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Influenza viruses exhibit a remarkable ability to adapt and evade the host immune response. One way is through antigenic changes that occur
on the surface glycoproteins of the virus. The generation of escape variants is a powerful method in elucidating how viruses escape immune
detection and in identifying critical residues required for antibody binding. Here, we describe a protocol on how to generate influenza A virus
escape variants by utilizing human or murine monoclonal antibodies (mAbs) directed against the viral hemagglutinin (HA). With the use of our
technique, we previously characterized critical residues required for the binding of antibodies targeting either the head or stalk of the novel
avian H7N9 HA. The protocol can be easily adapted for other virus systems. Analyses of escape variants are important for modeling antigenic
drift, determining single nucleotide polymorphisms (SNPs) conferring resistance and virus fitness, and in the designing of vaccines and/or
therapeutics.

Video Link

The video component of this article can be found at https://www.jove.com/video/56067/

Introduction

Similar to other RNA viruses, influenza A viruses possess an error-prone polymerase that allows for the generation of a multitude of antigenic
variants with each round of replication1’2’3. The influenza A virus has an astonishing ability to adapt and evade the human immune response via
antigenic drift, which is achieved through an accumulation of mutations on the surface glycoproteins that leads to the loss of antibody binding.
Antigenic drift of the viral surface glycoproteins, HA and neuraminidase (NA), necessitates the need to reformulate and administer the vaccine
annually.

Technolog7|cal advancements in the isolation and generation of antigen-specific antibodies have yielded a high number of vaccine-induced
mAbs*3"® |n turn, the characterization of the epitopes of mAbs that broadly neutralize influenza A viruses has greatly aided the development
of several universal influenza vaccine candidates®'%'"121314 Elucidating the antigenic footprint of a mAb reveals the structural determinants
of neutralization and allows for an informed approach towards vaccine design. However, it is neither realistic nor cost-effective for laboratories
to structurall}/ characterize extensive panels of mAbs through x-ray crystallography or cryo-electron microscopy in order to map epitopes on the
viral antigen 516171

X-ray crystallography or cryo-electron microscopy requires expensive equipment, specialized techniques and potentially an extensive amount
of time to generate data. An alternative and faster approach is utilizing the rapid generation of diverse viral populations via the error-prone RNA-
dependent RNA polymerase to generate escape mutants to determine the epitopes of mADbs 920212223 Tpg generation of escape variants does
not require any special equipment or technique and can be performed with conventional laboratory reagents and equipment.

Here, we describe a method that allows for the mapping of critical residues required for mAb binding that recognize the influenza HA.

Protocol

CAUTION: A number of influenza viruses circulating in the human population (e.g., H1, H3) are biosafety level 2 class pathogens that must
be handled with care and proper personal protective equipment. Handling of viruses must be approved by the Institutional Review Board. The
following protocol was approved by the Institutional Review Board at Mount Sinai.

NOTE: HA-specific antibodies that inhibit viral replication can generally be categorized into i) ones that bind on or adjacent of the receptor
binding site on top of the globular head and ii) ones that bind distal of the receptor binding domain, which includes the lateral side of the globular
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head and the stalk region of the HA. Antibodies that target the receptor binding site prevent the engagement of sialic acid motifs on the surface
of target cells and can be measured using a hemagglutination inhibition (HI) assay. Antibodies that are HI-negative, such as stalk-specific
antibodies, can still inhibit viral replication, but can only be assessed using neutralization assays.

1. Categorizing Antibodies Based on HIl and Neutralization Activities

1. Hl assay

1.

In a 96-well V-bottom plate, add 25 pL of 1x PBS on columns 2 to 12.

Dilute the mAb 7B2 (head-specific), 6F12 (stalk-specific)23 and an isotype control to 100 ug/mL in 1x PBS and aliquot 50 pL of the
diluted antibody preparations into column 1. Also include a no mAb control by adding 50 uL of 1x PBS (Figure 1A).

Perform 2-fold serial dilutions of the antibodies by transferring 25 pL from column 1 to column 2, and so forth. Discard the last 25 yL
from column 12 (Figure 1A).

NOTE: Make sure to include a row of no antibody control.

Dilute the virus stock (a reassortant virus expressing the HA and NA of A/California/04/09 with the internal segments of A/Puerto
Rico/8/34) to 8 hemagglutination units/25 pL diluted virus stock. Add 25 pL of the diluted virus stock (8 hemagglutination) to each well
(Rows A to G).

NOTE: The antibody and virus mixture should have a final volume of 50 pL with a starting final concentration of 50 yg/mL.

Incubate the plate at room temperature (RT) for 45 min.

For the back-titration row (H), add 50 L of 1x PBS on wells H2 to H12. Add 100 pL of the 8 hemagglutination units/25 uL to well H1.
Serially dilute two-fold by transferring 50 pL from H1 to H2, and so forth. Discard the last 50 yL from well H12. Finally, add 50 pL of
0.5% chicken red blood cells (RBC) to all wells of the 96-well V-bottom plate.

NOTE: The mAb samples in the assay should have a final volume of 100 pL: mAb (25 pL), virus (25 pL) and RBC (50 pL). The final
volume of the no mAb control should contain 25 pL of 1x PBS, 25 pL of virus and 50 pL of RBC.

Incubate the plate at 4 °C for 1 h.

Visually read the plates for HI activity. If there is a positive readout for a particular antibody, proceed to step 2.1 to generate escape
variants. If the antibody is HI-negative, proceed below to step 1.2 to assess if the antibody has neutralizing activity in a cell culture
assay.

NOTE: A positive readout of an Hl-active mAb is indicated by a dark red RBC pellet in the center of a well (Figure 1B; 7B2) that will
form a tear drop when the 96-well V-bottom plate is held at a 45° angle. A negative readout will not form a dark red RBC pellet in the
well (Figure 1B; 6F12 and no mAb). The isotype control will also not form a dark red RBC pellet and should look identical to the stalk-
specific antibody, 6F12 or the no mAb control sample (Figure 1B)23.

2. Microneutralization assay

1.

Plate Madin Darby Canine Kidney (MDCK) cells at a density of 2 x 10* cells/well in a tissue culture treated 96-well plate and incubate at
37 °C and 5% CO,for 17 to 19 h.

NOTE: The cells can also be allowed to adhere to the bottom of the well for a minimum of 4 h before use.

In a separate 96-well plate, perform seven 3-fold serial dilutions of the human mAb 4D05° CR9114" or isotype IgG control, at a
starting concentration of 200 pg/mL in 1X Minimal Essential Medium (MEM) supplemented with tosyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin (1 ug/mL) (Figure 2).

NOTE: Row A should contain 75 pL of diluted antibody (starting concentration of 200 ug/mL). Serially dilute (3-fold) down the plate by
transferring 25 pL from Row A to Row B, and so forth. Rows A to H should have a final volume of 50 pL. There is no need to change
tips in between dilution transfers.

Dilute the virus stock (reassortant virus expressing the HA and the NA of A/Shanghai/1/13 with the internal segment of A/Puerto
Rico/8/34) to a 100 of 50% tissue culture infectious dose (TCID5o)/50 pL in 1x MEM supplemented with TPCK-treated trypsin (1 ug/
mL)24. Add 50 pL/well of diluted virus to the antibody preparations (step 1.2.2). Add 50 pL of 1X MEM to the uninfected cell control
wells.

Incubate the virus-antibody mixtures in a 37 °C incubator (with 5% CO,) for 1 h.

NOTE: The virus-antibody mixtures should have a total volume of 100 uL: 50 pL of antibody dilution (step 1.1.2) and 50 uL of virus
containing 100 TCIDsq (step 1.2.3).

Aspirate the media in the wells and add the entire 100 uL of virus-antibody mixtures to corresponding wells.

NOTE: The aspiration is done using an 8-channel aspirator adapter attached to a vacuum. Alternatively, an 8- or 12-well multichannel
micro-pipette may be used to manually aspirate. All aspiration during the inoculum removal or washes is done from the highest
concentration of antibody to the lowest, without the need to change tips.

Wash the monolayer with 200 L of 1x PBS. Aspirate 200 uL of 1x PBS (as in step 1.2.5). Repeat the washing once more for a total of
two washes.

Infect the monolayer of MDCK cells by adding the entire 100 uL/well of virus-antibody mixtures (from step 1.2.4) on the monolayer and
infect/incubate at 37 °C (with 5% CO,) for 1 h.

During the infection, in a separate 96-well plate, prepare another set of antibody dilutions. Add 150 uL of 100 pg/mL of the respective
antibody in Row A and 100 pL of 1x MEM supplemented with TPCK-treated trypsin (1 ug/mL) in Rows B to H. Perform 3-fold dilutions
by transferring 50 pL from Row A to Row B, and so forth, down to Row H. Discard the last 50 pL from Row H. The total volume for each
well should equal 100 pL. Set aside.

NOTE: The antibodies are diluted in 1x MEM supplemented with TPCK-treated trypsin (1 ug/mL).

Aspirate the virus-antibody inoculum from the monolayer in step 1.2.7 and replenish with the entire 100 pL/well of the appropriate
antibody dilution prepared in step 1.2.8.

NOTE: If a well contained a final antibody concentration of 100 ug/mL during the infection (step 1.2.7), then the replenishing media
should also contain a final antibody concentration of 100 pg/mL (step 1.2.8).

10. Incubate for 24 h in a 37 °C incubator (with 5% CO,).
11. Aspirate the media from the 96-well plates and wash with 200 pL/well of 1x PBS three times.
12. Fix the cells with 100 pL of cold 80% acetone for 1 h at -20 °C.
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13.
14,
15.

16.

17.

18.

19.

20.

21.
22.

23.

NOTE: The 80% acetone solution is diluted in double distilled (dd) H,O (e.g., 80 mL of 100% acetone plus 20 mL of ddH;0). The 80%
acetone solution can be chilled on ice before use.

Wash the cells with 200 pL/well of 1X PBS three times.

Block the plates with 200 pL/well of 5% milk diluted in 1X PBS and incubate plates at RT for 1 h.

Add 100 pL of biotinylated anti-influenza A nucleoprotein (NP) primary antibody diluted 1:2,000 in 1x PBS/1% bovine serum albumin
(BSA) and incubate plates at RT for 1 h.

NOTE: For influenza B viruses, an influenza B virus-specific anti-NP antibody should be used.

Wash the plates with 1x PBS three times.

Add 100 pL of streptavidin-horse radish peroxidase (HRP) conjugate antibody diluted 1:3,000 in 1x PBS/1% BSA and incubate the
plates at RT for 1 h.

Wash the plates with 200 pL of 1x PBS three times.

Add HRP substrate reagent at 100 pL/well and incubate in the dark at RT.

NOTE: The incubation time should be optimized before the addition of the acidic stopping buffer (below). Generally speaking, 15 to 30
min is sufficient.

Quench the reaction with 50 pL/well of 5 M HCI.

CAUTION: 5M HCl is a highly corrosive reagent that can cause damage to eyes, skin and mucous membranes. Addition of this reagent
should be done under a vented hood with proper personal protective equipment.

Read the plates at 492 nm and subtract the background (uninfected cells) wells.

Calculate the percentage inhibition with the following formula:

Well of Interest
Virus Only Well

If an antibody has neutralization activity (and no HI activity), proceed to step 2.2.
NOTE: Antibodies that lack in vitro neutralization activity will lack HI activity.

Percentage Inhibition = | 1— ( ) * 100

2. Generation of Escape Mutant Variants

NOTE: Neutralizing antibodies that have or lack HI activity are further analyzed with the specific protocols described below.

1. Protocol 1: Hl-positive/Neutralization-positive antibodies (Figure 3A)

1.
2.

o

NG

Prepare a virus stock of 10° plaque forming units/milliliter (PFU/mL) in 1x PBS in a 400 pL volume.

Prepare four dilutions of the antibody of interest in increasing concentrations (e.g., 0, 0.5, 0.05 and 0.005 mg/mL) in 1x PBS in a
volume of 100 pL per dilution.

NOTE: Wild-type virus should always be passaged in parallel and in the absence of antibody. The sequences of these passaged
viruses will assist in distinguishing between adaptation to cell culture conditions and escape mutations.

Mix 100 pL of 10® PFU/mL of virus with 100 WL of each antibody dilution or 100 pL of 1x PBS.

Incubate for 1 hin a 37 °C incubator (with 5% CO,). Vortex briefly. Inject 200 pL of each mixture into specific-pathogen free (SPF)
embryonated chicken eggs.

Incubate the eggs at 37 °C (without CO,) for 40-44 h.

Sacrifice the virus infected-embryonated eggs by incubating at 4 °C for a minimum of 6 h.

Harvest the allantoic fluid from the eggs, as previously described®*?*.

Perform the hemagglutination assay, as described above® . |f all of the allantoic fluid preparations do not have hemagglutination
titers, repeat from step 2 with antibody dilutions ranging from 0.005 mg/mL to 0.00005 mg/mL.

NOTE: A saturating concentration of an HI-positive antibody may neutralize all the virus particles present. Therefore, it may be
necessary to decrease the amount of antibody present in the passaging.

Confirm the escape variants by performing the HI assay24 (step 1.1).

NOTE: Hl-active antibodies block HA engagement of sialic acid motifs on the target cells. Therefore, a virus in the presence of its
cognate antibody loses the ability to agglutinate RBCs (presence of RBC pellet). Theoretically, escape variants of Hl-active antibodies
can still bind sialic acid motifs even in the presence of its cognate antibody and thus can agglutinate RBCs (no RBC pellet). If the HI of
the antibody of interest is still detectable, repeat the protocol from step 2.1.2 with a higher starting concentration of the antibody.

2. Protocol 2: HI-negative/Neutralization-positive antibodies (Figure 3B)
NOTE: In order to generate escape variants against neutralizing antibodies that lack HI activity, the virus must be passaged in the presence
of increasing amounts of antibody.

1.

2.

©oNDGO A

Plate MDCK cells in a 6-well plate at a density of 1 x 10° cells/well and incubate for a minimum of 4 h in a 37 °C incubator (with 5%
CO,).

Dilute the virus stock to 10% PFU/mL or the virus from previous passage in 1x MEM with TPCK-treated trypsin (1 pg/mL) in a 500 pL
volume.

Prepare a single dilution of antibody (0.02 mg/mL for the original passage or higher for all following passages) in 1x MEM with TPCK-
treated trypsin in a 250 pL volume.

Mix 250 pL of diluted virus with 250 pL of diluted antibody (+antibody) or 250 pL of 1x MEM (no antibody control).

Incubate the virus-antibody mixture for 30 min in a 37 °C incubator (with 5% CO,).

Aspirate the media using a glass Pasteur pipette and wash the monolayer of cells with 1 mL of 1X PBS.

Add 500 pL of the mixtures into the wells and incubate in a 37 °C incubator (with 5% CO,) for 1 h.

After 1 h, supplement the wells with 2 mL of 1x MEM with TPCK-treated trypsin (1 pg/mL).

Check the cells at 48 h post-infection for signs of cytopathic effect (CPE) on the microscope or perform a hemagglutination assay to
detect viral growthzs.
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10. If there is gross CPE in the cultures supplemented with antibody, harvest the supernatant in multiple cryo-tubes, label with the passage
number and store at -80 °C.

11. Save 100 pL of the supernatant to infect a fresh monolayer of MDCKs with 2 mL of 1x MEM supplemented with TPCK-trypsin and
antibody. Remember to include a no antibody control for every passage.
NOTE: Increase the concentration of the antibody by two-fold (or at the discretion of the researcher) in the next passage (every two
days).

12. Increase the concentration of the antibody in each successive passage until virus growth is still viable even with a final concentration of
0.6 mg/mL of antibody. Freeze the multiple vials of supernatant of each passage and store at -80 °C.
NOTE: The no antibody control is crucial in verifying the growth of virus from one passage to another. If there is gross CPE in the no
antibody control, but no CPE in the +antibody group, this indicates that the concentration of the antibody was too high and no escape
variants were generated. If there is gross CPE in the no antibody control, but only moderate CPE in the +antibody group, this indicates
the presence of potential escape variants. In the next passage, increase the passage volume to 200 pL of supernatant and maintain
the concentration of antibody to increase the likelihood of generating escape variants.

3. Isolation of Escape Variants Through Plaque Purification

N =

8.

9.

10.
1.
12.

Plate MDCK cells in a 6-well plate at a density of 1 x 10° cells/well and incubate for a minimum of 4 h in a 37 °C incubator (with 5% CO,).
Dilute the antibodies in 1x MEM with TPCK-treated trypsin starting at 300 ug/mL in a volume of 250 uL and mix with 250 pL of corresponding
escape mutant virus. Virus passaged in the absence of antibody should also be plaque purified.

Aspirate the media from the cells, wash with 1x PBS three times and add the entire 500 pL of the virus-antibody mixture (step 3.2).

Incubate the plates for 1 h in a 37 °C incubator (with 5% CO,) making sure to rock back and forth every 10 min to prevent drying of the
monolayer.

Aspirate the virus-antibody mixtures and replenish the wells with overlay agar media containing corresponding amounts of antibody (300 pg/
mL; step 3.2).

Incubate the plate for 40-44 h in a 37 °C incubator (with 5% CO,).

Circle the visible plaques with a blue- or black-colored marker to facilitate plaque picking.

Pick four plaques for each escape mutant virus-antibody combination, as well as wild-type viruses that were passaged in MDCK cells or eggs
in the absence of antibody.

Resuspend the plaque in 100 uL of 1x PBS.

Inject the entire 100 pL of plaque purified escape mutant virus into 10-day old SPF embryonated chicken eggs.

Incubate the eggs for 40-44 h in a 37 °C incubator (without 5% CO,).

Perform a hemagglutination assay to confirm the presence of virus (step 1.1).

4. Extraction of Viral RNA and Analysis of HA Sequence Variation

ok w

Extract the viral RNA from 200 pL of escape mutant virus allantoic fluid with a mono-phasic solution of phenol and guanidine isothiocyanate.
CAUTION: Phenol is a volatile liquid reagent that can cause cough, shortness of breath and moderately irritate the skin by contact.

Amplify the HA segment from the viral RNA with the use of a reverse transcriptase and gene-specific primers for the influenza A HA
segment”™ .

NOTE: The universal primers for influenza B viruses described in Table 2 amplify both the HA (~1,800 bp) and the NA (~ 1,500 bp)zs.
Resolve the RT-PCR product in a 1% agarose gel and cut out the correctly sized band (~1,800 bp).

Gel extract the PCR product using a silica-membrane based purification procedure and send the cDNA out for sequencing.

Identify the amino acid residue required for antibody binding by differentiating the mutations found on putative escape variants and passaged
wild-type virus due to either cell culture adaptation or immunological selection.

Clone the PCR product containing the wild-type or escape variant HA into a pCAGGs expression vector (Notl and Nhel).

Binding of the antibody to the escape variant HA can be assessed with one of two options (or both) described below.

5. Antibody Binding Analyses of Escape Variants

1.

2.

Immunofluorescence

1. Plate 293T cells at a density of 2 x 10* cells/well in a 96-well plate and incubate in the 37 °C incubator (with 5% CO,) for 24 h.

2. Transfect the cells with 0.10 pg/well of the pCAGGS plasmids encoding the escape mutant HA, virus passaged HA, and wild-type HA
(unpassaged) with the use of a transfection reagent.

3. Incubate the 96-well plates for 48 h in 37 °C incubator (with 5% CO,).

4. Fix with 100 pL of 0.5% paraformaldehyde for 15 min at RT.
CAUTION: Paraformaldehyde is a volatile liquid reagent that can cause cough, shortness of breath and moderately irritate the skin by
contact. It has been designated as a potential human carcinogen. Addition of the reagent should be done in a vented chemical hood.

5. Wash with PBS 1x three times. Block with 5% milk in 1x PBS for 1 h at RT.

6. Wash with 1x PBS three times. Incubate with 5 pg/mL of antibody of interest for 1 h at RT.

7. Incubate with 100 pL of secondary antibody (anti-human or anti-mouse Alexa 488) at a dilution of 1:2,000 in 1x PBS/1% BSA for 1 h at
RT in the dark.

8. Wash with 1x PBS three times. Observe the cells on a fluorescent microscope for positive or negative staining.

Fluorescence-activated Cell Sorting (FACS)
1. Plate 293T cells at a density of 2 x 10° cells/well in a 6-well plate and incubate at 37 °C (with 5% CO,) for 24 h.
2. Transfect the cells with 0.50 ug/well with pPCAGGS plasmids encoding the escape mutant HA, virus only passaged HA, and wild-type
HA with the use of a transfection reagent.
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Incubate the 6-well plates for 48 h at 37 °C (with 5% CO5).

After 48 h, aspirate the growth media and wash with 1x PBS two times gently (making sure that the monolayer is undisturbed).

Harvest the transfected 293T cells with 500 pL of FACS buffer (1x PBS/2% fetal calf serum).

NOTE: FACS buffer should be pre-chilled at 4 °C before use.

6. Centrifuge the harvested 293T cells at 300 x g for 5 min at 4 °C.

7. Aspirate the FACS buffer, and resuspend with 200 pL of FACS buffer containing mAbs of interest (final concentration of 1 to 5 ug/mL).
Incubate at RT for 20 min.

8. Centrifuge the cells at 300 x g for 5 min at 4 °C. Wash two times with 500 pL of FACS buffer. Aspirate carefully with a glass Pasteur
pipette as to not disturb the pellet.

9. Resuspend with 200 pL of FACS buffer containing secondary antibody conjugated to Alexa 488 (final dilution of 1:1,000). Incubate in
the dark at 4 °C for 20 min.

10. Centrifuge the cells at 300 g for 5 min at 4 °C. Wash two times with 500 pL of FACS buffer and carefully aspirate the wash buffer.

11. Resuspend in 500 pL of FACS buffer and assess binding of mAbs and/or polyclonal sera to cells transfected with HA by FACS.

NOTE: Remember to include a no mAb/polyclonal sera control as well as an untransfected sample in the experiment.

Representative Results

We have previously used variations of this method to generate escape variants to human and murine mAbs induced by the seasonal influenza
virus vaccine, H7N9 vaccination, or sequential DNA/recombinant HA protein vaccination*®®7. As described above, antibodies were first
characterized using the HI and microneutralization assays in order to inform us of which specific protocol to continue with next*®. Antibodies
07-5D03, 07-5F01, 07-5G01, 07-4B03, 07-4E02 and 07-4D05 were found to have HI and neutralization activities against the avian H7N9 virus
(A/Shanghai/1/2013) (Table 1), and thus protocol 1 (step 2.1) was utilized. For mAbs with neutralizing that lack HI activity, such as 41-5E04,
045-051310-2B06, 042-100809-2F04 and S6-B01 (Table 1), protocol 2 (step 2.2) was used to generate escage variants. Escape mutant
mapping revealed that many of the antibodies recognize critical residues in distinct locations on the viral HA* (Figure 4). While the maijority
of the HI-positive antibodies have escape mutant residues near previously reported antigenic sites of the H7 HA, the HI-negative antibodies
generated escape mutants with point mutations in the stalk region4’5.

Sl

Antibody HI Activity NEUT Activity
07-5D03 + +
07-5F01 + +
07-5G01 + +
07-4B03 + +
07-4E02 + +
07-4D05 + +
41-5E04 - +
045-051310-2B06 - +
042-100809-2F04 - +
S6-B01 - +

Table 1: Table of antibody HI and neutralization activity. Ten H7-specific mAbs isolated from individuals vaccinated with an experimental
H7N9 vaccine exhibit different in vitro antiviral activities®.
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Forward Primer (5' to 3') Reverse Primer (5'to 3') Thermocyilcer
conditions
1AV TATTCGTCTCAGGGAGCAAAAGCAGGGG ATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT|42 °C for 60 min, 94 °C

for 2 min/5 cycles of 94
°C for 20 s, 50 °C for 30
s and 68 °C for 3 min 30
s, followed by 40 cycles
of 94 °C for 20 s, 58 °C
for 30 s, and 68 °C for

3 min 30 s with a final
extension time at 68 °C
for 10 min

1BV GGGGGGAGCAGAAGCAGAGC CCGGGTTATTAGTAGTAACAAGAGC 45 °C for 60 min, 55 °C
for 30 min, 94 °C for 2
min/5 cycles of 94 °C
for20's, 40 °C for 30 s
and 68 °C for 3 min 30
s, followed by 40 cycles
of 94 °C for 20 s, 58 °C
for 30 s, and 68 °C for
3 min 30 s with a final
extension time at 68 °C
for 10 min

Table 2: Universal influenza virus primers. Primer pairs for the amplification of the HA segments of influenza A? and B®® viruses and their
respective thermocycler conditions.

A, Hemagglutination Inhibition Assay B.

O A [ BRDRDRDOD DD
TBZ | =
B
oF12 | - c AR R EE T Y Y Y i
. Momab BB
E
Isotype
. E
No mAb &
Back Titration -

1 2 34 5 B 7 8B 910 11 12
Figure 1: Hl assay. (A) A schematic for the setting up a HI assay to test the activity of two mouse H1-specific mAbs 7B2 (head-specific) and

6F12 (stalk-specific) using a 96-well V-bottom plate, and (B) an example of the results of an HI assayze’. Please click here to view a larger version
of this figure.
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Microneutralization Assay
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Figure 2 Microneutralization assay. A schematic for setting up a mlcroneutrallzatlon assay to test the activity of two human mAbs 4D05° and
CR9114"". Please click here to view a larger version of this figure.

A. Hemagglutination inhibition positive antibodies
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B. Hemagglutination inhibition negative antibodies
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Figure 3: Generation of escape mutants. The methodology suggested will be dependent on the HI and the microneutralization activity
exhibited by the antibody. The generation of escape mutants against (A) neutralizing Hl-positive antibodies may require a single passage in
eggs, while (B) neutralizing HI-negative antibodies may involve multiple passages with increasing antibody amounts in cell tissue culture. Please
click here to view a larger version of this figure.
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Figure 4: An example of an epitope map of the novel avian H7N9 HA generated with escape mutant variants. Vaccine-induced antibodies
isolated from individuals vaccinated with a candidate H7N9 influenza A vaccine were used to generate escape mutant variants. Each residue
indicated in red represents the location of critical amino acids required for efficient binding of a mAb. Data were adapted from Dunand-Henry et
al., 2015*. Please click here to view a larger version of this figure.

Although the majority of residues identified via escape mutants have been accurate, one of the major caveats of this approach is that point
mutations of escape variants may not necessarily map within the molecular footprint of the antibody as determined by structural analyses. This
is due to the ability of a mutation at a certain residue to lead to a conformational change distal to the location of the mutated residue, analogous
to an allosteric effect. Another limitation is that this methodology can only be implemented for neutralizing antibodies; antibodies that lack in
vitro selective pressure will not lead to escape mutants. However, this limitation can be overcome with the use of a panel of escape variants
generated by previously characterized neutralizing antibodies. Tan et al. used an escape variant of a neutralizing mAb to the H7N9 virus to map
the epitope of a non-neutralizing antibody7.

Nonetheless, elucidating the epitopes of antibodies through the generation of escape variants provides a viable alternative to crystallography and
cryo-electron microscopy, both of which require an extensive investment of equipment. Other alternatives are to determine the minimal binding
region of mAbs using alanine scanning or peptide scanning/truncation mutants. Alanine scanning mutagenesis may re%uire a significant amount
of work in generating a large number of variants during screeningzg, while peptide scanning is limited to linear epitopes °. The method described
in this protocol requires no special equipment or technique and in fact, makes use of existing in vitro neutralization assays modified to generate
escape variants of the antibodies of interest.

The protocol for generating escape variants that require multiple passages (e.g., stalk-specific antibodies) is highly dependent on the starting
concentration of antibody in passage 0. It is better to err on the side of caution and start at a log to half a log lower than the half maximal
inhibitory concentration of an antibody and allow for robust virus growth. The researcher can speculate that a high titer virus culture in the
presence of low immunological pressure will have a large genetic variation in the viral population. Escape variants can be selected for by
gradually increasing the antibody concentration in the following passages. In the event that the virus growth decreases, the amount of viral
supernatant can be increased in the next passage while maintaining the same amount of antibody concentration in the previous passage.

The aim of a majority of universal influenza vaccines is to elicit a robust antibody response towards the stalk region of the HA. The analyses

of escape variants to stalk-specific antibodies are important in defining the relationship between influenza virus fitness and immunological
pressure. Interestingly, escape mutant viruses resulting from stalk-specific mAbs were all attenuated in vivo in murine LD5q studies*. These
studies provide a strong case for stalk-based vaccination platforms. Additionally, this protocol could be used to identify escape mutants to other
anti-viral compounds, such as small molecule inhibitors. Finally, this methodology is not limited to influenza virus surface glycoproteins, but may
also be more widely applied to determine the epitopes of other viral glycoproteins.
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