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Seasonal and pandemic influenza infections remain a serious public health concern. Many health author-
ities recommend annual vaccination as the most effective way to control influenza infection. Accordingly,
regulatory guidelines ask vaccine manufacturers to determine vaccine potency at the time of release and
throughout shelf-life to ensure vaccine quality. The potency of inactivated influenza vaccine is related to
the quantity of hemagglutinin (HA). Since 1970s, single radial immunodiffusion (SRID) assay has been
standardly used for the quantitation of HA in influenza vaccine. However, SRID is labor-intensive, inac-
curate, and requires standard reference reagents that should be updated annually. Therefore, there have
been extensive efforts to develop alternative potency assays. In this study, we developed and tested a
new HA quantitative enzyme-linked immunosorbent assay (ELISA) using a universal monoclonal anti-
body that can bind to HAs from various subtypes in group 1 influenza A virus (IAV). We analyzed the con-
served stalk domain of HA via a library approach to design a consensus HA antigen for group 1 IAV. The
antigens were expressed as a soluble form in E. coli and were purified by Ni-affinity chromatography.
When tested with variety of HAs from IAVs or influenza B viruses (IBVs), the mAbs exhibited specific
binding to group 1 HAs, with potential exception to H9 subtype. Among various conditions of pH, urea,
and reducing agents, pretreatment of HA at low pH exposing the conserved stalk domain was crucially
important for optimal ELISA performance. Calibration curves for various HAs were generated to deter-
mine accuracy, specificity, sensitivity, and linear dynamic range. The ELISA method shows high sensitivity
and accuracy compared with the SRID assay. The HA group specific universal mAbs against the consensus
stalk domain of HA are conducive to establishing an ELISA-based standard procedure for the quantitation
of HA antigens for annual vaccination against influenza infection.
� 2019 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

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

Seasonal and pandemic influenza infections remain a serious
public health concern [1]. Annual vaccination is recommended by
many public health authorities. Ensuring optimal vaccine potency
is important for timely release of vaccine lots in a reproducible
manner. For this purpose, regulatory guidelines ask vaccine manu-
facturers to strictly supervise the potency at the time of release and
throughout shelf-life. The quantity of hemagglutinin (HA), the
major protective antigen responsible for inducing neutralization
antibodies [2], is related to the potency of influenza vaccines
[3,4]. Since the 1970s, single radial immunodiffusion (SRID) assay
has been standardly used for HA quantitation to validate vaccine
potency [5]. However, because of inherent shortcomings of this
method, there is an increasing demand for an alternative potency
assay. First, this method is labor-intensive, non-automated, and
time-consuming. Second, because of its low sensitivity, it requires
high concentrations of antigens [6]. Third, it depends on strain-
specific standard reagents, purified viral HA antigen, and poly-
clonal anti-serum, which take two to three months to produce
and are distributed only by a few WHO collaborating centers.
These reagents are crucially important for timely release of vacci-
nes to the public by annual licensure. Moreover, non-availability
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or shortage of the reagents critically hinders vaccine supply, as
exemplified by the 2009 pandemic [7]. Therefore, there is a need
for an alternative method to determine influenza vaccine potency
that can shorten the time of development and distribution.

In the current study, we developed a new HA quantitative
enzyme-linked immunosorbent assay (ELISA) using a universal
monoclonal antibody (mAb) that can bind to HA antigens from var-
ious subtypes and drift strains. We analyzed the conserved domain
of the HA stalk to design a consensus HA (cHA) stalk for group 1
influenza A viruses (IAVs). The antigens were expressed in Escher-
ichia coli based on an RNA-mediated chaperone expression system
and purified as a soluble form [8,9]. Then, mAbs were generated
and screened for specific binding to group 1 IAV HA. Calibration
curves for various subtypes of HA antigens—recombinant HA,
NIBSC standard HA reagents, and quadrivalent influenza vaccine
HA antigens—were generated for optimization of ELISA-based
quantitation of HA antigens with respect to accuracy, specificity,
sensitivity, and linear dynamic range.
2. Materials and methods

2.1. Sequence analysis for cHA stalk

HA sequences from human isolates were collected from the
Influenza Virus Resource at the National Center for Biotechnology
Information. The library contains sequences from H1 (11,205), H2
(159), H5 (433), and H9 (12), which are group 1 IAVs. First, highly
conserved amino acid residues from each HA subtype were
deduced using Seq2logo 2.0 [10] and Vector NTI Advance� version
11.5 (Thermo Fisher, Waltham, MA). Then, high frequency frag-
ments that were consisted with highly conserved amino acid resi-
dues of each HA subtype were obtained. Finally, a consensus HA
(cHA) stalk sequence for group 1 was generated by merging all
high frequency fragments of subtypes H1, H2, H5, and H9, using
the H1 fragment as a template.

Secondary structure prediction was conducted using Network
Protein Sequence in ExPASy [11]. Secondary structures were pre-
dicted by analyzing the sequences of cHA stalk, A/Puerto
Rico/8/1934 (GenBank: NC_002017.1), A/California/07/2009 (Gen-
Bank: CY266191.1), A/Canada/720/05 (GenBank: DQ009917.1),
A/Indonesia/5/2005 (GenBank: EU146622.1), and A/Hong
Kong/1073/99 (GenBank: AJ404626.1). Then, the predicted struc-
ture of cHA stalk was compared with the structures of the above-
mentioned wild-type viral HAs.

The accessibility and polarity of the computationally designed
cHA stalk were calculated and compared with those from naturally
occurring infectious viruses. For the calculation, a monomer struc-
ture of the cHA stalk was built by homology modeling using
SWISS-MODEL [12] based on the HA structure of A/Brevig Mis-
sion/1918 H1N1 (PDB ID: 1RUZ). The trimer structure of the cHA
stalk was produced by docking the three monomer structures
using ClusPro 2.0 multimer docking [13]. The accessibility and
polarity of the cHA stalk and the HA stalk from A/Puerto Rico/8/34
H1N1 were calculated using Environment and Virtual Docking of
Atoms (Syntekabio, Daejeon, Korea), based on the Shrake-Rupley
algorithm [14,15].
2.2. Cloning, expression, and purification of the cHA stalk

The pGE-RID4 vector which has RNA interaction domain of
Lysyl tRNA synthetase from mouse(mRID) as fusion protein [9]
was used for soluble expression of the cHA stalk. A cHA stalk gene
that was codon-optimized to E. coli was synthesized (BIONICS,
Seoul, Korea), PCR-amplified, and inserted into the expression
vector.
The E. coli strain BL21 star (DE3) pLysS (Invitrogen, Carlsbad,
CA) was used for recombinant protein expression. E. coli was cul-
tured in 15 ml of Luria-Bertani (LB) medium supplemented with
1 mM ampicillin and 1 mM chloramphenicol at 37 �C or 20 �C.
After centrifugation, the pelleted cells were resuspended in
phosphate-buffered saline (PBS), sonicated, and centrifuged to sep-
arate soluble and insoluble fractions. Total cell lysates and each
fraction were analyzed by SDS-PAGE.

An ÄKTA prime plus chromatography system (GE Healthcare,
Chicago, IL) and a HisTrap HP column (GE Healthcare, Chicago,
IL) were used for purification. The supernatants in purification buf-
fer (50 mM Tris-cl (pH 7.5), 300 mM NaCl, 10 mM imidazole, 10%
glycerol, 2 mM mercaptoethanol, 0.1% Tween-20) were loaded into
a Ni-nitrilotriacetic acid resin column and were eluted with a lin-
ear gradient of imidazole (10–300 mM). Each fraction was ana-
lyzed by SDS-PAGE, and the fractions enriched in mRID-cHA stalk
were pooled, dialyzed against storage buffer (50 mM Tris-Cl (pH
7.5), 100 mM NaCl, 0.1 mM EDTA, 0.1% Tween-20), and concen-
trated using Centriprep� centrifugal filter (Merck Millipore,
Burlington, MA). The concentration of the antigen was determined
by PAGE followed by densitometric quantitation of the coomassie-
stained protein band using bovine serum albumin (Amresco, Solon,
OH) with known concentration.

2.3. Generation of monoclonal antibody

Murine mAbs against the mRID-cHA stalk for group 1 IAV were
generated by murine cell fusion/hybridoma [16], by ATGEN
(Seongnam, Korea). In brief, six-weak-old BALB/c mice were immu-
nized twice with the mRID-cHA stalk mixed with Freund’s adju-
vant once every two weeks. Positive hybridoma clones were
screened using ELISA with the mRID-cHA stalk. Two selected
clones, 1G5 and 2C12, were purified using Protein G resin (GE
Healthcare, Chicago, IL) and dialyzed against PBS.

2.4. Reference HA antigens for ELISA

HA antigens of various origin were used; recombinant HA pro-
duced from HEK293 cells or insect cells (Sino Biological, Beijing,
China), the standard HA antigens from the National Institute for
Biological Standards and Control (NIBSC, Blanche Lane, UK) and
quadrivalent seasonal influenza vaccine (GC flu) produced by
Green Cross Pharma (Yongin, Korea). Detailed information on the
HA antigens is presented in Supplemental Tables 1–3.

2.5. Antigen pretreatment

HA antigens were mixed with various pretreatment buffers
with different pH, 1,4-dithiothreitol (DTT; Gold Biotechnology, St.
Louis, MO) concentrations, and urea (Sigma-Aldrich, St. Louis,
MO) concentrations either prior to (pre-binding) or after binding
to (post-binding) the ELISA plate. Under the pre-binding condition,
the antigen solution and the buffer were mixed at a 1:1 ratio and
incubated at room temperature for 30 min before binding to the
plate. Under the post-binding condition, the HA antigen was bound
to the plate and incubated with pretreatment buffer for 30 min.
The pH of the pretreatment buffer was adjusted based on the
Henderson-Hasselbalch equation. DTT and urea were dissolved to
desired concentration after the pH was adjusted.

2.6. Indirect ELISA

HA antigens were coated on 96-well immunoassay plates
(Nunc-ImmunoTM MicroWellTM 96 well solid plates; Thermo Fisher,
Waltham, MA) and incubated at 4 �C overnight. Then, 5% solution
of skim milk (BD Diagnostic, Franklin Lakes, NJ) was added and
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incubated at room temperature for 1 h for blocking. Then, the
diluted murine mAb was added and incubated at 37 �C for 2 h. Sub-
sequently, horseradish peroxidase-conjugated goat anti-mouse IgG
antibody (Sigma-Aldrich, St. Louis, MO) was added and incubated
at 37 �C for 1 h. At each step, the wells were washed with PBS with
0.05% Tween-20. Lastly, 3,30,5,50-tetramethlybenzidine substrate
solution (BD Biosciences, Franklin Lakes, NJ) was added and incu-
bated at room temperature in the dark for 30 min. The enzymatic
reaction was terminated by adding 0.2 N H2SO4. The optical den-
sity at 450 nm was measured using a FLUOstar Optima microplate
reader (BMG Labtech, Ortenberg, Germany).

2.7. SRID assay

The SRID assay was conducted as described [5], with minor
modifications. The standard HA antigen of A/Singapore/
GP1908/2015 (IVR-180) (NIBSC product number: 16/292) and the
corresponding standard anti-A/Michigan/45/2015-like HA serum
(NIBSC product number: 16/304) were used. The diameters of pre-
cipitated circular zones were measured. The concentration of test
HA antigen was calculated by the slope ratio method [17] based
on duplicate SRID results.

2.8. Quantification of HA antigens by ELISA

The standard HA antigen used was from A/Singapore/
GP1908/2015 (IVR-180) (NIBSC product number: 16/292). The test
HA antigen was a component of quadrivalent influenza vaccine (GC
flu) (kindly supplied by Green Cross Co., Korea). The standard and
test antigens were treated with 10% (w/v) Zwittergent 3-14 deter-
gent (Sigma-Aldrich, St. Louis, MO) solution at a 9:1 ratio at room
temperature for 30 min. Next, both antigens were pretreated under
the condition of pH 5.0 and 100 mM DTT at room temperature for
30 min and coated in duplicate on 96-well immunoassay plates.
ELISA was conducted as described in Section 2.6. The test HA anti-
gen concentration was calculated by the slope ratio method [17].

2.9. Statistical analysis

Results are reported as the mean ± standard deviation. Four-
parameter linear regression was conducted to analyze ELISA
results, using GraphPad Prism version 5.01 (GraphPad Software,
La Jolla, CA).
3. Results

3.1. Generation and analysis of cHA stalk

The procedure for the generation and validation of consensus
HA stalk for group 1 IAV is outlined in Fig. 1A and the experimental
details are described in Section 2.1. Briefly, a cHA stalk sequence
(Fig. 1B) was produced by merging high frequency fragments of
H1, H2, H5, and H9 (Supplemental Fig. S1). The H1 fragment was
used as a template considering its abundance among various sub-
types. Then, the secondary structure of the cHA stalk was predicted
to confirm whether the deduced cHA stalk structure was compat-
ible with the viral HA structure. In-silico predictions verified that
an expected secondary structure of the cHA stalk was compatible
with those of naturally occurring HA of group 1 IAVs (Fig. 1C).

Surface accessibility and polarity, key scoring indicators for
immunogenic epitopes [18], of the cHA stalk were calculated based
on the trimer structure and were compared with those of viral HA
(Supplemental Fig. S2). We found no significant difference between
the deduced cHA stalk and naturally occurring HA from A/Puerto
Rico/8/34 (H1N1). In summary, the cHA stalk was structurally
and immunologically compatible with viral HA, and suitable for
the generation of universal mAbs.

3.2. Expression and purification of mRID-cHA stalk

The cHA stalk was genetically fused with an RNA-interacting
domain of lysyl-tRNA synthetase from mouse (mRID) for soluble
expression (Fig. 2A) [9]. Ideally, the cHA stalk should be expressed
as a soluble and properly folded form to elicit conformational
epitope-directed mAbs. RIDs of eukaryotic origin can function as
a transducer for RNA-mediated chaperone activity and can be used
as fusion partners to expedite soluble expression of properly folded
recombinant proteins [9,19]. Here, mRID (‘‘self”) was judiciously
chosen because it is expected to be non-immunogenic in mice,
and therefore, antibodies would be elicited predominantly to the
‘‘foreign” cHA domain, greatly facilitating the screening of clones
of desired specificity.

Expression of mRID-cHA stalk was induced at various tempera-
tures. Induction at 20 �C resulted in relatively higher solubility
(�40%) than induction at 37 �C (�20%), as analyzed by SDS-PAGE
(Fig. 2B), probably due to a lower translation speed [20]. In con-
trast, cHA stalk without fusion was expressed at a very low level,
predominantly as insoluble form, at both temperatures (Fig. 2C).
Thus, mRID-cHA stalk (�30 kDa) produced at 20 �C was purified
by Ni+ affinity chromatography (Fig. 2D). The protein was concen-
trated through a centrifugal filter (10 kDa) (1.4 mg/ml) and used
for immunization of mice to generate mAbs.

3.3. mAb generation and validation

mAbs were generated by hybridoma fusion [16]. Two positive
mAbs, 1G5 and 2C12, were selected and their binding specificity
was screened by ELISA (Fig. 3). The two clones bound to the
mRID-cHA stalk, but not to mRID. Thus, we can conclude that the
two mAbs are cHA stalk specific. Also, the response curve using
the mRID-cHA stalk confirmed its potential for quantitative detec-
tion of HA antigens.

3.4. Pretreatment of HA antigens

HA is composed of a HA1 globular domain and a HA2 stalk
domain, which are linked by disulfide bonds [21]. HA undergoes
a conformational transition at low pH, where the stalk region
becomes unmasked by the HA1 domain, forming an extended
alpha helix [22]. The exposure of the stalk region is expected to
enhance antibody binding, and therefore, antigens were pretreated
under various conditions to enhance ELISA responses.

First, low-pH solutions were used for antigen pretreatments
(Fig. 4A–D). Most notably, ELISA responses were highly increased
when the buffer pH was lower than 5.0. For instance, the responses
with pH 3.5 buffer were approximately 3–5 times higher than
those with pH 7.4 buffer. However, there was no significant change
at pH > 5.0 where conformational transition is unlikely to occur.
Moreover, the ELISA responses depended on the time point of pre-
treatment; pre-binding treatment resulted in significantly higher
responses than post-binding treatment, although pH dependence
remained sustained.

Considering that HA1 and HA2 domains are linked by disulfide
bonds [23], treatment of HA with a reducing agent, e.g., DTT, is
expected to release the HA1 from the HA2 [24] and expose the
stalk region. PBS (pH 7.4) containing DTT at different concentra-
tions was used for antigen pretreatments pre- and post-binding
(Fig. 4E–H). ELISA responses were increased with increasing con-
centration of DTT; the responses in 100 mM DTT were approxi-
mately 1.5 times higher than those in the absence of DTT,
regardless of pre- or post-binding treatment.



Fig. 1. Generation and validation of cHA stalk. (A) Schematic diagram of the generation and validation of the cHA stalk. (B) Amino acid sequence of the cHA stalk of group1
IAV. Detailed methods for sequence design are described in Section 2.1. (C) Comparison of secondary structures between the cHA stalk and viral HA stalks.
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A potential synergistic effect between low pH and DTT was also
tested. HA antigens were treated with buffers of various combina-
tions of different pH and DTT concentrations pre- or post-binding
(Fig. 5). The highest ELISA response was observed when HA was
pretreated with pre-binding under the condition of pH 5.0 and
100 mM DTT.

Urea is generally used to disrupt protein structure [25], and dif-
ferent concentrations of urea in PBS buffer were tested (Fig. 4I–L).
ELISA responses increased up to 5 M urea and were higher in pre-
binding condition. Finally, antigens were pretreated with various
concentrations of urea under the condition of pH 5.0 and
100 mM DTT (Fig. 4M–P). Under this condition, there was no sig-
nificant difference depending on the urea concentration. Likely,
low pH and reducing condition are sufficient to expose the HA
stalk. In conclusion, the optimal HA antigen pretreatment was
established as pre-binding treatment under the condition of pH
5.0 and 100 mM DTT.
3.5. ELISA with recombinant HA antigens

ELISAs with recombinant HA antigens produced from human
cells or insect cells were conducted using the antibodies 1G5 and
2C12 (Supplemental Fig. S3). Both antibodies could bind with
group 1 IAV HAs, including H1 subtype (A/California/07/2009, A/
Puerto Rico/8/34, A/New Caledonia/20/99, A/Brisbane/59/2007),
H2 subtype (A/Canada/720/2005, A/Japan/305/1957), H5 subtype
(A/Indonesia/5/2005, A/American green-winged teal/California/H
KWF609/2007), and H9 subtype (A/duck/NZL/76/1984, A/Hong
Kong/1073/99), but not with group 2 IAV HAs, including H3
subtype (A/Texas/50/2012, A/Brisbane/10/2007) and H7 subtype
(A/Netherlands/219/03), nor with B virus HAs including B/Phu-
ket/3073/2013, B/Yamagata/16/1988 and B/Mas-
sachusetts/03/2010 (Supplemental Figs. S4, S5). Thus, 1G5 and
2C12 were confirmed to be specific to group 1 IAV recombinant
HAs derived from eukaryotes.



Fig. 2. Expression and purification of cHA stalk antigens. (A) Schematic diagram of the pGE-RID4 vector and structure of the mRID-cHA stalk (fusion form) and cHA stalk (non-
fused form). The vector has an mRID, a D6 linker, a TEV protease recognition site, a multi-cloning site (MCS) and a 6xHis tag sequence under the control of the T7 promoter.
(B) Expression profile of the mRID-cHA stalk at 37 �C (upper panel) and 20 �C (lower panel). The red arrow indicates the mRID-cHA stalk (32.2 kDa). BL21*(DE3) pLysS
indicates expression profile of endogenous proteins without transformation, and mRID-cHA stalk IPTG (+) and mRID-cHA stalk IPTG (�) with or without induction of
transformed cells, respectively. (C) Expression profile of the cHA stalk at 37 �C (upper panel) and 20 �C (lower panel). The red arrow indicates the cHA stalk (22.6 kDa). BL21*
(DE3) pLysS indicates expression profile of endogenous proteins without transformation, and cHA stalk IPTG (+) and cHA stalk IPTG (�) with or without induction of
transformed cells, respectively. (D) Purification profile of the mRID-cHA stalk using Ni+ affinity chromatography. The red arrow indicates the mRID-cHA stalk. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. ELISA with mRID and mRID-cHA stalk using the universal antibodies. Calibration curves were determined by four-parameter regression. Error bars indicate the
standard deviation in five replicates. (A) 1G5 (B) 2C12.
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Fig. 4. Comparison of ELISA responses under different conditions of antigen pretreatment. Treatments were carried out pre- or post-binding, as indicated in the figure. Plates
were coated with HA antigen, GC flu A/Singapore/GP1908/2015 IBR-180 (H1N1) (GC Pharma, Korea), at 5 mg/ml (100 ml) per well. The relative OD450nm values were
calculated by dividing the value of the experimental group by that of the control group. Error bars indicate standard deviation in five replicates. (A–D) ELISA responses under
NaOAc buffer at different pH. (E–H); at different concentration of DTT in PBS buffer (pH 7.4); (I–L) at different concentrations of urea in PBS buffer; (M–P) at different
concentrations of urea in condition of pH 5.0 with 100 mM DTT).
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Statistical analysis based on linear regression were imple-
mented to validate the ELISA results with respect to linearity, sen-
sitivity, and reproducibility (Supplemental Table 4). In terms of
linearity, both antibodies showed high coefficient of determination
(R2) values: for 1G5, R2 was 0.9955 ± 0.0035 and for 2C12, R2 was
0.9949 ± 0.0059. Detailed results are presented in Table S4. Thus,
there was a strong positive correlation between HA quantity and
ELISA response.

Regarding sensitivity, the limit of detection (LOD), except for
the H9 subtype, were lower than �0.04 mg/ml. However, the LOD
values varied depending on the strain, probably reflecting differ-
ences in the affinity of the antibodies to HAs from different strains.
Specially, the H9 subtype had lower affinity than the other HAs
tested. The variations in ELISA response among different strains
may be due to sequence variations or slight structural differences
in the target epitope(s). Moreover, the lack of H9 reference
sequences at the time of consensus sequence deduction may
explain, in part, the low affinity to the H9 subtype.

Reproducibility is represented by the coefficient of variation
(CV). The CV was 4.018 ± 1.106% for 1G5 and 4.377 ± 1.223 for
2C12. Detailed CV values for all ELISAs are presented in Table S4,
and indicate that the results of repeated ELISAs were reliable. In
summary, the universal mAbs, 1G5 and 2C12, are specific to mul-
tiple subtypes of HAs within group 1, without cross-reactivity to
other subtypes of HA, with a high degree of linearity, sensitivity,
and reproducibility.
3.6. ELISA with standard HA antigens

ELISA with the standard HA antigens were also conducted using
1G5 and 2C12 with statistical indicators in terms of linearity, sen-
sitivity, and reproducibility (Supplemental Fig. S3). All the standard
antigens were egg-derived and supplied by the NIBSC.

Both antibodies bound specifically with the group 1 IAV HAs of
H1 subtype (A/Michigan/45/2015 (NYMC X-275), A/Singapore/
GP1908/2015 (IVR-180), A/California/7/09 (NYMC-X181), A/Puerto
Rico/8/34, A/Brisbane/59/2007 (IVR-148)), H2 subtype (A/Singa-
pore/1/57), H5 subtype (A/Anhui/1/05 IBCDC-RG-6), and H9 sub-
type (A/chick/Hong Kong/G9/1997 NIBRG-91), but not with group
2 IAV HAs of H3 subtype (A/Hong Kong/4801/2014 (NYMC X-
263B), A/Switzerland/9715293/2013 (NIB88), A/Texas/50/2012
(NYMC X-223A)), nor with B virus HAs of B/Brisbane/60/2008
(NYMC BX-35), B/Phuket/3073/2013 and B/Massachusetts/02/2012
(Supplemental Figs. S6 and S7). The binding specificities were con-
sistent with those of recombinant HA antigens (Supplemental
Figs. S4 and S5). These results confirmed the specificity of 1G5
and 2C12 for multiple subtypes of group 1 IAV HAs.



Fig. 5. ELISA responses under pretreatment with NaOAc buffer at different pH and with various concentrations of DTT. Plates were coated with HA antigen, GC flu
A/Singapore/GP1908/2015 IBR-180 (H1N1) vaccine antigen, at 5 mg/ml (100 ml) per well. (A) 1G5, (B) 2C12.
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In addition, data of ELISAs with group 1 IAV HA were subjected
to linear regression to estimate their statistical significance
(Table 1). With respect to linearity, both antibodies showed high
R2 values: for 1G5, R2 was 0.9936 ± 0.0113, and for 2C12, R2 was
0.9937 ± 0.0104. Detailed results are summarized in Table 1. In
conclusion, there was a high degree of correlation between the
quantity of egg-derived HA antigen and ELISA response.

In terms of sensitivity, the LOD values of HAs (except H9 sub-
type) were lower than �0.05 mg/ml. However, slight differences
were observed among HA antigens from different strains. Again,
the affinity to H9 subtype was much lower than that of other
HAs, extending the results from recombinant HAs (Supplemental
Table 4).

Regarding the reproducibility, The CV was 3.962 ± 0.824% for
1G5 and 4.268 ± 1.004 for 2C12 (Table 1), indicating high repro-
ducibility. Thus, 1G5 and 2C12 are group 1 IAV HA-specific, with-
out cross-reactivity to HAs belonging to group 2 IAV or IBV,
showing high degrees of linearity, sensitivity, and reproducibility.
Considering that these egg-derived HA antigens are currently used
as standard reagents for SRID assay, the present results imply that
both mAb, 1G5 and 2C12, can be directly applicable to the quantifi-
cation of HAs.
3.7. ELISA with quadrivalent vaccine HA antigens

Finally, the ELISA was extended to commercial influenza vac-
cine antigens (Fig. 6), with relevant statistical indicators (Supple-
mental Table 5). The tested vaccine components for quadrivalent
influenza vaccines were derived from embryonated eggs and were
supplied by Green Cross Pharma (Yongin-si, Korea). Both 1G5 and
2C12 bound to group 1 HA A/Singapore/GP1908/2015 IBR-180
(H1N1). For 1G5, R2 was 0.9991, and for 2C12, R2 was 0.9949.
The CV values were �4.1%, and LODs were <0.02 mg/ml. However,
both antibodies failed to bind to HA of A/Hong Kong/4801/2014
(NYMC X-263B) (H3N2), B/Phuket/3073/2013 (Yamagata-like),
and B/Brisbane/60/2008 (Victoria-like). The group 1 specificity of
the mAbs, as proven for recombinant HAs (Supplemental Figs. S4
and S5), egg-derived standards (Supplemental Figs. S6 and S7),
and commercial vaccines (Fig. 6), strongly suggests their utility
in an ELISA-based assay for the quantitation of HA in influenza
vaccines.

3.8. Comparison between SRID and ELISA

A test antigen (standard HA antigen of A/Singapore/
GP1908/2015 IBR-180) was quantified by SRID, currently the rec-
ommended standardized assay, and the ELISA using the universal
mAbs introduced in this study, for comparison (Fig. 7). The anti-
gens were treated with the Zwittergent 3-14 detergent. The SRID
assay was conducted as described in Section 2.7. For the ELISA,
the antigen was treated with pretreatment buffer (pH 5.0,
200 mM DTT, 200 mM sodium acetate buffer), and ELISA was con-
ducted as described in Section 2.8. The concentrations of antigens
were calculated using slope-ratio model with two replicates, fol-
lowing the guidelines from European pharmacopoeia 5.0 [17].

The concentration of HA as quantified by SRID was
36.53 ± 2.97 mg/ml. The concentration quantified by ELISA using
1G5 was 39.92 ± 1.98 mg/ml and that using 2C12 was
38.44 ± 1.60 mg/ml. The concentrations determined by SRID and
ELISA were similar, but those from ELISA were slightly higher than
those from SRID. Of note, error ranges from ELISA were smaller
than those of SRID. In summary, subjected to the limited availabil-
ity of commercial sample materials, the quantitative ELISA using
antibodies against the consensus stalk domain is found comparable
to SRID with respect to its determined concentration. However, the
ELISA can produce more accurate and reliable result than SRID
method.

4. Discussion

Timely distribution of vaccines is important in preventing influ-
enza infection among humans. The current standard method for
HA quantification, the SRID assay, represents a hurdle for timely
vaccine licensing because of its intrinsic limitations. Here, we
introduced a novel ELISA using antibodies that can bind to HA of
various strains. The mAbs against the consensus stalk domain



Table 1
Validation of linearity, sensitivity and reproducibility of the ELISA with standard HAs (NIBSC). Calibration curves determined by four-parameter linear regression using data from
five replicates.

mAb

1G5 2C12

Type HA subtype Strain Response Linearity
(R2)

Sensitivity
(LOD (mg/ml))

Reproducibility
(%CV)

Response Linearity
(R2)

Sensitivity
(LOD (mg/
ml))

Reproducibility
(%CV)

A group
1

H1 A/Michigan/45/
2015 (NYMC X-
275)

+ 0.997 0.030 4.224 + 0.995 0.028 5.720

A/Singapore/
GP1908/2015
(IVR-180)

+ 0.999 0.018 3.521 + 0.998 0.018 4.497

A/California/7/09
(NYMC-X181)

+ 0.999 0.015 3.779 + 0.998 0.012 2.705

A/Puerto Rico/8/
34

+ 0.998 0.042 3.332 + 0.999 0.050 3.437

A/Brisbane/59/
2007 (IVR-148)

+ 0.999 0.010 3.236 + 0.998 0.012 3.289

H2 A/Singapore/1/57 + 0.999 0.017 3.946 + 1.000 0.016 4.244
H5 A/Anhui/1/05

IBCDC-RG-6
+ 0.997 0.036 3.075 + 0.999 0.042 4.153

H9 A/chick/Hong
Kong/G9/1997
NIBRG-91

+ 0.963 0.322 5.850 + 0.965 0.451 5.933

A group
2

H3 A/Hong Kong/
4801/2014 (NYMC
X-263B)

� �

A/Switzerland/
9715293/2013
(NIB88)

� �

A/Texas/50/2012
(NYMC X-223A)

� �

B B/Brisbane/60/
2008 (NYMC BX-
35)

� �

B/Phuket/3073/
2013

� �

B/Massachusetts/
02/2012

� �

Response: ‘+’ (positive); ‘�’ (negative).
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exhibited group-specific universality against various subtypes
within group 1 IAVs, without cross-reactivity to group 2 IAVs or
IBVs. The present approach could be extended to HAs of group 2
IAVs as well as to IBVs for the quantitation of HA antigens of mul-
tivalent seasonal influenza vaccines.

As an alternative to SRID, various HA quantification assays using
mAbs have been developed [26–28]. However, most of these meth-
ods rely on strain-specific mAbs corresponding to the test antigen
of interest. One study used a mAb targeting the fusion peptide of
HA that universally bound to various HAs [29]. However, the assay
could not differentiate between groups 1 and 2, and thus was
unable to quantify each HA component in multivalent vaccine for-
mulations. The present approach is based on the recognition of
group-specific consensus sequence of the HA stalk domain, and
thus allows quantitation of a single component (group 1 HA in this
case, regardless of drift or shift strains) in multi-component influ-
enza vaccines.

The group-specificity of the mAbs used in this study was tested
among various subtypes, including H1, H2, H5, and H9. Among
these, H1 subtype virus has been circulating in the human popula-
tion over the last century [30]. H2 subtype strains were responsible
for the pandemic outbreak in 1957 [31], and had circulated for a
decade before replacement by H3N2 in 1968 [32]. However, there
remains a possibility of re-introduction of H2 subtype strains by
zoonotic transmission from birds and swine [33,34]. The H5 sub-
type can cause fatal infection in humans as exemplified by the
avian-human transmission of the highly pathogenic avian influ-
enza H5N1 [35,36]. A rare case of human-to-human transmission
has been documented [37], and multiple mutations that would
enable circulation among mammals have been identified [38]. In
this regard, a group-specific universal antibody-based HA quantifi-
cation method, primarily designed for the current seasonal influ-
enza vaccine, may, in the future, be extended to pandemic
vaccines, if necessary.

It is desirable to use a conserved domain to elicit antibodies
with cross-reactivity. HA is composed of a highly variable HA1
globular domain and a relatively conserved HA2 stalk [39]. Our
approach was therefore to use the stalk domain, and to enhance
cross-reactivity further, a consensus sequence deduced from mul-
tiple HA subtypes within group 1 IAVs was employed as immuno-
gen (Fig. 1B). Yet, we observed differences in the magnitudes of
ELISA responses of the mAbs against various subtypes of HA within
the same group (Figs. 6 and Supplemental Fig. S4–S7). There are
several possible explanations. First, there could be slight sequence
variation in the test HA antigens, which may affect the mAb bind-
ing affinity. Second, there may exist structural differences within
HA2, where the HA stalk undergoes pH-dependent conformational
transition [40]. Stalk domain exposure is essential to ensure full
mAb binding and a subsequent ELISA response. As such, pretreat-
ment at low pH to induce the extended alpha-helical conformation
and with DTT to dissociate and remove the HA1 domain was nec-
essary (Figs. 4 and 5). The pH dependence of coiled-coil structural



Fig. 6. ELISA with quadrivalent influenza vaccine antigens (GC flu). Influenza vaccine antigens were supplied by Green Cross Pharma (Yongin-si, Korea). Coated antigens were
HA of A/Singapore/GP1908/2015 IBR-180 (H1N1), A/Hong Kong/4801/2014 X-263B (H3N2), B/Phuket/3073/2013 (Yamagata-like), and B/Brisbane/60/2008 (Victoria-like).
Calibration curves were determined by four-parameter linear regression. Error bars indicate the standard deviation in five replicates. (A) 1G5 (B) 2C12.

Fig. 7. HA concentrations determined by SRID using polyclonal anti-HA serum and
ELISA using 1G5 and 2C12. Standard HA antigen was A/Singapore/GP1908/2015 HA
(NIBSC) and test antigen was A/Singapore/GP1908/2015 HA (GC Pharma). Concen-
trations were calculated based on the slope-ratio model. Error bars indicate 95%
confidence intervals.
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transition at the HA2 region is influenced by the pKa value of
amino acids in the inter-connecting peptide [40]. Third, secondary
modification (e.g., glycosylation) of HA depends on the production
host (mammalian, insect cells, or embryonated chicken eggs) [41],
and the quality or extent of glycosylation, especially in the vicinity
of the HA2 domain, may affect ELISA reactivity. Finally, variations
among HA quantification assays of different vendors cannot be
excluded. Notably, the quantification of international standards
from NIBSC is based on quantitative SDS-PAGE [42]. Other methods
have been developed independently, including mass spectrometry
[43], high-performance liquid chromatography [44], and antibody-
based assays [26,27,29,45], and should be compared for robustness
of quantification and user friendliness.

As an alternative method, the present ELISA is easy to perform,
is substantially less time-consuming than SRID (hours vs. days)
and can be automated. Being less subject to the experience and
skill of the experimenter, the results are more reproducible, result-
ing in a lower error range. Furthermore, the quantitative ELISA we
developed shows improved sensitivity and repeatability (Tables 1,
Supplemental Table 4 and 5). LOD values for all ELISAs were lower
than that for SRID, which are usually 3–5 mg/ml, and CVs were less
than 5%. The concentrations of HA determined by ELISA were sim-
ilar to those determined by SRID (Fig. 7).

We expect our ELISA to be useful for the evaluation of new
types of influenza vaccines, either licensed or under development.
Of note, recombinant subunit vaccine derived from insect cells has
been licensed [46], and the current SRID method, optimized for
egg-based influenza vaccines, may not be suitable for recombinant
vaccines [47]. The universal antibodies used in this study per-
formed equally efficiently for traditional egg-derived vaccines
and recombinant HAs produced from eukaryotic expression sys-
tems (Supplemental Figs. S4 and S5), underscoring their utility
for the quantification of newly developed recombinant subunit
vaccines. Moreover, the ELISA is suitable for a universal vaccine
that would provide cross-protection against multiple influenza
viruses of either seasonal or pandemic nature. The current
approach for cross-protection is to redirect the antibody responses
from the variable HA globular domain to the conserved HA stalk
domain [48–50]. Traditional SRID based on polyclonal anti-serum
with strain-specific immune responses targeting to the immuno-
logically dominant HA globular domain is unable to validate these
vaccines. If stalk-based universal vaccines are ever developed and
licensed, the present quantitative ELISA using stalk-targeting uni-
versal mAbs would provide a proper choice for potency validation.

In summary, we developed a HA quantitative ELISA using
broadly reactive group-specific universal mAbs. Based on a limited
set of experiments, this method was proven to be more sensitive,
reliable, accurate, and convenient than the current SRID method.
To render it amenable to high-throughput testing, validation of
the method as an alternative for the current SRID assay is needed.
The assay is currently being extended to group 2 IAV and IBVs, and
if successful, would serve as the evaluation of the potency of triva-
lent and quadrivalent influenza vaccines.
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