75
HA vs ELISA 86% 90% �0.17
HA vs RT qPCR 22% 74% 0,57
ELISA vs RT qPCR 18% 66% 0.75

* The limits of agreement used for the Bland-Altman plots were set such that they
would match a difference of 2.5 fold change in titers between assays and the per-
centage of sera falling in the agreement interval was determined before and after
the introduction of the bias as correction factor. Bias was calculated as mean dif-
ference between logarithmically transformed titers.
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H3N2 virus, reasonable agreement was observed for CPE vs HA,
CPE vs ELISA and HA vs ELISA but not for the other comparisons
(Fig. 3 G-N). In order to make the level of (dis-) agreement more
quantifiable, we defined that a difference in nominal titers of
±2.5 folds (log10 2.5 = 0.3979) would be acceptable and that for a
good agreement at least 90% of the readings should fall in this
interval. To determine whether this was the case we indicated
the respective intervals in the plots, and assessed the percentage
of values falling in these intervals (Table 2). For the two tests which
were in best agreement, ELISA and qPCR for H1N1, CPE and ELISA
for H3N2, indeed 90% of all readings fell into the ±2.5 fold interval.
However, for the two tests in worst agreement, HA and ELISA for
H1N1, CPE and qPCR for H3N2, only 12% and 16% of the readings
fell into the set interval, respectively. This clearly indicates that
titers determined by one or the other readout are, with few excep-
tions, not interchangeable. Moreover, the readouts giving the best
comparable titers differed for the two viruses evaluated, similarly
to what we observed when correlation between assays was
assessed.

The plots, however, show that for some comparisons there was
a systematic difference in the readings from two assays, meaning
that within a pairwise comparison one assay consistently resulted
in higher or lower readings than the other (i.e. CPE vs HA for
H1N1pdm). The average difference between the readings of two
assays is called the bias. The calculated biases for all comparisons
are listed in Table 2. It becomes immediately obvious that the cal-
culated biases vary largely for the different comparisons and are
rather different for the assays performed with H1N1pdm09 and
H3N2, respectively.

The bias could potentially be used as a correction factor to make
readings from two different assays more comparable. To investi-
gate this possibility, in Fig. 4, we plotted the same data as in
Fig. 3 but set the ±2.5x interval around the respective bias. This
improved the percentage of values falling into the acceptance
interval considerably in most cases (Table 2). In particular, the
readings for CPE and HA and CPE and ELISA became rather well
interchangeable by this exercise for both viruses. Yet, given the lar-
gely difference in the biases for the two viruses (2.5 and �0.4 for
H1N1pdm09, 1.5 and 1 for H3N2), comparability of nominal titers
between assays and for different viruses remains problematic.
3.4. MN and HAI assays show good correlation and poor agreement
with an overall tendency for HAI titers to be lower than MN titers

Additionally, we were interested in understanding whether MN
assays could be used as an alternative for HAI assays and which of
the MN assay readouts currently in use would have to be preferred
for rendering results best comparable with HAI in terms of both
correlation and agreement. In order to answer this question, titers
as determined by either of the four MN assays were compared
pairwise with titers as determined by HAI assay and Pearson’s
‘‘r” correlation coefficient was calculated for every pairwise com-
parison (Fig. 5). Correlation between the titers of MN and HAI
assays was statistically significant in each of the comparisons
(p = 0,0006) confirming earlier published results [8,22,35]. When
comparing r coefficients we observed statistically significant dif-
ferences for just 2 out of 12 pairwise comparisons. Analysis of
agreement between results from MN assays with the different
readouts and from HAI assays using Bland Altman plots showed
that for H1N1pdm09, agreement was fairly good for CPE vs HAI
and RT qPCR vs HAI, but rather poor for the other comparisons
(Fig. 6 A-D). For H3N2, agreement was reasonably good for HA vs
HAI but not for the other comparisons (Fig. 6 E-H). The agreement
intervals used for the Bland-Altman plots were again set such that
they would match a difference of 2.5 fold change in titers between
one assay and the other, following the same rationale mentioned
above. In order to score the agreement, the percentages of values
falling in these intervals were again quantified (Table 3). The
agreement between MN and HAI was fairly poor for all readouts
and for the two tests in worst agreement (ELISA vs HAI), only
38% (H1N1pdm09) and 50% (H3N2) of the readings fell into the
set interval, respectively. In no case it happened that at least 90%
of the readings would fall in the ±2.5 folds interval. This result
clearly indicates that titers determined by MN or HAI assays are,
in the context of our present study, not interchangeable. Moreover,
the pairs of assays giving the best comparable titers differed for the
two viruses evaluated, similarly to what happened in the compar-
ison among MN assays.

The Bland-Altman plots indicate that MN assays consistently
conveyed higher titers than the HAI assay in most of the cases for
both influenzavirus strains analyzed in this study. This becomes evi-
dent whenwe examine the biases between the variousMN and HAI
assays (Table 3): the average difference in titers (MN vs HAI) indeed
appears to behigher than0 in 3out of 4 cases for both influenzavirus
strains. This finding confirms what has been reported in literature:
MN assays tend to be more sensitive than HAI assays [14,25]. The
bias couldpotentiallybeused as a correction factor tomake readings
from two different assaysmore comparable. To investigate this pos-
sibility, we again set the ±2.5 folds interval around the respective
bias (Fig. 7). Even though this exercise improved the percentage of
values falling into the acceptance interval in some cases, it becomes
immediately obvious that agreement remains poor forHAI andmost
MN assay readouts. Moreover, the calculated biases vary largely for
the different paired comparisons and are rather different for the
assays performed with H1N1pdm09 and H3N2, respectively. Given
these results, employing the bias as a correction factor would not
bring significant advantages.



Fig. 4. Agreement of MN titers as determined using different assay readouts upon introduction of the ‘‘bias” as correction factor. The bias was calculated as the mean
difference between measurements of two assays. Bland-Altman plots were re-designed by introduction of the ‘‘bias” as a correction factor both for H1N1pdm09 (A-F) and
H3N2 (G-N). The limits of agreement were set to ±0.39 on the y axis around the bias.
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3.5. The use of a standard serum does not lead to better agreement of
titers measured with different assays

Expressing of MN or HAI titers in relation to the titers of a stan-
dard serum could potentially be helpful in tackling the issue of
inter-assay and inter-laboratory variability in nominal antibody
titers [25]. We therefore randomly chose two serum samples for
H1N1pdm09 and two serum samples for H3N2 as ’standards’,
and expressed all other titers relative to these samples. If normal-
ization to a standard would make readings across assays more
comparable then the normalized values should be the same for
all assays. Inspection of Supplementary Table 1 immediately shows
that this is not the case. In order to make the level of (dis-) agree-
ment more quantifiable, we calculated ratios between normalized
titers derived from two different assays and defined that these
should not vary by more than 2-fold (thus fall in the interval 0.5
� x � 2). We then determined the percentages of values falling
in the indicated interval and defined that for a good agreement this
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Fig. 5. Correlation between MN titers and the HAI titers. Pearson’s ‘‘r” correlation coefficient was calculated by comparing the four MN assays (MN-CPE, MN-HA , MN-
ELISA, MN-qPCR) respectively with HAI assay. Correlation analysis was corrected for ‘‘multiple comparisons” using the Bonferroni-Šidák method (adjusted p < 0,0006 for all
MN-HAI pairwise comparisons for H1N1pdm09 (A-D) and H3N2 (E-H)).
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Fig. 6. Agreement between MN titers (as determined using four different assay readouts) and HAI titers. Bland-Altman plots were created as graphical representation of
agreement between the four MN assays (MN-CPE, MN-HA , MN-ELISA, MN-qPCR) respectively and HAI assay by plotting the differences of the log10 titers between
measurements obtained from the two assays for each serum (y axis) against their mean value (x axis). The agreement intervals were set on ±0,39 on the y axis for both
H1N1pdm09 (A-D) and H3N2 (E-H).
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percentage should be at least 90%. As depicted in Table 4, for the
vast majority of the comparisons the percentage of values in the
indicated interval was far below 90%. Moreover, agreement varied
largely with the serum used as standard, the assays compared and
the virus strain investigated. Interestingly, while in some cases the
use of normalized instead of actual titers resulted in an improve-
ment of agreement between assays this was not true in other cases
(compare Table 4 to Tables 2 and 3). Thus, even after normalization
to a standard serum, agreement between assays remained poor,
with few exceptions.
4. Discussion

The aim of this study was to investigate whether MN assays
could successfully replace the HAI assay given the numerous draw-
backs of the latter, and at the same time to find out which MN
assay readout method would be most appropriate to be used in a
potential future standard protocol. Our results show that MN assay
protocols involving CPE, HA, ELISA and qPCR as readouts all per-
formed well in terms of linearity and reproducibility with consis-
tently high Pearson’s correlations. On the other hand, agreement
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between nominal titers varied with readouts compared and virus
strain used. Overall agreement was moderate and could not easily
be improved by introduction of a correction factor (bias). Moreover
correlation of MN titers with HAI titers was high but agreement of
nominal titers was moderate and the correction factor was virus
strain-dependent. Normalizing titers to a standard serum did not
improve the comparability among different assays.

Serum titers obtained with different MN readouts have only
rarely been compared before. In a recent study, Laurie et al. com-
pared the 2 day-MN-ELISA and the 3 day-MN-CPE or MN-HAI
respectively in different laboratories. They observed a high correla-
tion between MN-ELISA and MN-CPE in more than half of the lab-
oratories involved in the study [24]. This observation is in line with
the results of our study which demonstrate high correlation
between different MN assay readouts. However, the study by Lau-
rie et al did not address agreement of nominal titers determined
using the different MN readouts. Numerous studies measured cor-
relation between HAI assay and MN assays before and observed a
high correlation between them as well as a tendency for MN assays
to be more sensitive than HAI assays [8,22,35]. Our results in this
context appear to confirm existing literature. Yet, most of the stud-
ies comparing MN and HAI assays did not measure or do not men-
tion the actual agreement and equivalency between nominal
antibody titers [8,22,25,35]. An exception is the study of Truelove
et al. which, in line with our results, reports about poor equiva-
lency between titers obtained with the two different assays [8].
We believe that a focus on correlation might have led to an overes-
timation of the comparability of the HAI and MN assay. Indeed our
study shows how, despite showing good correlation, the two
assays did not deliver comparable nominal titers in most of the
cases.

A possible solution for poor agreement of nominal antibody
titers between assays or between laboratories is the use of a stan-
dard serum for normalization. However, in our study the use of
normalized titers (relative to a standard) instead of the original
titers in most cases did not lead to a significant improvement in
agreement between different assays for MN-MN and MN-HAI com-
parisons, and this was true for both influenza virus strains ana-
lyzed. Stephenson et al earlier showed that normalization of
neutralizing antibody titer values to a standard reduced the
geometric coefficient of variation of results obtained in different
laboratories [25]. However, only a single serum was used as
Table 3
Percentage of cases with difference between titers � 2,5 fold.

A

H1N1

Pairwise comparisons MN-HAI Before introduction of bias as correction fa

CPE vs HAI 71%*
HA vs HAI 53%
ELISA vs HAI 38%
RT qPCR vs HAI 63%

B

H3N2

Pairwise comparisons MN-HAI Before introduction of bias as correction fa

CPE vs HAI 52%
HA vs HAI 64%
ELISA vs HAI 50%
RT qPCR vs HAI 48%

* The limits of agreement used for the Bland-Altman plots were set such that they wou
of sera falling in the agreement interval was determined before and after the introducti
logarithmically transformed titers.
standard and no information is given about the assay protocols
used. From our results we conclude that potential future use of a
standard serum sample on its own will not be sufficient to ensure
comparability of results obtained with different assays or in differ-
ent laboratories.

This implies that replacement of the HAI assay by an MN assay
would be successful only if a consensus standard protocol is going
to be used for the latter [2,24,36]. Among the readouts studied, we
would favor the MN-ELISA as choice for a new standard assay for
the following reasons: (i) The MN-ELISA would be easiest to stan-
dardize in terms of reagents and procedure. The reagents in this
case are widely available and can easily be harmonized between
different facilities. (ii) The MN-ELISA readout is dependent on an
instrument (ELISA reader) and therefore it is far less subjective
than the MN-CPE or MN-HA readouts, which rely greatly on the
expertise of the technician performing the experiment. (iii) A stan-
dard protocol already exists for MN-ELISA in the ‘‘Manual for the
laboratory diagnosis and virological surveillance of influenza”,
which might represent an effective starting point [3]. (iv) Among
the four MN assays analyzed in this study, the MN-ELISA is only
moderately expensive and delivers results quickly.

A limitation of our study may be the limited number of serum
samples employed. Yet, we believe the number of samples was still
high enough to perform valid and reliable statistics. A second lim-
itation may be represented by the use of only two influenza virus
strains. However, the two viruses employed are the two influenza
A virus strains which are currently circulating in the human popu-
lation and represent Group 1 and Group 2 viruses, respectively [4].
Moreover, even use of only these two virus strains demonstrated
clear effects of the strain on MN and HAI assay results.

In conclusion, in this study we demonstrate that MN assay
results depend on the readout method used, necessitating agree-
ment on a consensus assay protocol for future studies. On basis
of affordability, speed and possibilities for standardization we
identified the MN assay with ELISA readout as the best candidate
to replace the HAI assay. Development and introduction of a con-
sensus protocol as well as determination of inter-laboratory vari-
ability of results will be up to international consortia such as
FLUCOP and CONSISE which already have started these activities
[10,14,30,31]. Ideally, these efforts will also lead to the definition
of a new correlate of protection potentially universally valid for
this MN assay.
ctor After introduction of bias as correction factor BIAS

69% 0.13
59% �0.26
90% 0.50
92% 0.30

ctor After introduction of bias as correction factor BIAS

56% 0.45
66% 0.27
60% 0.44
68% �0.30

ld match a difference of 2.5 fold change in titers between assays and the percentage
on of the bias as correction factor. Bias was calculated as mean difference between



Fig. 7. Agreement between MN titers (as determined using different assay readouts) and HAI titers upon introduction of the ‘‘bias” as correction factor. The bias was
again calculated as the mean difference between measurements of two assays. Bland-Altman plots comparing MN assays and HAI assays among each other were re-designed
by introduction of the ‘‘bias” as a correction factor. The limits of agreement were set to ±0.39 on the y axis around the bias for both H1N1pdm09 (A-D) and H3N2 (E-H).
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Table 4
Percentages of agreement between assay results after normalization.

A

H1N1

Pairwise comparisons MN-MN After normalization to serum 16 After normalization to serum 40

CPE vs HA 44%* 81%
CPE vs ELISA 71% 34%
CPE vs RT qPCR 63% 55%
HA vs ELISA 38% 51%
HA vs RT qPCR 57% 57%
ELISA vs RT qPCR 93% 89%

B

H3N2

Pairwise comparisons MN-MN After normalization to serum 12 After normalization to serum 40

CPE vs HA 86% 82%
CPE vs ELISA 90% 36%
CPE vs RT qPCR 44% 56%
HA vs ELISA 86% 52%
HA vs RT qPCR 22% 58%
ELISA vs RT qPCR 40% 90%

C

H1N1

Pairwise comparisons MN-HAI After normalization to serum 16 After normalization to serum 40

CPE vs HAI 61% 22%
HA vs HAI 57% 26%
ELISA vs HAI 69% 79%
RT qPCR vs HAI 75% 53%
D

H3N2

Pairwise comparisons MN-HAI After normalization to serum 12 After normalization to serum 40

CPE vs HAI 48% 22%
HA vs HAI 48% 26%
ELISA vs HAI 50% 80%
RT qPCR vs HAI 38% 38%

* All titers were normalized by the respective reading for the indicated serum for each of the assays. Subsequently, ratios of normalized values were calculated and the
percentage of sera falling in the interval 0.5 � x � 2 was determined.

2540 F. Sicca et al. / Vaccine 38 (2020) 2527–2541
CRediT authorship contribution statement

Federica Sicca: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Writing - original draft, Visualiza-
tion. Donata Martinuzzi: Conceptualization, Validation, Investiga-
tion, Writing - review & editing. Emanuele Montomoli:
Conceptualization, Resources, Funding acquisition. Anke Huck-
riede: Conceptualization, Formal analysis, Supervision, Project
administration, Funding acquisition, Writing - review & editing.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

F Sicca was supported by the EU Horizon 2020 Program under
the Marie Skłodowska-Curie grant agreement 713660 (Pronkjew-
ail). We would like to thank Prof. Franz J. Weissing (Groningen
Institute for Evolutionary Life Sciences, University of Groningen,
The Netherlands) for help with the statistical analysis in this work.
We are also grateful to Ymkje Stienstra (University Medical Center
Groningen, Department of Internal Medicine/Infectious Diseases,
Groningen, The Netherlands) for helpful discussion and advise.
Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2020.01.088.
Bibliography

[1] Krammer F. The human antibody response to influenza A virus infection and
vaccination. Nat Rev Immunol 2019;19:383–97. https://doi.org/10.1038/
s41577-019-0143-6.

[2] Poland GA. Influenza vaccine failure: failure to protect or failure to
understand?. Expert Rev Vaccines 2018;17:495–502. https://doi.org/10.1080/
14760584.2018.1484284.

[3] World Health Organization. WHO Global Influenza. Surveillance Network.
WHO global influenza surveillance network: manual for the laboratory
diagnosis and virological surveillance of influenza 2011:153. https://apps.
who.int/iris/bitstream/handle/10665/44518/9789241548090_eng.pdf;
sequence=1 [accessed February 12, 2019].

[4] Krammer F, Smith GJD, Fouchier RAM, Peiris M, Kedzierska K, Doherty PC, et al.
Influenza. Nat Rev Dis Prim 2018;4:3. https://doi.org/10.1038/s41572-018-
0002-y.

[5] Rondy M, El Omeiri N, Thompson MG, Levêque A, Moren A, Sullivan SG.
Effectiveness of influenza vaccines in preventing severe influenza illness
among adults: A systematic review and meta-analysis of test-negative design
case-control studies. J Infect 2017;75:381–94. https://doi.org/10.1016/j.
jinf.2017.09.010.

[6] Belongia EA, Skowronski DM, McLean HQ, Chambers C, Sundaram ME, De
Serres G. Repeated annual influenza vaccination and vaccine effectiveness:
review of evidence. Expert Rev Vaccines 2017;16:723–36. https://doi.org/
10.1080/14760584.2017.1334554.

[7] Katz JM, Hancock K, Xu X. Serologic assays for influenza surveillance, diagnosis
and vaccine evaluation. Expert Rev Anti Infect Ther 2011;9:669–83. https://
doi.org/10.1586/eri.11.51.

https://doi.org/10.1016/j.vaccine.2020.01.088
https://doi.org/10.1038/s41577-019-0143-6
https://doi.org/10.1038/s41577-019-0143-6
https://doi.org/10.1080/14760584.2018.1484284
https://doi.org/10.1080/14760584.2018.1484284
https://apps.who.int/iris/bitstream/handle/10665/44518/9789241548090_eng.pdf%3bsequence%3d1
https://apps.who.int/iris/bitstream/handle/10665/44518/9789241548090_eng.pdf%3bsequence%3d1
https://apps.who.int/iris/bitstream/handle/10665/44518/9789241548090_eng.pdf%3bsequence%3d1
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1016/j.jinf.2017.09.010
https://doi.org/10.1016/j.jinf.2017.09.010
https://doi.org/10.1080/14760584.2017.1334554
https://doi.org/10.1080/14760584.2017.1334554
https://doi.org/10.1586/eri.11.51
https://doi.org/10.1586/eri.11.51


F. Sicca et al. / Vaccine 38 (2020) 2527–2541 2541
[8] Truelove S, Zhu H, Lessler J, Riley S, Read JM, Wang S, et al. A comparison of
hemagglutination inhibition and neutralization assays for characterizing
immunity to seasonal influenza A. Influenza Other Respi Viruses
2016;10:518–24. https://doi.org/10.1111/irv.12408.

[9] Allwinn R, Geiler J, Berger A, Cinatl J, Doerr HW, Cinatl J, et al. Determination of
serum antibodies against swine-origin influenza A virus H1N1/09 by
immunofluorescence, haemagglutination inhibition, and by neutralization
tests: how is the prevalence rate of protecting antibodies in humans?. Med
Microbiol Immunol 2010;199:117–21. https://doi.org/10.1007/s00430-010-
0143-4.

[10] Cox RJ. Correlates of protection to influenza virus, where do we go from here?.
Hum Vaccines Immunother 2013;9:405–8. https://doi.org/10.4161/hv.22908.

[11] Zhao X, Fang VJ, Ohmit SE, Monto AS, Cook AR, Cowling BJ. Quantifying
protection against influenza virus infection measured by hemagglutination-
inhibition assays in vaccine trials. Epidemiology 2016;27:143–51. https://doi.
org/10.1097/EDE.0000000000000402.

[12] Coudeville Laurent, Bailleux Fabrice, Riche Benjamin, Megas Françoise, Andre
Philippe, Ecochard René. Relationship between haemagglutination-inhibiting
antibody titres and clinical protection against influenza: development and
application of a bayesian random-effects model. BMC Med Res Methodol
2010;10(1). https://doi.org/10.1186/1471-2288-10-18.

[13] Zacour M, Ward BJ, Brewer A, Tang P, Boivin G, Li Y, et al. Standardization of
hemagglutination inhibition assay for influenza serology allows for high
reproducibility between laboratories. Clin Vaccine Immunol 2016;23:236–42.
https://doi.org/10.1128/cvi.00613-15.

[14] Verschoor CP, Singh P, Russell ML, Bowdish DME, Brewer A, Cyr L, et al.
Microneutralization assay titres correlate with protection against seasonal
influenza H1N1 and H3N2 in children. PLoS ONE 2015;11:9. https://doi.org/
10.1371/journal.pone.0131531.

[15] Stephenson I, Heath A, Major D, Newman RW, Hoschler K, Junzi W, et al.
Reproducibility of serologic assays for influenza virus A (H5N1). Emerg Infect
Dis 2009;15:1252–9. https://doi.org/10.3201/eid1508.081754.

[16] Trombetta CM, Ulivieri C, Cox RJ, Remarque EJ, Centi C, Perini D, et al. Impact of
erythrocyte species on assays for influenza serology. J Prev Med Hyg 2018;59:
E1–7. https://doi.org/10.15167/2421-4248/jpmh2018.59.1.870.

[17] Van Baalen CA, Els C, Sprong L, Van Beek R, Van Der Vries E, Osterhaus ADME,
et al. Detection of nonhemagglutinating influenza A(H3) viruses by enzyme-
linked immunosorbent assay in quantitative influenza virus culture. J Clin
Microbiol 2014;52:1672–7. https://doi.org/10.1128/JCM.03575-13.

[18] van Baalen CA, Jeeninga RE, Penders GHWM, van Gent B, van Beek R,
Koopmans MPG, et al. ViroSpot microneutralization assay for antigenic
characterization of human influenza viruses. Vaccine 2017;35:46–52.
https://doi.org/10.1016/j.vaccine.2016.11.060.

[19] de St Fazekas, Groth Webster RG. Disquisitions of Original Antigenic Sin. I.
Evidence in man. J Exp Med 1966;124:331–45. https://doi.org/
10.1084/jem.124.3.331.

[20] Laver WG, Colman PM, Webster RG, Hinshaw VS, Air GM. Influenza virus
neuraminidase with hemagglutinin activity. Virology 1984;137:314–23.
https://doi.org/10.1016/0042-6822(84)90223-X.

[21] Ward BJ, Pillet S, Charland N, Trepanier S, Couillard J, Landry N. The
establishment of surrogates and correlates of protection: Useful tools for the
licensure of effective influenza vaccines?. Hum Vaccines Immunother
2018;14:647–56. https://doi.org/10.1080/21645515.2017.1413518.

[22] Trombetta CM, Remarque EJ, Mortier D, Montomoli E. Comparison of
hemagglutination inhibition, single radial hemolysis, virus neutralization
assays, and ELISA to detect antibody levels against seasonal influenza
viruses. Influenza Other Respi Viruses 2018;12:675–86. https://doi.org/
10.1111/irv.12591.

[23] Zhang, Wenqing (WHO/Virus Monitoring, Assessment and Vaccine Support
Unit G, Besselaar, Terry (WHO/Virus Monitoring, Assessment and Vaccine
Support Unit G, Kelso A, Barr I, Shu Y, Wang D, et al. Manual for the laboratory
diagnosis and virological surveillance of influenza. World Heal Organ
2011:63–77.

[24] Laurie KL, Engelhardt OG, Wood J, Heath A, Katz JM, Peiris M, et al.
International laboratory comparison of influenza microneutralization assays
for A(H1N1)pdm09, A(H3N2), and A(H5N1) influenza viruses by CONSISE. Clin
Vaccine Immunol 2015;22:957–64. https://doi.org/10.1128/CVI.00278-15.

[25] Stephenson I, Das RG, Wood JM, Katz JM. Comparison of neutralising antibody
assays for detection of antibody to influenza A/H3N2 viruses: An international
collaborative study. Vaccine 2007;25:4056–63. https://doi.org/10.1016/
j.vaccine.2007.02.039.

[26] Teferedegne B, Lewis AM, Peden K, Murata H. Development of a neutralization
assay for influenza virus using an endpoint assessment based on quantitative
reverse-transcription PCR. PLoS ONE 2013;8:. https://doi.org/10.1371/journal.
pone.0056023e56023.

[27] de Jong JC, Palache AM, Beyer WEP, Rimmelzwaan GF, Boon ACM, Osterhaus
ADME. Haemagglutination-inhibiting antibody to influenza virus. Dev Biol
(Basel) 2003;115:63–73.

[28] Nunes MC, Weinberg A, Cutland CL, Jones S, Wang D, Dighero-Kemp B, et al.
Neutralization and hemagglutination-inhibition antibodies following
influenza vaccination of HIV-infected and HIV-uninfected pregnant women.
PLoS ONE 2018;13:. https://doi.org/10.1371/journal.pone.0210124e0210124.

[29] Sicca F, Neppelenbroek S, Huckriede A. Effector mechanisms of influenza-
specific antibodies: neutralization and beyond. Expert Rev Vaccines
2018;17:785–95. https://doi.org/10.1080/14760584.2018.1516553.

[30] FLUCOP: a toolbox for the evaluation of new flu vaccines | IMI Innovative
Medicines Initiative n.d. https://www.imi.europa.eu/projects-resultssuccess-
stories-projects/flucop-toolbox-evaluation-new-flu-vaccines [accessed July
22, 2019].

[31] About Us - CONSISE n.d. https://consise.tghn.org/about/ [accessed July 29,
2019].

[32] Lin Y, Gu Y, Mccauley JW. Optimization of a quantitative micro-neutralization
assay. J Vis Exp 2016;54897. https://doi.org/10.3791/54897.

[33] Bland JM, Altman DG. Measuring agreement in method comparison studies.
Stat Methods Med Res 1999;8:135–60. https://doi.org/10.1191/
096228099673819272.

[34] Spearman C. the Method of ‘Right and Wrong Cases’ (‘Constant Stimuli’)
Without Gauss’S Formulae. Br J Psychol 1908;1904–1920(2):227–42. https://
doi.org/10.1111/j.2044-8295.1908.tb00176.x.

[35] Benne CA, Kroon FP, Harmsen M, Tavares L, Kraaijeveld CA, De Jong JC.
Comparison of neutralizing and hemagglutination-inhibiting antibody
responses to influenza a virus vaccination of human immunodeficiency
virus- infected individuals. Clin Diagn Lab Immunol 1998;5:114–7.

[36] Horby PW, Laurie KL, Cowling BJ, Engelhardt OG, Sturm-Ramirez K, Sanchez JL,
et al. CONSISE statement on the reporting of Seroepidemiologic Studies for
influenza (ROSES-I statement): an extension of the STROBE statement.
Influenza Other Respi Viruses 2017;11:2–14. https://doi.org/10.1111/
irv.12411.

https://doi.org/10.1111/irv.12408
https://doi.org/10.1007/s00430-010-0143-4
https://doi.org/10.1007/s00430-010-0143-4
https://doi.org/10.4161/hv.22908
https://doi.org/10.1097/EDE.0000000000000402
https://doi.org/10.1097/EDE.0000000000000402
https://doi.org/10.1186/1471-2288-10-18
https://doi.org/10.1128/cvi.00613-15
https://doi.org/10.1371/journal.pone.0131531
https://doi.org/10.1371/journal.pone.0131531
https://doi.org/10.3201/eid1508.081754
https://doi.org/10.15167/2421-4248/jpmh2018.59.1.870
https://doi.org/10.1128/JCM.03575-13
https://doi.org/10.1016/j.vaccine.2016.11.060
https://doi.org/10.1084/jem.124.3.331
https://doi.org/10.1084/jem.124.3.331
https://doi.org/10.1016/0042-6822(84)90223-X
https://doi.org/10.1080/21645515.2017.1413518
https://doi.org/10.1111/irv.12591
https://doi.org/10.1111/irv.12591
https://doi.org/10.1128/CVI.00278-15
https://doi.org/10.1016/j.vaccine.2007.02.039
https://doi.org/10.1016/j.vaccine.2007.02.039
https://doi.org/10.1371/journal.pone.0056023
https://doi.org/10.1371/journal.pone.0056023
http://refhub.elsevier.com/S0264-410X(20)30141-9/h0135
http://refhub.elsevier.com/S0264-410X(20)30141-9/h0135
http://refhub.elsevier.com/S0264-410X(20)30141-9/h0135
https://doi.org/10.1371/journal.pone.0210124
https://doi.org/10.1080/14760584.2018.1516553
https://www.imi.europa.eu/projects-resultssuccess-stories-projects/flucop-toolbox-evaluation-new-flu-vaccines
https://www.imi.europa.eu/projects-resultssuccess-stories-projects/flucop-toolbox-evaluation-new-flu-vaccines
https://consise.tghn.org/about/
https://doi.org/10.3791/54897
https://doi.org/10.1191/096228099673819272
https://doi.org/10.1191/096228099673819272
https://doi.org/10.1111/j.2044-8295.1908.tb00176.x
https://doi.org/10.1111/j.2044-8295.1908.tb00176.x
http://refhub.elsevier.com/S0264-410X(20)30141-9/h0175
http://refhub.elsevier.com/S0264-410X(20)30141-9/h0175
http://refhub.elsevier.com/S0264-410X(20)30141-9/h0175
http://refhub.elsevier.com/S0264-410X(20)30141-9/h0175
https://doi.org/10.1111/irv.12411
https://doi.org/10.1111/irv.12411

	Comparison of influenza-specific neutralizing antibody titers determined using different assay readouts and hemagglutination inhibition titers: good correlation but poor agreement
	1 Introduction
	2 Materials and methods
	2.1 Serum samples
	2.2 Cells
	2.3 Red blood cells (RBCs)
	2.4 Viruses
	2.5 Virus titration
	2.6 Virus inactivation
	2.7 Microneutralization assays
	2.7.1 Evaluation of the cytopathic effect (CPE)
	2.7.2 Evaluation of hemagglutination
	2.7.3 Detection of influenza A virus nucleoprotein (NP) by ELISA assay
	2.7.4 Detection of the influenza A virus Matrix 1 (M1) gene by RT-qPCR

	2.8 Hemagglutination inhibition assay
	2.9 Data analysis

	3 Results
	3.1 MN assays and HAI assay show good linearity and repeatability
	3.2 Correlation of MN assay results vary with the readouts compared and the virus strain used
	3.3 MN assays with different readouts show poor agreement
	3.4 MN and HAI assays show good correlation and poor agreement with an overall tendency for HAI titers to be lower than MN titers
	3.5 The use of a standard serum does not lead to better agreement of titers measured with different assays

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	Bibliography


