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The fusion peptide of influenza virus hemagglutinin (HA) has a critical role in mediating the entry of the virus into the cells and is
also the only universally conserved sequence in the HAs of all strains of influenza A and influenza B viruses. Therefore, it could be
an attractive target for new vaccine development and a potency marker for existing influenza vaccines. The fusion peptide epitope
is hidden inside the HA proteins, making it inaccessible for quantitative antibody binding. Our simple slot blot protocol highlights
pre-treatment of HA samples with moderate concentrations of denaturant to maximally expose the fusion peptide on the protein
surface, followed by detection using universal antibodies targeting the fusion peptide. The method is highly reliable, inexpensive
and easy to follow. The entire procedure takes only 5 h and can be applied to the quantitative determination of virtually all
influenza viral HAs using a single antibody targeting the fusion peptide.

INTRODUCTION

Hemagglutinin (HA) is the principle surface protein of influenza
virus that induces neutralizing antibodies'. There are 16 subtypes of
influenza A viral HAs?, but in the same subtype of HAs, the amino
acid sequences can vary widely>’. Currently, there are thousands
of HA sequences submitted in the public database and the number
of sequence is constantly increasing®. The ever-increasing number
of HA sequences reflects the rapidly evolving nature of the virus,
making it a daunting challenge for vaccine development. Indeed,
the seasonal influenza vaccines have to be annually updated*?®.
Specifically, the World Health Organization (WHO) recommends
the updating of strains of the seasonal influenza vaccines about
6—8 months before the upcoming flu season. This approach has
inherent disadvantages, including the uncertainty about the actual
circulating strain, the need for annual updating of the manufactur-
ing process in addition to the preparation of reagents for vaccine
lot release**. Obviously, these shortcomings would be significantly
exacerbated in the event of a pandemic influenza outbreak. Such
problems associated with influenza vaccines are largely due to fre-
quent mutations in the genes for the viral surface proteins (HA and
neuraminidase). As HA is the major surface protein that induces
protective immune responses, it is measured as a vaccine potency
marker by single radial immunodiffusion (SRID) method®.

The current SRID method depends on the availability of HA
antigen references and the corresponding antiserum for the stand-
ardization of vaccine quantification. These reagents are updated
and distributed annually by the WHO collaborating centers. Owing
to the fact that at least 2-3 months are required to make these
reagents from the time when a new strain is identified, the WHO
recommends that the manufacturers develop alternative methods
to quantify the HAs in the vaccine preparations in the event of a
pandemic outbreak'. A reliable alternative method could allow
faster release of the vaccine for mass immunization, when the time
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is of essence to save numerous human lives'>'2 It is also important
to note that the rapidly evolving nature of the influenza virus will
continue to pose tremendous challenge to public health and sci-
entific community'. Clearly, the rapid development of vaccines
against emerging influenza viruses and facilitating faster release of
vaccines is of unquestionable importance.

Comparison of various methods for HA quantification

SRID, albeit rather tedious and time consuming, is able to deter-
mine the antigenic conformation and quantity of HA proteins in
vaccine preparations’. The assay has been successfully used for
over 20 years to quantify HA in influenza vaccines. However, it
requires subtype-specific antisera, which must be generated annu-
ally. Therefore, alternative assays for the quantification of influ-
enza viral HAs aimed at shortening the time required to produce
vaccines could facilitate more rapid release of vaccines for human
immunization, which would be urgently required in the event of a
pandemic influenza outbreak.

Two categories of alternative assays, i.e., physicochemical and
immunological assays, have been described recently. The physico-
chemical assays are mainly based on chromatographic separation
alone or in conjunction with mass spectrometry'*'¢. These assays
have shown good repeatability and accuracy in quantifying HA
proteins in vaccine preparation. It should be noted that ultra-per-
formance liquid chromatography is used in combination with iso-
tope dilution tandem mass spectrometry; the assay is quite fast and
allows analysis of more than 100 samples per day'>'°. In addition,
selected peptides representing the conserved sequences of several
subtypes are used as standards for vaccine quantification'>'¢. Yet
challenges remain, including the lack of methods for determin-
ing their three-dimensional structure and analyzing elusive com-
ponents of the vaccines; the necessity to develop subtype-specific
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protein standards; high equipment costs; the need for highly trained
staff; and the demand for high through-put**-'¢. Although several
groups have reported physicochemical methods, alternative immu-
noassay for HA quantification is much less documented, largely
because of the constantly changing nature of the HAs. Indeed, there
are some 6,000 of HA sequences reported in public domain (http://
www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html).

The immunoassay based on universal antibody targeting the
fusion peptide of virally all influenza viral HAs

Universal antibodies against the most conserved sequences of
all influenza viral HAs. We recently reported the development
of mono-specific antibodies exclusively binding to the fusion pep-
tide, the only universally conserved regions of all HAs®. The mono-
specific antibodies were raised using fusion peptide (the amino
terminal 1-14 amino acid of the HA2 subunit) chemically modi-
fied and then conjugated to keyhole limpet haemocyanin (KLH),
followed by injection into the rabbits®. The antibodies showed
remarkable specificity against the viral sequences (the fusion
peptide) as no cross-reactivity to the proteins derived from allantoic
fluids could be detected. We also proved that the universal anti-
bodies can bind to HA from 13 different subtypes (H1-H13) of
influenza A virus and virus from type B available at our institutions.
It is interesting to note that the fusion peptide region targeted by
the universal antibodies was found to have only two significant
amino acid substitutions based on bioinformatics analyses of all
the publicly available sequences (regardless of the hosts from which
the viruses were isolated). Importantly, the two substitutions were
later found not to affect the binding between the HA and the anti-
bodies’. As this sequence is universally conserved, we conclude that
all HAs identified so far should be recognized by the antibodies
even though, understandably, it is impossible to actually test all
6,000 HA sequences reported in the public domain’.

Advantages and limitations of universal antibody-based
assay. Given that the fusion peptide has a critical role in viral life
cycle by mediating the fusion between the virus and host cells*"’
and that antibodies targeting the fusion peptide or part of this
fusion peptide could protect the animals from challenge with a
broad spectrum of influenza virus strains'*2, the application of
a universal antibody targeting this region for practical issue (vac-
cine quantification, especially when the subtype/strain-specific
anti-serum is not available) or fundamental research (receptor
binding and conformational epitope of HA) would be of interest.
Moreover, the antibody can bind to essentially all influenza type A
and B viral HAs, and there is no need to generate antibodies against
every single subtype of viral HAs. The assay is simple, reproducible
and inexpensive.

There are some limitations of the universal antibody-based
immunoassay or the antibody itself, i.e., it is not designed to dis-
tinguish the different strains of viral HAs. As such, it cannot be used
for the identification of the strain, for which SRID using strain-
specific antisera should be used. In addition, pre-treatment of the
HA-containing samples with moderate concentration of denatu-
rant (4 M urea) results in partial unfolding of the protein, exposing
the fusion peptide for more effective binding to the antibodies.
Interestingly, destabilizing the HA proteins with 4 M urea resulted
in a conformational change of the HA to the fusogenic state indis-
tinguishable from that induced by low pH". Therefore, interested
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investigators might wish to optimize experimental conditions in
their studies when using antibodies against the fusion peptide in
various forms of vaccine preparations as only recombinant HA
and seasonal influenza vaccines have been tested in our work. The
conditions for the testing of other forms of vaccine preparations
(pseudotyped virus, virus-like particle or recombinant adenovirus
expressing HA) have not yet been studied. Furthermore, it is note-
worthy that there is no standardized SRID method for the quanti-
fication of these forms of vaccines either.

In short, all newly reported methods (physicochemical or immu-
nological) have their own strength and weakness compared with
the traditional SRID method. One of the most striking difference
is that the alternative methods may allow rapid quantification of
HA proteins, thus reducing the time needed for the production and
release of the vaccine, but they are unable to detect the ‘antigenic’
conformation and/or determine the subtype specificity>"*~'°.

The availability of the universal antibodies. Interested investiga-
tors could generate their own antibodies by following the proce-
dure described previously® or they may contact the authors for the
antibodies to be used in their exploratory research. Currently, the
supplies of the mono-specific antibodies to research community
are limited as the monoclonal antibodies are still being character-
ized. Preliminary results indicate that the monoclonal antibody can
be used to detect the fusion protein. The monoclonal antibodies
will be made available for the research community after the full
characterization has been completed.

In this report, we detail the protocols for the determination of
influenza virus HAs and provide troubleshooting advice for com-
monly encountered problems.

Experimental design

Samples: two types of samples have been evaluated in our studies.

(1) Influenza virus or vaccine samples: the annual human
vaccines are obtainable in most countries. Currently,
influenza viruses used for vaccines are mainly produced
from allantoic fluids derived from seed virus-inoculated
embryonated eggs or cell cultures based on the classical
gradient centrifugation?®'. The vaccine samples are usually
supplied as liquid solutions and should be stored at 4 °C.
The vaccines often appear opaque and may sediment over
time even within expiry date. Unless instructed by the
vaccine suppliers, storage of influenza vaccines by direct
freezing the samples at —20° or —70 °C is not recommended
as it could cause aggregation of the samples. Researchers
interested in laboratory studies and not human vaccine
manufacture could also prepare the vaccine-like samples by
themselves by purifying the virus from egg or cell cultures
using the previously reported procedure?.

(2) Recombinant HA proteins: Recombinant HA (rHA)
proteins are being studied in clinical trials now*”. rHA
produced in insect expression systems could be used in this
protocol. The rHA in liquid form needs to be stored at 4 °C
and should normally appear clear.

Increased sensitivity by exposing the fusion peptide. The fusion
peptide is the only universally conserved sequence in all strains of
the influenza virus HAs. It is only partially exposed on the surface
of the HA protein in solution at neutral pH (refs. 1,3,17). Exposure
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of the HAs to acidic condition or moderate concentration of denat-
urant (i.e., 4 M urea) resulted in irreversible conformation changes
in the viral HA, accompanied by exposure of the fusion peptide at
the surface of the proteins™'”. To improve the sensitivity and accu-
racy of the assay, it is necessary to pre-treat the samples before the
immunoassay using 4 M urea. This step has two specific purposes:
(1) maximize the exposure of the fusion peptide; (2) ensure the
solubilization of any precipitates of viral proteins in human vaccine
preparation, which is usually opaque and can sediment over storage
time, thus interfering with the immunoassay.

Antigen quantification. It should be noted that the amounts
of antigens on the membrane can also be directly determined
without the use of X-ray film exposure. In this case, after adding
enhanced chemiluminescent (ECL) substrate at Step 17, ana-
lyze the quantity of the HA using the ChemiDoc-It 410 Imaging
System. Alternatively, the investigator could also chose to use

fluorescently labeled secondary antibodies rather than an enzy-
matic reaction; the Odyssey System can then be used to quantify
the HA contents. It seems that the fluorescently labeled antibody/
Odyssey imager offers a broad linear dynamic range to accurately
detect strong and weak signals on the same blot, please refer to
http://www.licor.com.

Linear regression versus logistic regression. In addition to
sample pre-treatment, using appropriate calibration curve fitting
in immunoassays is crucial for quantifying HA accurately’. Linear
regression is the simplest method for the determination of the ana-
lytes by plotting the concentration (x) versus the response (y) using
the linear portion of the response curve (y = mx + b).If abroader
range of analytes is considered for concentration calculation, the
four parameter logistic (4PL) for immunoassay currently accepted
can be used’. A variety of software is available. We routinely use
SigmaPlot (Systat Software, Chicago, lllinois, USA).

MATERIALS

REAGENTS

« Tris buffered saline (TBS) buffer (Invitrogen, cat. no. R017R.0000)

+ Urea (Sigma, cat. no. U1250)

+ Tween-20 (Sigma, cat. no. P7949) or equivalent

+ Skim milk powder, Blotting Grade Non-Fat Dry Milk (Bio-Rad
cat. no. 1706404)

+ Mono-specific rabbit antibody against the fusion peptide of influenza virus
HA®*. (The antibodies are available upon request, see above)

+ Sheep-anti-Rabbit IgG horseradish peroxidase conjugate (Amersham,
cat. no. RPN 2108).

+ ECL substrate, Amersham ECL Western Blotting Analysis system
(Amersham/GE health care, cat. no. RPN 2108)

« Viral vaccine samples (A/Solomon Islands/3/2006) as described®. Seasonable
influenza vaccines are commonly available in most countries.

+ Positive controls for subtype-specific vaccines and their corresponding
antiserum could be obtained from the National Institute for Biological
Standards and Control (http://www.nibsc.ac.uk). The controls should be
treated the same way as the samples would be (see below for details).

EQUIPMENT

* Bio-Dot SF Microfiltration Apparatus (Bio-Rad, cat. no. 170-6542)

+ Immobilon-FL Transfer Membrane (Polyvinylidene Fluoride, PVDF),
Millipore (methanol activate) (cat. no. IPFL 00010). Note: we routinely use
PVDF; nitrocellulose or nylon membrane could also be used but we did not
compare them in terms of immobilizing efficiency for this study.

« Filter papers (Bio-Rad cat. no. 1620161)

+ Vacuum pump (Millipore, model # WP 6111560)

+ X-ray film (BioMax Light Film) (Kodak, cat. no. 178 8207)

* FluorChem Gel Documentation System (Alpha Innotech,
cat. no. 29-008-1896X)

PROCEDURE

+ ChemiDoc-It 410 Imaging System (UVP, LLC, cat. no. ChemiDoc-It 410)

« Various types of pipettes suitable for 1-10, 10-50, 50—100, 100-200,
200-1,000 pl (Fisherbrand EX)

« Filter forceps (for safe handling of filter membranes, Fisher types or
equivalent)

« Latex gloves (Kimberly-Clark, Latex or Nitrile gloves or equivalent)

« Sterile flasks for solution preparations (VWR or equivalent)

« Stovall Belly Dancer Shaker (Stovall Life Science cat. no. BDRAA 115S or
equivalent)

+ Kleenex facial tissue or equivalent

REAGENT SETUP

Blocking buffer We add 5 g of skim milk powder to 100 ml of TBS buffer and

dissolve the powder by gently shaking the flask. The blocking buffer should be

stored at 4 °C and discarded after one week.

Washing buffer We use 1x TBS containing 0.1% Tween-20. Use the buffer

for each washing step (see below in the Procedure) and also to dilute primary

and secondary antibodies at final concentration of 1/2,000 and 1:10,000,

respectively. Store the buffer at room temperature (20-25 °C) for at least

3 months. Periodically inspect the solution for any opaqueness or the

appearance of a precipitate.

8 M Urea in PBS Dissolve 480.48 g urea in a final volume of 1,000 ml of

phosphate buffered saline (PBS). The solution can be stored for up to 1 week

at room temperature.

Preparation of PVDF and filter paper Pre-treat the PVDF membrane by

cutting the PVDF membrane to a 9 cm X 12 cm size and activating the

membrane for 15 s in methanol. Rinse the membrane in double distilled

water (ddH,0) and remove the excess of ddH,O using Kleenex facial tissue.

Also pre-wet three sheets of Bio-Dot filter paper in TBS.

1| Pre-treatment of HA samples: treat the HA samples (human vaccine) by combining equal volume of samples with equal
volume of 8 M urea. Leave the mixture at room temperature for 30 min before it is used for subsequent analyses.
A CRITICAL STEP Pre-treatment of the samples with 4 M urea exposes the fusion peptide of the HA and enhances the

binding of the antibodies to the fusion peptide®.
? TROUBLESHOOTING

2| Assemble the Bio-Dot SF apparatus with the pre-wet filter paper and membrane (see REAGENT SETUP) using forceps,
according to the manufacturer’s instructions; tighten the screws.

16 | VOL.5 NO.1 | 2010 | NATURE PROTOCOLS



‘@l © 2009 Nature Publishing Group http://www.nature.com/natureprotocols

PROTOCOL |

3| Turn on the vacuum and set the three-way valve to vacuum position.

4| Re-tighten the screw to prevent any leakage due to the vacuum application.

A CRITICAL STEP Re-tightening the screw is important as vacuum application can loosen the apparatus, resulting in leakage
of samples.

? TROUBLESHOOTING

5] Change the flow valve to the atmospheric position; apply 100 pl TBS to each well to re-hydrate the membrane.

6| Change the flow to the gentle vacuum (apply vacuum by putting finger over atmospheric valve).

7| After solution has drained change to atmospheric pressure, disconnect vacuum.

8| Apply sample from Step 1 (at a volume of 200 pl); check for air bubbles; remove bubbles by pipetting up and down.
The un-used wells are filled with 200 ul of TBS to facilitate the vacuum suction.

A CRITICAL STEP Air bubbles must be removed by gently pipetting the samples up and down a few times.

? TROUBLESHOOTING

9| Apply gentle vacuum.

10| After samples are drained, remove the membrane.

I PAUSE POINT For long-term storage, the membranes can be air-dried, sealed in Saran Wrap and stored at room temperature

for future use.

11| After removing the membrane, place it in a plastic tray containing the blocking solution (5% fat-free milk in TBS);
gently shake the tray on a platform shaker for 1 h.

12| Remove the membrane from the blocking solution and wash twice for 5 min in TBS or 0.1% Tween-20.

13| Incubate the membrane with 25 ml of primary antibody (anti-HA 1:2,000) at room temperature for 2 h in a plastic tray
(10 cm x 11.5 cm).

14| Wash the membrane twice for 5 min to remove the unbound first antibody using TBS or Tween-20 in the plastic tray.

15| Incubate the membrane with 25 ml of secondary antibody (sheep anti-rabbit IgG conjugated with horseradish peroxidase
at 1:10,000 dilution) at room temperature for 1 h on shaker with gentle shaking.

16| Wash as in Step 14; followed by another wash for 5 min using TBS to remove Tween-20.

17| Add 7 ml of ECL substrate to membrane (or sufficient to cover the whole membrane) and allow the enzymatic
reaction to proceed for 1 min, followed by removal of excess ECL substrate by gently blotting the membrane in
tissue paper.

18| Expose the membrane to X-ray film in the dark at room temperature. (It should be noted that depending on the amounts
of the antigens on the blots, the exposure time varies. In general, 10 s is used to start with, whereas exposure beyond
10 min will not increase the signals.)

19| Quantify the amount of HA using the Alpha Innotech Imaging system by placing the developed film on the detection
screen of the instrument and carry out analyses of densitometry following the user's manual.
? TROUBLESHOOTING

20| Calculation of HA concentration from standard curve: calculate the HA concentration in the vaccine using linear
regression for the linear portion of the plot of the concentration versus the response using the linear portion of the
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curve. Should a wider range be desired, use the 4PL regression for accurate determination of the HA concentration

in the sample.
? TROUBLESHOOTING

@ TIMING
Step 1, pre-treatment of samples: 45 min

Steps 2-7, setup of apparatus and pre-treatment of membrane: 10 min
Steps 8-10, sample applications: 10-15 min

Steps 11 and 12, blocking of the membrane: 60 min for blocking; 10 min for washing

Steps 13 and 14, binding of the primary antibodies: 2 h for primary antibody incubation; 10 min for washing
Steps 15 and 16, binding of the secondary antibodies: 1 h for 2nd antibody incubation; 15 min for washing
Steps 17-19, development of reaction and data acquisition: 20 min
Step 20, calculation of HA concentrations: 20 min

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.

TABLE 1 | Troubleshooting table.

Step

Problem

Possible reason

Solution

1

19

20

Samples appear opaque and
even sedimented

Leakage of samples or
washing buffer

Liquid does not draw

Faint blots

Diffused blots

Different blot intensities
even in replicates

Determined HA concentration
not consistent with other
methods

Even within expiry date, vaccines
may appear opaque and also sediment
over time

Re-tightening the screws is important as
the apparatus may loosen as a result of
vacuum application

Air bubbles, especially after protein
samples are added; sedimented vaccine
samples

Untreated samples

Membrane not covered by ECL substrate

Samples containing high concentration
of detergent, e.g., SDS (>1%) or Triton-X
100 (>1%), which can inhibit the
immobilization of proteins on the

PVDF membrane

The samples were not properly mixed in

Step 1

HA concentration in the samples is out of
the standard curve range

Treatment with 4 M urea can: (1) dissolve any
sedimented material; (2) improve the sensitivity
of the assay (see below)

It is always a good practice to re-tighten the
screw gently

Gently pipette the samples up and down a few
times; samples should usually be treated with
4 M urea to dissolve any precipitate as in Step 1

Although samples can be used directly and
linear responses often obtained, treatment of
samples with 4 M urea at Step 1 is preferable, as
such treatment results in irreversible exposure
of the fusion peptide epitope and enhances the
subsequent antigen-antibody reactions

Ensure the membrane is evenly covered by ECL
substrate solution at Step 17

Dialysis to remove the detergents. Except for
research use or on being reformulated for other
analytical analysis, human influenza vaccines
do not contain such high concentrations of
detergents

Mix the samples well but gently, combining
equal volume of sample with equal volume of
8 M urea

Adjust the sample concentrations. It must fall
within the range of the standard curve

ECL, enhanced chemiluminescent; HA, hemagglutinin; PVDF, polyvinylidene fluoride.
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Figure 1 | Slot blot for the quantification of HA in vaccine samples.

(a) The HA samples at various concentrations were analyzed using the
protocol detailed in the text. The pre-bleed sample served as negative
control. Similar results were obtained using affinity-purified mono-specific
antibodies®. (b) The figure shows that the concentration of the antigen in
solution (competing antigen), plotted on x axis, is inversely proportional
to the 0.D. values (y axis). The 4-parameter logistic (4PL) model was

used for the calibration curve fitting in the competitive ELISA. The curve
demonstrates a very good fitting as revealed by R = 0.9975.

ANTICIPATED RESULTS
Reproducible results can be obtained by following this
protocol.

a
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As shown in Figure 1a, the intensities of the blot decrease proportionally with decreasing concentrations of the vaccine
without any nonspecific binding being detected in the negative control in which normal rabbit serum control was used in

place of the antibodies.

Figure 1b shows that the concentrations of the HA antigens were proportionally corresponding to the densitometry values.
It is noted that linear dose response was observed at lower concentrations (6.5-200 ng), whereas a higher concentration
range (up to 600 ng) can be calculated using the widely accepted 4PL model for immunoassay, with a good fitting of the

curve (R = 0.976).
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