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Antigenicity of a Type A Influenza Virus Through
Comparison of Hemagglutination Inhibition and

Mass Spectrometry Immunoassays

Alexander B. Schwahn and Kevin M. Downard
School of Molecular & Microbial Biosciences, University of Sydney, Australia

Abstract: The antigenicity of a type A (H1N1) influenza strain has been
characterised through the application of mass spectrometry (MS) and
hemagglutination-inhibition immunoassays performed in parallel. Two monoclo-
nal antibodies were found to be highly and equally specific in HI assays against
influenza strain A=New Caledonia=20=99 while the MS immunoassay demon-
strated that both antibodies recognise the same epitopic peptide localised to resi-
dues 225-232 of the hemagglutinin HA1 subunit whose C-terminal residues reside
in close proximity to the receptor binding site. Both immunoassays showed no
binding of a monoclonal antibody that recognizes the hemagglutinin antigen of
type B strains.

Keywords: Antigenicity, Hemagglutination inhibition, Immunoassay, Influenza,
Mass spectrometry

INTRODUCTION

Annual outbreaks of influenza are most often associated with strains that
are closely related to those that have appeared in circulation in previous
years.[1] Antigenic variations among strains due to antigenic drift occur
gradually as a result of the accumulation of replication errors in the genes
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that encode the two major surface antigens of the virus: hemagglutinin
(HA) and neuraminidase (NA).[2] When reassortment of the segmented
influenza RNA genome occurs, following the simultaneous infection of
a host with two strains, the genes encoding HA or NA reassort and the
virus undergoes an antigenic shift.[3] The antigenicity of the reassorted
strain differs significantly from those that it originated from and pos-
sesses the potential to cause a pandemic outbreak.[3] Monitoring this anti-
genic variation is of major importance and forms the basis of current
influenza surveillance strategies.

Three influenza pandemics last century resulted in tens of millions of
deaths worldwide.[4] The emergence of a highly pathogenic avian influ-
enza (H5N1) [5] and swine (H1N1) strains and their ability to infect a
human host have renewed concerns about the global impact of the virus
on human health.[5]

Widespread international travel allows a highly virulent strain of the
virus to be rapidly transmitted throughout the human population.[6] Thus
future pandemics will likely develop more rapidly providing a relatively
short window in which to survey and assess the nature of the virus and
its antigenicity. The need to develop new and improved surveillance
methods in this regard has been recognised.[7]

The basis of any surveillance strategy is the unambiguous identification
of the circulating influenza strains. Among the methods recommended by
theWorldHealth Organisation (WHO) are reverse transcription polymerase
chain reaction (RT-PCR), enzyme immunoassays (EIA) for antigen
detection, and various serological approaches including hemagglutination-
inhibition (HI) and microneutralization (MN) assays. Each method has its
own advantages and disadvantages[8,9] with respect to the time required
for analysis, the need for specialised instrumentation and=or research facil-
ities, and the level and reliability of information derived from the results.

The hemagglutination-inhibition assay is well established for the
classification of hemagglutinating viruses.[10] The attachment of the
influenza virus to Red Blood Cells (RBCs) results in their agglutination
at a certain virus titre that impedes cell sedimentation. Hemagglutina-
tion is inhibited if an antibody is bound near to the receptor binding
sites of the hemagglutinin antigen that in turn prevents the virus from
attaching itself to the RBCs. The inhibition of hemagglutination by anti-
sera or monoclonal antibodies (mAbs) is utilized in the HI assay to
determine the serotype, and even groups within a given serotype, of
the influenza virus.[10,11] While this serological assay forms the basis
of present day screening of the virus, it is not without its limitations.
For example, non specific hemagglutination inhibitors in animal sera
can lead to false positive results unless removed or destroyed[11,12] and
further problems can result from the varying abilities of virus strains
to hemagglutinate RBCs of different animal species.[12] In addition to
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these practical considerations, the HI assay provides no molecular detail
or information about the structural changes that underlie antigenic drift
or shift.

These structural changes can be addressed by employing the reverse
transcription polymerase chain reaction (RT-PCR) with subsequent
sequencing of the products.[13,14] The basis of any RT-PCR approach
is the targeted amplification of defined sequences within the segmented
influenza RNA genome. Subtyping of the virus can be achieved by
using sets of primers for conserved sequences of the different hemagglu-
tinin and neuraminidase antigens across particular viral subtypes.[15–17]

PCR sequencing of the genes that encode the hemagglutinin and neur-
aminidase antigens can identify mutations that may predict antigenic
change, though this is not explicitly measured. RT-PCR experiments
alone do not provide molecular detail about the antigenicity of the
virus.

To address the shortcomings of the above approaches, a mass spec-
trometry (MS) immunoassay was developed.[18] It has been successfully
applied to characterise the influenza virus at the protein level in which
both the primary structure and antigenicity of viral antigens can be estab-
lished in a single step.[19] This immunoassay is based on a comparison of
MALDI mass spectra obtained following proteolytic digestion of the
whole virus[19] or an electrophoretically-separated antigen[20,21] either
before or after treatment with monoclonal antibodies. It was developed
following the realisation that specific immune complexes could be pre-
served on conventional MALDI targets without immobilization of either
antigen or antibody.[18] The mass maps recorded provide information on
the primary structures of the viral antigens and, through database search-
ing, their similarity to known viral antigen sequences. Further, a compar-
ison of the MALDI mass spectra recorded before and after antibody
treatment enables the antigenicity of a strain to be assessed and specific
epitopes to be localised. While successfully demonstrated for whole
virus,[19] the initial separation of antigens by gel electrophoresis prior
to application of the immunoassay improves the sequence coverage of
antigens in the mass maps and thus the likelihood that the binding of
epitopic peptides can be followed.[20,21]

This article compares the effectiveness and validity of the MS
assay for the screening of viral isolates by presenting a side-by-side
comparison of the results from the application of the MS and HI
immunoassays for three monoclonal antibodies targeted to a influenza
A (H1N1) strain A=New Caledonia=20=99 together with one monoclo-
nal antibody to a type B strain as a separate control. Immunodominant
epitopes within the hemagglutinin antigen of this strain are identified
and the results of both complementary assays are shown to be largely
in accord.

Antigenicity of a Type A Influenza Virus 247

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



EXPERIMENTAL

Virus Strains

All influenza strains used in this study were obtained fromAdvanced Immu-
noChemicals Inc. (Long Beach, California, USA) after growth in the
allantoic fluid of 10–11 day old embryonated eggs. All influenza strains used
A=New Caledonia=20=99 IVR116 (H1N1), A=Beijing=262=95 (H1N1),
B=Tokyo=53=99 and B=Victoria=504=2000 were chemically inactivatedwith
0.05% beta propiolactone and preserved in 0.1% sodium azide (NaN3) and
0.005% thimerosal.

Monoclonal Antibodies

Bioreactor preparations (miniPERM) of monoclonal antibodies desig-
nated mAb127, mAb128 and mAb154 were kindly provided by Elizabeth
Pietrzykowski (CSL Limited, Melbourne, Australia). The mAbs were
used without further purification with the levels of antibody present esti-
mated based on optical density measurements at 280 nm, and the separa-
tion and detection of their heavy and light chains by polyacrylamide gel
electrophoresis. The PAGE experiments indicate the purity of the anti-
bodies exceeds 95%. mAb127 and mAb128 are specific for influenza A
virus of subtype H1N1 and were obtained using strain A=New
Caledonia=20=99 as the immunogen. mAb154 was prepared using strain
B=Jiangsu=10=2003 of the Yamagata=16=88 lineage as immunogen. Prior
to their use for mass spectrometry experiments, the mAb storage buffer
was exchanged with 50mM NaCl, 25mM NH4HCO3, 5mM Tris-HCl
pH 8.0 by centrifugation through a PES membrane microcentrifuge filter
with a MWCO of 30 kDa. Sodium azide was added as a preservative to a
final concentration of 0.1%. The concentration of the mAbs was deter-
mined using the Bradford method.[22]

Anti influenza A clone IVC102 (mAb IVC102) was obtained from
Advanced ImmunoChemicals Inc. (Long Beach, California, USA). Ali-
quots of the mAb were completely dried in a vacuum concentrator and
resuspended in binding buffer (50mM NaCl, 25mM NH4HCO3, 5mM
Tris-HCl pH 8.0) immediately prior to the use for the MS immunoassay.

Hemagglutination-Inhibition Assay

HI assays were performed as described by the WHO with minor modifi-
cations.[12] Briefly, two-fold serial dilutions of stock monoclonal antibody
solutions where prepared in V-shaped microtitre plates (25 mL per
dilution point). Each dilution point was mixed with the same volume
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of a standardized solution of a viral test strain (4 HA units in 25 mL) and
incubated for 30min at room temperature. 50 mL of a 1% fowl erythrocyte
solution in PBS was added and inhibition of hemagglutination was
visually assessed after incubation for 60min at room temperature.

Western Blot

Western blot analysis of viral proteins was performed as described by
Towbin[23] with minor modifications. The viral antigens separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) were blotted onto
a PVDF membrane (Pall Corporation, Pensacola, Florida, USA). The
membrane was blocked with a 5% solution of skim milk powder in
PBS buffer containing 0.1% Tween20. It was subsequently incubated with
a 1 mg�mL�1 solution of the primary antibody in the same buffer. The
presence of bound antibody was visualised using a HRP-conjugated,
anti-mouse antibody (Bio RAD, Hercules, California, USA) employing
enhanced chemoluminescence (ECL) for exposure of an X-ray film.

Hemagglutinin Separation and Digestion

Viral proteins were separated by SDS-PAGE as previously described.[20]

20mg of virus was added to each lane of a SDS-PAGE gel. Hemagglutinin
represents some 35% of total virus.[24] The hemagglutinin-containing bands
were excised and subjected to in gel tryptic digestion. The tryptic peptides
were recovered in binding buffer (50mM NaCl, 25mM NH4HCO3,
5mM Tris-HCl pH 8.0) for utilization in the MS immunoassays.

Mass Spectrometry Immunoassays

MS immunoassays were conducted as described previously with minor
modifications.[20] In brief, 14 mg of the tryptic peptides, generated from
the combined HA bands of two gel lanes, were mixed with two-fold
the amount of mAb (by weight) in solution. Binding buffer (50mM
NaCl, 25mM NH4HCO3, 5mM Tris-HCl pH 8.0) was added to achieve
a total volume of 25 mL. The mixture was incubated at 4�C. Samples for
MS analysis were taken immediately after addition of the antibody (t¼ 0)
and after 24 h. An aliquot of the untreated antigen preparation, and a
second aliquot treated with a monoclonal antibody specific to type B
influenza were run in parallel under the same conditions as non binding
controls. MALDI-MS analysis was performed on a QSTAR-XL hybrid
Q-TOF mass spectrometer (Applied Biosystems) in the positive ion
TOF-MS mode. 1 mL of sample was diluted with 3 mL matrix solution
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(10mg�mL�1 a-cyano-4-hydroxycinnaminic acid, 50% acetonitrile in
water). 1 mL of the analyte and matrix solution was spotted onto a
MALDI target and dried by evaporation. Each sample was measured
in triplicate from different spots on the MALDI target using an average
of 200 laser shots per spectra.

MALDI mass spectra for the control (no mAb) and antibody treated
samples were compared for evidence of mAb-peptide binding through a
comparison of the relative areas for the ion signals across both spectra
relative to the sum of the areas for all nucleoprotein derived peptides pre-
sent. An absolute reduction in relative area of at least 15%[20,21] identifies
an antigenic peptide.

RESULTS

Antigenicity of Influenza A Strain A/New Caledonia/20/99
by Hemagglutination-Inhibition

Figure 1 shows the application of the hemagglutination-inhibition assay for
monoclonal antibodies designated mAb127, mAb128 and mAb IVC102

Figure 1. Results of hemagglutination-inhibition assays. Serially diluted (1=2)
monoclonal antibody solutions (of mAb127, mAb128, mAb154 and mAb
IVC102) were tested in HI assays against a standardised concentration of influ-
enza virus (across strains A=New Caledonia=20=99, B=Tokyo=53=99 and
B=Victoria=504=2000) in the presence of red blood cells. Where there is sufficient
antibody present to bind to the hemagglutinin of the virus particles and prevent
their agglutination to the red blood cells, the blood cells ‘‘button’’ at the bottom
of the plate.
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against the influenza A (H1N1) strain A=New Caledonia=20=99 and B-type
strain B=Tokyo=53=99. In these assays, serially diluted (1=2) antibody
solution is treated with a standardised quantity of virus in the presence
of erythrocytes. Where sufficient antibody is present to bind to the hemag-
glutinin of the virus particles and prevent their agglutination to the red
blood cells, the blood cells ‘‘button’’ at the bottom of the plate. Antibodies
mAb127 and mAb128 inhibit hemagglutination against the type A virus
down to concentrations of 2 ng�mL�1 (0.2mgmAb). They fail to do so at
all concentrations up to 125 ng�mL�1 (12.5mgmAb) against the type B
virus. In contrast, the monoclonal antibody mAb154 to type B viruses
of the Yamagata=16=88 lineage inhibits hemagglutination of the
B=Victoria=504=2000 strain down to 0.4 ng�mL�1 (0.04 mgmAb), but
not the B=Tokyo=53=99 strain of a different lineage due to differences
in the nature of the targeted epitope. This antibody similarly does not
inhibit hemagglutination in the presence of the type A strain.

Antigenic Characterisation of Influenza Type A Strain A/New

Caledonia/20/99 by Mass Spectrometry

To examine the region of the type A hemagglutinin targeted by the mono-
clonal antibodies, mAb128 was initially chosen for the implementation of
the MS immunoassay against the New Caledonia strain. As has been
described previously for this strain,[20] the hemagglutinin antigen migra-
tes on a SDS-PAGE gel together with nucleoprotein (NP) and appears
at approximately 55 kDa (Figure 2). The identity of these and the other
antigens were confirmed from their mass maps. Although unresolved,
hemagglutinin has been found to be slightly enriched toward the top of
the visible HA=NP band (see Figure 3) and this region was therefore
chosen as the major source of the HA antigen. Digestion of the HA-
enriched proportion of the band with trypsin, and the recovery of cleaved
peptides from this gel region, was followed by incubation of aliquots of
this antigen preparation with either mAb128 or an influenza B-specific
monoclonal antibody (mAb154) as a non-binding control. The untreated
and antibody-treated solutions were incubated for 24 hours and then
analysed by mass spectrometry.

The MALDI mass spectra contain ion signals associated with the
tryptic peptides derived from either the HA or NP antigen (see
Figure 3). The identity of each of the peptides was established based upon
an alignment of their masses with those generated theoretically through
the in silico digestion of the hemagglutinin and nucleoprotein antigen of
the same and related strains using the Mascot mass fingerprint search
algorithm of the MSDB database[25] with the identities of the most
abundant peptide ions confirmed by tandemmass spectrometry (Figure 4).

Antigenicity of a Type A Influenza Virus 251

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



No appreciable differences in the ions detected, nor their relative
intensities, are apparent between the mixture without antibody or that
treated with influenza B-specific antibody mAb154 (Figure 3). In con-
trast, treatment of the peptide mixture with monoclonal antibody
mAb128 to type A influenza, results in a significant decrease of the
relative intensity of the HA-derived peptide ion at m=z 961.5
(Figure 3). The identity of this peptide, and others, was confirmed
by tandem mass spectrometry. It comprised residues 225-232 (num-
bered according to the precursor protein HA0) with sequence
RFTPEIAK (Figure 4).

A summary of the average relative area data obtained from three
spectra each recorded for the no-antibody, mAb154 treated and
mAb128 treated samples are shown in Figure 5. The areas for all peptides
ions from both HA and NP in each spectrum were plotted relative to the
sum of the areas for all NP-derived peptide ions since the antibody tar-
gets the HA antigen. The binding of peptide HA[225-232] at m=z
961.52 to mAb 128 is evident by an absolute decrease in the relative area
of its ion signal of 19% and 36% compared with that for the no antibody
and mAb154 treated samples respectively. This is the only peptide
observed to bind to the antibody as established by an absolute decrease in
the relative area of the ion of greater than 15%.[20,21] Figure 5 illustrates
that there is no such change in the relative area (within experimental

Figure 2. SDS-PAGE separation of the antigens of type A influenza (strain
A=New Caledonia=20=99). The location of the antigens is denoted: P for unsepa-
rated polymerase subunits, NP nucleoprotein, MP matrix protein, and HA1 and
HA2 for hemagglutinin subunits 1 or 2, respectively. Ovalbumin (�) and ovotrans-
ferrin (��) were both detected as a result of the virus being grown in the allantoic
fluid of chicken eggs. The boxed area at the top of the combined HA1 and NP
band was excised for tryptic digestion and the mass map of this region is shown
in Figure 3.
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error) of the other peptide ion signals. Noteworthy is that the peptide ion
at m=z 2183.07 that corresponds to residues 206-224 directly preceding
the epitopic peptide was also found not to bind to mAb128 since the
magnitude of the change in its relative area cannot be attributed to a
specific binding of the mAb to this peptide. The same is true for the pep-
tide HA[236-242] at m=z 859.43, which flanks the binding peptide on the
C-terminal side. Its relative area increases after treatment with antibody
mAb128, a likely consequence of more of the peptide being ionised as it
no longer competes for ionisation with peptide HA[225-232].

Figure 3. MALDI mass spectra of the tryptic peptides derived from the top of
the HA1=NP band (see Figure 2) incubated with either mAb128 (anti influenza
A H1N1), mAb154 (anti influenza B) or with binding buffer alone (no mAb).
Note that the signal at m=z 861.1 (asterisk) is associated with matrix cluster ions
that appear with variable intensity due to their sparodic production during the
ionisation process. All peptide ions denoted # have been sequenced by tandem
mass spectrometry. Sequence coverage for the HA and NP antigens is 14% and
25%, respectively.
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Figure 5. Plot of relative ion areas for all ions labelled in Figure 3 (averaged
across three datasets). The area for each ion signal was measured relative to
the sum of the areas for all nucleoprotein-derived peptide ion signals within the
same spectrum. The binding of peptides to antibody was assessed based on an
absolute decrease in relative area of >15% after treatment with antibody as
reported previously (Morrissey & Downard, 2006; Morrissey et al., 2007).

Figure 4. Tandem mass spectrum of the peptide ion at m=z 961.5 from which its
amino acid sequence (RFTPEIAK) can be derived.
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HI Assay with Anti Influenza a Monoclonal Antibody IVC102

The larger peptide at m=z 2183.0 has previously been found to constitute
an epitope recognised by another monoclonal antibody (mAb IVC102)
employing the MS immunoassay. The IVC102 antibody binds to the pep-
tide associated with residues 206-224 of the hemagglutinin antigen as well
as the peptide HA 226-232 which flanks this region on the C-terminal side
as previously reported (20). A HI assay was performed with it against the
New Caledonia strain. Surprisingly, mAb IVC102 failed to inhibit
hemagglutination of red blood cells in the presence of the A=New
Caledonia=20=99 strain even where the undiluted antibody solution
was used (Figure 1). This is in contrast to the results for the two indepen-
dently derived monoclonal antibodies mAb127 and mAb128 that were
reactive against H1-type hemagglutinin and could effect inhibition with
0.2 mg of antibody.

Characterisation of Influenza A Strain A/New Caledonia/20/99

by Western Blot Analysis

To seek independent evidence that mAb IVC102 recognises the hemag-
glutinin antigen of the New Caledonia strain, beyond that detected by
the MS immunoassay,[20] a Western blot was performed with this anti-
body (Figure 6). This confirmed that mAb IVC102 specifically recognises
the hemagglutinin antigen of the type A strain and not the type B strain
on the same blot. However, the majority of mAb IVC102 was found to
bind a protein with an apparent mass of approximately 25 kDa. Only

Figure 6. Western blots of viral antigens of type A New Caledonia=20=99 (NC)
and type B Tokyo=53=99 (T) influenza from increasing levels of virus (from 2.5, 5
and 10 mg) targeted with monoclonal antibodies mAb IVC102 or mAb127 as
primary antibodies. texp denotes the time of exposure of the X-ray film.
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at longer exposure times (5min) did a band appear at the expected
location for the HA1 subunit at approximately 55 kDa together with a
third band at approximately 90 kDa corresponding to the uncleaved
hemagglutinin subunits.

MALDI mass maps (data not shown) of the electrophoretically sepa-
rated viral proteins showed that the protein at 25 kDa contains the HA2
subunit of the hemagglutinin antigen as well as the matrix protein (MP).
Thus it is concluded that the HA2 subunit contains the immunodominant
epitope targeted by mAb IVC102. This is consistent with, and explains
the results of, the HI assay since the binding of mAb IVC102 to the
HA2 subunit would not necessarily inhibit virus-mediated hemagglutina-
tion of red blood cells. The binding of this antibody to a peptide segment
of the HA1 subunit in the MS assay[20] is, on the other hand, a result of
an intramolecular cross reactivity of the antibody. As only the HA1
subunit was recovered from the gel for the MS-based immunoassay,
the binding of the antibody to the HA2 subunit was not assessed.

Interestingly, no binding was detectable when mAb127 (or mAb128)
were used in a Western blot of the influenza A=New Caledonia=
20=99 virus (Figure 6). This suggests that the epitope recognised by the
latter two hemagglutination inhibiting mAbs is conformational whereas
the epitope recognised by mAb IVC102 is linear and therefore detected
by Western blot analysis.

DISCUSSION

The antigenicity of hemagglutinin can be assessed in the context of a
reported structure for the protein of another type A (H1N1) influenza
strain (A=Puerto Rico=8=34) with which it shares 87.5% sequence iden-
tity. The antigen is characterised by five distinct antigenic sites, denoted,
Sa, Sb, Ca1, Ca2 and Cb. All are located at the globular head of the HA1
subunit of the protein in close proximity to the receptor binding site.[26]

Themonoclonal antibodies mAb127 andmAb128 proved to be highly,
and equally, effective at inhibiting the agglutination of red blood cells by
the type A virus. The epitope recognised by these mAbs must therefore
be located at an antigenic site atop the HA1 subunit. This was investigated
using the MS immunoassay where the treatment of the digested HA anti-
gen with either mAb resulted in a substantial and selective depletion of the
peptide ion signals for HA residues 225-232 with sequence RFTPEIAK.
No such depletion of the peptide ion signal was observed after incubation
with influenza B-specific monoclonal antibody (mAb154) indicating that
residues 225-232 are specifically recognised.

The MS immunoassay results indicate that antibodies mAb127 and
mAb128 recognise the same epitope. This is consistent with their identical
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performance in the HI assays. Moreover, both bind a different epitope
than that recognised by mAb IVC102.[20] This underlines the selectivity
of the MS immunoassay and demonstrates its ability to discriminate
between different epitopes within the same antigen.

Sequence alignment of HA derived from influenza strain A=New
Caledonia=20=99 with the solved protein structure of HA derived from

Figure 7. Structure of the hemagglutinin trimer derived from that for the H1N1
strain A=Puerto Rico=8=34 (PDB: 1RU7) (Gamblin et al., 2004). Atomic
co-ordinates from the PDB data file were input into the Pymol viewer (version
0.99). A representation of the protein surface is shown (a) in top view, and (b)
in side view. Residues corresponding to amino acids 225-232 in A=New
Caledonia=20=99 are depicted in red. Peptide HA[206-225] (recognised by mAb
IVC102) is shown in orange for one HA monomer. Antigenic sites Sa and Sb
are highlighted in blue or purple, respectively, and the major elements of the
receptor binding site are coloured in cyan.
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A=Puerto Rico=8=34[27] reveals that the peptide comprising residues
225-232 is part of the globular head of the protein. Its C-terminal end
is in close proximity to the antigenic site Sa[26] in the HA1 chain of a
neighbouring HA monomer as well as the receptor binding site of its
own HA1 chain (Figure 7). Most residues of the peptide HA[225-232],
however, appear to be located at the base of a channel within the HA
trimer (Figure 7). Thus the peptide likely comprises only a part of the
epitope, and given that neither flanking peptides HA[206-224] nor
HA[236-242] bind the antibodies, the results suggest that it is part of a
larger conformational epitope. The location of its C-terminus, in close
proximity to a known antigenic sites as well as the receptor binding site,
supports this idea and it is also in agreement with the result that both
mAb127 and mAb128 were tested negative in a Western blot against
the A=New Caledonia=20=99 virus strain (Figure 6).

The mAb IVC102 recognises an epitope containing the tryptic clea-
vage product compromising residues 206-224 (numbered relative to the
precursor protein HA0) of hemagglutinin derived from the H1N1 strains
A=New Caledonia=20=99 and A=Beijing=262=95.[20] This sequence region
overlaps with antigenic site Sb and contains parts of the ‘‘190-helix’’
which is involved in receptor binding[25,26] (Figure 7). However, the HI
assay results of this study fail to validate this since mAb IVC102
failed to inhibit hemagglutination of red blood cells by the A=New
Caledonia=20=99 strain. Moreover, an identical result was obtained using
the A=Beijing=262=95 strain (data not shown). The application of a
Western blot, on the other hand, proves the specificity of this monoclonal
antibody for hemagglutinin derived from type A viruses but indicates
that the immunodominant epitope resides on the HA2 chain of the anti-
gen that forms the stem region of the protein. Thus the receptor binding
site of the HA1 chain[28] is largely accessible to the virus and this explains
why mAb IVC102 fails to inhibit hemagglutination. The previous MS
immunoassay results[20] have thus been able to identify a less dominant
epitope of the HA1 chain and demonstrate this antibody’s intramolecular
cross reactivity.

CONCLUSIONS

The antigenicity of the influenza virus can be established and epitopes
defined using a mass spectrometry immunoassay and that the results
are largely in accord with those observed in HI assays. In contrast to
the HI assay, the MS immunoassay offers the ability to gain insights into
the antigenicity of the viral proteins from a structural perspective. It can
identify the nature of the recognised antigenic determinant and is capable
of detecting either linear or discontinuous epitopes where proteolysis
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proceeds incubation of the antigens or whole virus with antibody. The
ability to establish viral antigenicity and the primary structure of the viral
antigens in a single analysis by mass spectrometry complements the meth-
ods presently used in the surveillance of circulating influenza strains in
cases where a deeper molecular insight into antigenicity is required.

ACKNOWLEDGMENTS

This research was supported by an Australian Research Council
Discovery Project Grant (DP0770619) to KMD. The authors thank
Dr. Elizabeth Pietrzykowski of the Hybridoma Unit of the Common-
wealth Serum Laboratory in Melbourne for supplying the monoclonal
antibodies (mAbs 127, 128, 154) used in this investigation. Fowl RBC’s
were kindly provided by Dr. Roy McClements of the Faculty of Veterin-
ary Science, The University of Sydney. The mass spectrometer employed
in these investigations was purchased with funds provided under the
Major National Research Facility (MNRF) scheme by the Department
of Education, Science and Training and the University of Sydney.

REFERENCES

1. Russell, C.A.; Jones, T.C.; Barr, I.G.; Cox, N.J.; Garten, R.J.; Gregory, V.;
Gust, I.D.; Hampson, A.W.; Hay, A.J.; Hurt, A.C.; de Jong, J.C.; Kelso, A.;
Klimov, A.L.; Kageyama, T.; Komadina, N.; Lapedes, A.S.; Lin, Y.P.;
Mosterin, A.; Obuchi. M.; Odagiri. T.; Osterhaus, A.D.; Rimmelzwaan,
G.F.; Shaw, M.W.; Skepner, E.; Stohr, K.; Tashiro, M.; Fouchier, R.A.;
Smith, D.J. The global circulation of seasonal influenza A (H3N2) viruses.
Science 2008, 320, 340–346.

2. Both, G.W.; Sleigh, M.J.; Cox, N.J.; Kendal, A.P. Antigenic drift in influenza
virus H3 hemagglutinin from 1968 to 1980: Multiple evolutionary pathways
and sequential amino acid changes at key antigenic sites. J. Virol. 1983, 48,
52–60.

3. De Jong, J.C.; Rimmelzwaan, G.F.; Fouchier, R.A.; Osterhaus. A.D.
Influenza virus: A master of metamorphosis. J. Infect. 2000, 40, 218–228.

4. Potter, C.W. A history of influenza. J. Appl. Microbiol. 2001, 91, 572–579.
5. Peiris, J.S.; de Jong, M.D.; Guan, Y. Avian influenza virus (H5N1): A threat

to human health. Clin. Microbiol. Rev. 2007, 20, 243–267.
6. Hufnagel, L.; Brockmann, D.; Geisel, T. Forecast and control of epidemics in

a globalized world. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 15124–15129.
7. Patriarca, P.A.; Cox, N.J. Influenza pandemic preparedness plan for the

United States. J. Infect. Dis. 1997, 176 (Suppl 1), S4–S7.
8. Marine, W.M.; McGowan, J. Jr.; Thomas, J.E. Jr. Influenza Detection: A

Prospective Comparison of Surveillance Methods and Analysis of Isolates.
Am. J. Epidemiol. 1976, 104, 248–255.

Antigenicity of a Type A Influenza Virus 259

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



9. Leonardi, G.P.; Leib, H.; Birkhead, G.S.; Smith, C.; Costello, P.; Conron, W.
Comparison of rapid detection methods for influenza A virus and their value
in health-care management of institutionalized geriatric patients. J. Clin.
Microbiol. 1994, 32, 70–74.

10. Pedersen, J.C. Hemagglutination-inhibition test for avian influenza virus
subtype identification and the detection and quantitation of serum antibodies
to the avian influenza virus. Meth. Mol. Biol. 2008, 436, 53–66.

11. Hierholzer, J.C.; Suggs, M.T.; Hall, E.C. Standardized viral hemagglutina-
tion and hemagglutination-inhibition tests II. Description and statistical
evaluation. Appl. Microbiol. 1969, 18, 824–833.

12. World Health Organization. WHO Manual on Animal Influenza Diagnosis
and Surveillance, World Health Organization, Geneva, 2002.

13. Sanger, F.; Nicklen, S.; Coulson, A.R. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 5463–5467.

14. Smith, L.M.; Sanders, J.Z.; Kaiser, R.J.; Hughes, P.; Dodd, C.; Connell,
C.R.; Heiner, C.; Kent, S.B.; Hood, L.E. Fluorescence detection in
automated DNA sequence analysis. Nature 1986, 321, 674–679.

15. Zhang, W.D.; Evans, D.H. Detection and identification of human influenza
viruses by the polymerase chain reaction. J. Virol. Meth. 1991, 33, 165–189.

16. Wright, K.E.; Wilson, G.A.; Novosad, D.; Dimock, C.; Tan. D.; Weber,
J.M. Typing and subtyping of influenza viruses in clinical samples by PCR.
J. Clin. Microbiol. 1995, 33, 1180–1184.

17. Suwannakarn, K.; Payungporn, S.; Chieochansin, T.; Samransamruajkit, R.;
Amonsin, A.; Songserm, T.; Chaisingh, A.; Chamnanpood, P.;
Chutinimitkul, S.; Theamboonlers, A.; Poovorawan, Y. Typing (A=B) and
subtyping (H1=H3=H5) of influenza A viruses by multiplex real-time
RT-PCR assays. J. Virol. Meth. 2008, 152, 25–31.

18. Kiselar, J.G.; Downard, K.M. Direct identification of protein epitopes by
mass spectrometry without immobilization of antibody and isolation of
antibody-peptide complexes. Anal. Chem. 1996, 71, 1792–1801.

19. Kiselar, J.G.; Downard, K.M. Antigenic surveillance of the influenza virus by
mass spectrometry. Biochemistry 1999, 38, 14185–14191.

20. Morrissey, B.; Downard, K.M. A proteomics approach to survey the
antigenicity of the influenza virus by mass spectrometry. Proteomics 2006,
6, 2034–2041.

21. Morrissey, B.; Streamer, M.; Downard, K.M. Antigenic characterisation of
H3N2 subtypes of the influenza virus by mass spectrometry. J. Virol. Meth.
2007, 145, 106–114.

22. Bradford, M.M. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 1976, 72, 248–254.

23. Towbin, H.; Staehelin, T.; Gordon, J. Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 4350–4354.

24. Perkins, D.N.; Pappin, D.J.; Creasy, D.M.; Cottrell, J.S. Probability-based
protein identification by searching sequence databases using mass spectrome-
try data. Electrophoresis 1999, 20, 3551–3367.

260 A. B. Schwahn and K. M. Downard

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



25. Oxford, J.S.; Corcoran, T.; Hugentobler, A.L. Quantitative analysis of the
protein composition of influenza A and B viruses using high resolution
SDS polyacrylamide gels. J. Biol. Stand. 1981, 9, 483–491.

26. Caton, A.J.; Brownlee, G.G.; Yewdell, J.W.; Gerhard, W. The antigenic
structure of the influenza virus A=PR=8=34 hemagglutinin (H1 subtype). Cell
1982, 31, 417–427.

27. Gamblin, S.J.; Haire, L.F.; Russell, R.J.; Stevens, D.J.; Xiao, B.; Ha, Y.;
Vasisht, N.; Steinhauer, D.A.; Daniels, R.S.; Elliot, A.; Wiley, D.C.; Skehel,
J.J. The structure and receptor binding properties of the 1918 influenza
hemagglutinin. Science 2004, 303, 1838–1842.

28. Wiley, D.C.; Skehel, J.J. The structure and function of the hemagglutinin
membrane glycoprotein of influenza virus. Annu. Rev. Biochem. 1987, 56,
365–394.

Received February 12, 2009
Accepted March 27, 2009
Manuscript 3331

Antigenicity of a Type A Influenza Virus 261

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1


