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Abstract

Background: Highly pathogenic avian H5 influenza viruses have spread and diversi-
fied genetically and antigenically into multiple clades and subclades. Most isolates of
currently circulating H5 viruses are in clade 2.3.2.1 or 2.3.4.4.

Methods: Panels of murine monoclonal antibodies (mAbs) were generated to the
influenza hemagglutinin (HA) of H5 viruses from the clade 2.3.2.1 H5N1 vaccine
virus A/duck/Bangladesh/19097/2013 and the clade 2.3.4.4 H5N8 vaccine virus
A/gyrfalcon/Washington/41088-6/2014. Antibodies were selected and character-
ized for binding, neutralization, epitope recognition, cross-reactivity with other H5
viruses, and the ability to provide protection in passive transfer experiments.

Results: All mAbs bound homologous HA in an ELISA format; mAbs 5C2 and 6Hé6
were broadly binding for other H5 HAs. Potently neutralizing mAbs were identified
in each panel, and all neutralizing mAbs provided protection in passive transfer
experiments in mice challenged with a homologous clade influenza virus. Cross-
reacting mAb 5C2 neutralized a wide variety of clade 2.3.2.1 viruses, as well as H5
viruses from other clades, and also provided protection against heterologous H5
clade influenza virus challenge. Epitope analysis indicated that the majority of mAbs
recognized epitopes in the globular head of the HA. The mAb 5C2 appeared to rec-
ognize an epitope below the globular head but above the stalk region of HA.
Conclusions: The results suggested that these H5 mAbs would be useful for virus
and vaccine characterization. The results confirmed the functional cross-reactivity of
mAb 5C2, which appears to bind a novel epitope, and suggest the therapeutic poten-
tial for H5 infections in humans with further development.

KEYWORDS
A(H5N1), influenza, monoclonal antibody, protective epitopes

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

Published 2023. This article is a U.S. Government work and is in the public domain in the USA. Influenza and Other Respiratory Viruses published by John Wiley & Sons

Ltd.

Influenza Other Respi Viruses. 2023;17:€13152.
https://doi.org/10.1111/irv.13152

wileyonlinelibrary.com/journal/irv | 1of 12


https://orcid.org/0009-0007-3546-9684
https://orcid.org/0000-0002-0260-0996
mailto:jerry.weir@fda.hhs.gov
https://doi.org/10.1111/irv.13152
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/irv
https://doi.org/10.1111/irv.13152

202 | WILEY.

SCHUELE ET AL.

1 | INTRODUCTION

Since the first detection in 1997, highly pathogenic avian H5N1 influ-
enza viruses have continued to spread and diversify both genetically
and antigenically? with occasional human infection (https://cdn.who.
int/media/docs/default-source/influenza/human-animal-interface-risk-
assessments/cumulative-number-of-confirmed-human-cases-for-avian-
influenza-a(h5n1)-reported-to-who--2003-2023.pdf?sfvrsn=a11e93cf_
1&download=true). Genetic analysis has resulted in the classification
of H5 virus isolates into multiple clades and subclades,?
although most H5 viruses circulating in recent years have been in
clades 2.3.2.1 or 2.3.4.4 (https://cdn.who.int/media/docs/default-source/
influenza/who-influenza-recommendations/vcm-northern-hemisphere-
recommendation-2023-2024/20230224_zoonotic_recommendations.

pdf?sfvrsn=38c739fa_4).

assessment,

Depending on the public health risk
(CVVs)

representative avian influenza viruses with pandemic potential are

candidate vaccine viruses derived from
periodically developed for manufacturing inactivated vaccines as
possible countermeasures (https://www.who.int/teams/global-influenza-
programme/vaccines/who-recommendations/zoonotic-influenza-viruses-
and-candidate-vaccine-viruses). To facilitate characterization of emerging
H5 influenza viruses and related CVVs, we have developed panels of
mouse monoclonal antibodies (mAbs) to the influenza hemagglutinin
(HA) of several H5 viruses. Here, we describe two panels of mouse mAbs
generated to the HA of clade 2.3.2.1 and 2.34.4 H5 CVVs, H5N1
A/duck/Bangladesh/19097/2013 and H5N8 A/gyrfalcon/Washington/
41088-6/2014, respectively. These mAbs were characterized for hem-
agglutination inhibition (HI) and neutralizing activity in vitro and protec-
tion against virus challenge in vivo. Interestingly, one mAb in the 2.3.2.1
panel, designated as 5C2, did not have HI activity but was broadly

TABLE 1 Characterization of H5 clades 2.3.2.1 and 2.3.4.4 mAbs.

neutralizing, not only for divergent clade 2.3.2.1 viruses but also H5
viruses from other H5 clades.

2 | RESULTS
2.1 | Isolation and characterization of mAbs to the
HA of influenza H5 clades 2.3.2.1 and 2.3.4.4

We generated a panel of murine mAbs to the HA of a clade 2.3.2.1
H5N1 vaccine virus A/duck/Bangladesh/19097/2013 (Table 1, top).
Six mAbs were selected that bound well to the homologous HA
antigen used as the coating antigen in an ELISA. These six mAbs were
further evaluated for neutralization of a lentiviral pseudovirus with
the A/duck/Bangladesh HA and for virus HI using chicken red blood
cells. Five of the six mAbs were neutralizing, but only four of the
five neutralizing mAbs had HI activity. All six 2.3.2.1 mAbs worked
well in Western blot analysis in nonreducing conditions; mAbs 1F3,
3D6, 6D9, and 6H6 also worked well in reducing conditions
(Figure S1A).

A second panel of murine mAbs was generated to the HA of a
clade 2.3.4.4 H5N8 vaccine virus A/gyrfalcon/Washington/41088-6/2014
HA (Table 1, bottom). Five mAbs were selected that bound well to the
homologous HA antigen used as the coating antigen in an ELISA.
These five mAbs were further evaluated for neutralization of a lenti-
viral pseudovirus with the A/gyrfalcon/Washington HA and for inhibi-
tion of virus hemagglutination of chicken red blood cells. All five mAbs
were neutralizing, and four of the five mAbs had HI activity. All five
2.3.4.4 mAbs detected HA in Western blot analysis but only in nonre-
ducing conditions (Figure S1B).

A/dk/Bangladesh/19097/2013 mAbs Isotype ELISA binding® Pseudovirus neutralization® Hemagglutination inhibition®
1F3 18G2b 0.00031 0.10 0.28
3Dé6 1gG3 0.00500 <0.08 442
4C12 1gG2a 0.00125 0.26 221
5C2 1gG2a 0.00125 0.39 >400
6D9 1gG2b 0.00016 0.08 0.10
6H6 IgG1 0.00250 >10 >400
A/gyrfalcon/Washington/41088-6/2014 mAbs

3H4 IgG2a 0.00063 <0.08 0.39
8D1 1gG2a 0.00063 0.06 0.55
5H3 1gG2b 0.00031 <0.08 >400
1C2 1gG2b 0.01563 0.90 1.11
1E1 1gG2b 0.00078 0.18 0.55

Abbreviation: mAbs, monoclonal antibodies.

#The endpoint ELISA titer was defined as the lowest mAb concentration (ug/mL) that gave an absorbance value at 405 nm greater than 0.05.
bPseudovirus neutralization titer was defined as the lowest mAb concentration (ug/mL) that resulted in a 95% reduction of luciferase units of a retrovirus

pseudotype expressing the homologous influenza hemagglutinin.

“Hemagglutination inhibition titer was defined as the lowest mAb concentration (ug/mL) that inhibited the homologous influenza virus agglutination of

chicken red blood cells.
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2.2 | Isolation of escape viruses and epitope
identification for H5-specific mAbs

To better understand the HA epitopes identified by the H5 neutraliz-
ing mAbs, virus escape mutants were selected by incubation of the
virus with each of the neutralizing mAbs over a range of concentra-
tions, followed by infection of Madin-Darby Canine Kidney (MDCK)
cells with the virus-antibody mixtures. Using virus obtained at the
highest concentration of mAb, the process was repeated at a fourfold
higher mAb concentration. Following approximately four rounds of
neutralization/selection, the HA gene of potential escape viruses was
sequenced, and the results compared with the sequence of the
parent virus.

A/duck/Bangladesh/19097/2013 vaccine virus escape mutants
were isolated for mAbs 1F3, 4C12, 6D9, and 5C2. The 1F3 escape
mutation R189K is located in antigenic site Sb (amino acid numbering
refers to the mature HA, excluding the HA N-terminal signal peptide)
but is sterically close to the 4C12 and 6D9 escape mutations, D154N
and K152T, respectively, that are in antigenic site Sa (Figure 1, left).
Sequencing of an escape virus to mAb 5C2, which was neutralizing
but did not have HI activity, identified a K48E mutation and a K377T
amino acid change (position 381 in the wild-type virus that does not
have the polybasic region removed). Neither amino acid is located in
one of the major known antigenic sites, and only amino acid 48 is
located on the outer surface of the HA. A second independently
obtained escape virus to 5C2 identified an S106R mutation, and
although amino acid 106 is located on the inside of the HA, hidden
from the exterior, it is spatially close to amino acid 48. These results

6D9 (K152T) and 4C12 (D154N) escape mutations
Antigenic Site Sa (red)

1F3 (R189K) escape mutation
Antigenic Site Sb (blue)

2.3.2.1. mAb Escape Mutations

, 5C2 (K48E)
" escape mutation

suggest the epitope recognized by mAb 5C2 is below the globular
head of the HA trimer but above the stalk region (Figures 1, left,
and S2).

A set of competition binding experiments was performed for fur-
ther characterization of the binding of mAb 5C2. In an ELISA experi-
ment, A/duck/Bangladesh/19097/2013 HA was incubated first with
mAbs 5C2, 6D9 (head-binding mAb), 4C2 (a stem-binding mAb), and
an unrelated control influenza mAb, followed by incubation with
horseradish peroxidase (HRP)-labeled 5C2 (Figure 2). Binding of
labeled 5C2 was inhibited only by unlabeled 5C2 and not by the unre-
lated control mAb nor by the head or stem mAbs (6D9 and 4C2,
respectively). These results were confirmed in biolayer interferometry
experiments. When used as a first binding antibody, each of the three
mADbs, 5C2, 6D9, and the stem-binding 4C2, bound to A/duck/Bangla-
desh/19097/2013 HA immobilized on Ni-NTA biosensors. When sub-
sequently used as second binding antibodies, there was further
binding of each mAb when any of the other mAbs had been used as
the first binding mAb, indicating a lack of competition. Taken together,
the results of the competition experiments indicate that mAb 5C2
binds to a different part of HA than the globular head (e.g., 6D9) or
stem region (e.g., 4C2).

Two independent attempts were made to isolate A/gyrfalcon/-
Washington/41088-6/2014 vaccine virus escape mutants, but all
recovered escape viruses had the same A156T mutation that adds
a glycosylation motif to the HA. Because addition of a glycosyla-
tion site has the potential to shield a large area of HA from inter-
action with mAbs, it may not offer useful information about the

epitopes recognized by individual mAbs. As an alternative

1C2 & 3H4 (N154D) escape mutation

1E1 (E126G)
escape mutation

2.3.4.4. mAb Escape Mutations

FIGURE 1 Location of hemagglutinin (HA) amino acid changes in influenza H5 escape mutants. (left) Location of escape mutants to H5
2.3.2.1 monoclonal antibodies on the HA trimer of a 2.3.2.1 virus HA (A/Hubei/1/2010 PDB ID: 4KTH). (right) Location of escape mutants to H5
2.3.4.4 monoclonal antibodies on the HA trimer of a 2.3.4.4 virus HA (A/gyrfalcon/Washington/41088-6/2014 PDB ID: 5HUF).
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FIGURE 2 Binding competition between monoclonal antibody
(mAb) 5C2 and hemagglutinin (HA) head and stalk-binding mAbs.

(A) ELISA competition. Plates were coated with recombinant
A/duck/Bangladesh/19097/2013 HA and then incubated with
dilutions of mAbs 5C2, 6D9, and 4C2-stem and an unrelated control
influenza mAb, at a starting concentration of 500 pg/mL, followed by
incubation with horseradish peroxidase (HRP)-labeled 5C2.

(B) Biolayer interferometry competition. Ni-NTA biosensors were
coated with His-tagged recombinant
A/duck/Bangladesh/19097/2013 HA at 3 pg/mL. The mAbs 6D9,
5C2, and 4C2-stem were loaded at a concentration of 30 ug/mL for
initial saturating binding to HA and used at a concentration of 30 pg/
mL as the competing mAb. The matrix table shows the shifts in
wavelength following the second antibody association step. Green
color (no competition) corresponds to cell values (wavelength shift)
more than threefold over second step binding of homologous
antibody.

approach, we attempted to isolate escape mutants to the clade
2.3.4.4 mAb panel using a related 2.3.4.4 vaccine virus A/Sich-
uan/26221/2014. Using this approach, we isolated an N154D
mutation to mAbs 1C2 and 3H4 and an E126G mutation to mAb
1E1. Both amino acids are in antigenic site Sa (Figure 1, right). An
A156T mutation was again isolated to mAbs 5H3 and 8D1. Taken
together, the results suggest that all five of the 2.3.4.4 mAbs rec-
ognize a region in the globular head of the HA near the antigenic

site Sa.

2.3 | mADb cross-neutralization of escape viruses
The escape viruses to H5 2.3.2.1 and 2.3.4.4 mAbs were further char-
acterized by plaque-reduction neutralization titer (PRNT) assays
against their respective mAb panel. All five of the 2.3.2.1 mAbs that
were previously shown to have pseudovirus neutralizing activity were
able to neutralize A/duck/Bangladesh/19097/2013 in a PRNT assay
at concentrations from <0.3 to 5 pg/mL, but the mAbs did not neu-
tralize their own escape virus, confirming the escape virus phenotype
(Table 2, top). The mAb 5C2 neutralized the other three escape
viruses, and the 5C2v escape virus was neutralized by each of the
other four mAbs, indicating that the epitope recognized by 5C2 was
different from epitopes recognized by the other mAbs in this panel. In
contrast, the 1F3v, 4C12v, and 6D9v escape viruses were resistant to
neutralization by all of the mAbs in this panel except for 5C2, indicat-
ing that epitopes recognized by 1F3, 3D6, 4C12, and 6D9 are close to
each other on the HA and distant from the 5C2 epitope.

The five 2.3.4.4 mAbs previously shown to neutralize A/gyrfal-
con/Washington/41088-6/2014 also were able to neutralize A/Sich-
uan/26221/2014 in a PRNT assay at concentrations from <0.3 to
20 pg/mL (Table 2, bottom). None of the mAbs neutralized the four
available escape viruses, both confirming the escape virus phenotypes
and indicating that the epitopes recognized by all five 2.3.4.4 mAbs
are close to each other on the globular head of the HA. Interestingly,
this includes mAb 5H3, which does not have HI activity.

2.4 | Cross-reactivity of mAb binding and
neutralization

We investigated whether the two H5 mAb panels cross-reacted with
the HAs of other H5 clades using ELISA binding and pseudovirus neu-
tralization assays (Table 3). From the A/duck/Bangladesh 2.3.2.1 mAb
panel, mAbs 1F3, 3D6, 4C12, and 6D9 did not bind to HA antigens
from clade 1, clade 2.1.3.2, clade 2.3.4, or clade 2.3.4.4, whereas
mAbs 6H6 and 5C2 bound well to all of these HA antigens in an
ELISA. None of the mAbs in the A/gyrfalcon/Washington 2.3.4.4 mAb
panel bound to HA antigens from clade 1, clade 2.1.3.2, clade 2.3.4, or
clade 2.3.2.1.

When these mAbs were analyzed for neutralization of pseudo-
viruses with the HAs from clade 1, clade 2.1.3.2, and clade 2.3.4.4 H5
viruses, only mAb 5C2 was able to neutralize each of these pseudo-
viruses, whereas the other mAbs were not. Although this analysis was
limited to a relatively small number of H5 HAs, the data suggest that
most of the mAbs in each panel are clade-specific. Only the clade
2.3.2.1 mAbs 6H6 and 5C2 appear to have good cross-clade binding
activity, and only 5C2 has cross-clade neutralizing activity.

Because both clades 2.3.2.1 and 2.3.4.4 viruses have continued to
evolve since the A/duck/Bangladesh/19097/2013 and A/gyrfalcon/Wa-
shington/41088-6/2014 vaccine viruses were prepared, we tested each
panel of mAbs for neutralization of other viruses in their respective
clades. Because of the observed cross-reactivity of mAb 5C2, we

included this 2.3.2.1 mAb in the analysis of clade 2.3.4.4 vaccine viruses.
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TABLE 2 mAb neutralization of H5 escape viruses.

mAb concentration for 50% neutralization (ug/mL)°

Virus® 1F3 3D6 4C12 5C2 6D9
A/dk/Bangladesh <0.3 <0.3 1.25 5 <0.3
1F3v (R189K) 20 0.16 >320 0.6 80
4C12v (D154N) >80 80 >80 1.25 >80
5C2v (K48E) 1.25 <0.3 5 >80 1.25
6D9v (K152T) >80 5 >80 1.25 >80
1C2 1E1 3H4 5H3 8D1
A/Sichuan 20 20 5 <0.3 1.25
1C2v (N154D) >80 >80 >80 >80 >80
1E1v (E126G) >80 >80 >80 >80 >80
3H4v (N154D) >80 >80 >80 >80 >80
5H3v (A156T) >80 >80 >80 >80 >80

Abbreviation: mAb, monoclonal antibody.

#Each virus was titrated and diluted to approximately 500 pfu/mL and incubated with mAb concentrations from 80 to 0.3 pg/mL for incubation with mAb
in a plague-reduction neutralization experiment.

PAll mAbs completely neutralized their parent virus at concentrations between 0.3 and 20 pg/mL (gray shading in the table); escape mutants that were
neutralized by each mAb are also shown in gray.

TABLE 3 Influenza H5 ELISA cross-reactivity.

H5 virus antigen?

A/Vietnam A/Indonesia A/Anhui A/gyrfalcon

clade 1 clade 2.1.3.2 clade 2.3.4 clade 2.3.4.4c
mAbs ELISAP PVN°© ELISA PVN ELISA PVN ELISA PVN
1F3 >8 >10 >8 >10 >8 >10 >8 N.D.
3D6 2 >10 4 >10 1 >10 2 N.D.
4C12 >8 >10 >8 >10 >8 >10 >8 N.D.
5C2 0.0006 0.390 0.0006 0.060 0.0006 0.060 0.0050 N.D.
6D9 1 >10 4 >10 2 >10 >8 N.D.
6H6 0.0006 >10 0.0050 >10 0.0078 >10 0.0006 N.D.

A/Vietnam A/Indonesia A/Anhui A/duck/Bangladesh

clade 1 clade 2.1.3.2 clade 2.3.4 clade 2.3.2.1a
3H4 >8 >10 >8 >10 >8 >10 >8 N.D.
8D1 >8 >10 >8 >10 >8 >10 >8 N.D.
5H3 >8 >10 >8 >10 >8 >10 >8 N.D.
1C2 >8 >10 >8 >10 >8 >10 >8 N.D.
1E1 >8 >10 >8 >10 >8 >10 >8 N.D.

Abbreviations: mAbs, monoclonal antibodies; N.D., not done; PVN, pseudovirus neutralization.

2Virus antigens: A/Vietnam/1203/2004 (A/Vietnam); Indonesia/5/2005 (A/Indonesia); A/Anhui/1/2005 (A/Anhui);
A/gyrfalcon/Washington/41088-6/2014 (A/gyrfalcon); and A/duck/Bangladesh/19097/2013 (A/duck/Bangladesh).

bThe endpoint ELISA titer was defined as the mAb concentration (ug/mL) that gave an absorbance value at 405 nm greater than 0.05.

“PVN titer was defined as the mAb concentration (ug/mL) resulting in a 95% reduction of luciferase units of a retrovirus pseudotype expressing the
indicated influenza hemagglutinin.

The six 2.3.2.1 mAbs were tested for plaque neutralization of in the Sa and Sb antigenic regions are shown in Figure 3B. Only
four additional H5 vaccine viruses from H5 2.3.2.1 subclades mAbs 3Dé6 and 5C2 were able to neutralize A/common magpie/

(Figure 3A). The HA amino acid sequences of these vaccine viruses Hong Kong/5052/2007, only 3D6 was able to neutralize A/barn
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FIGURE 3 Plaque-reduction neutralization of influenza H5 viruses with H5 2.3.2.1 monoclonal antibodies (mAbs). (A) Five 2.3.2.1 H5 viruses
were incubated with dilutions of the indicated H5 mAbs at a starting concentration of 80 pg/mL prior to plaque assay with the indicated virus.
(B) Amino acid sequences of the five 2.3.2.1 hemagglutinins in the antigenic region encompassing antigenic sites Sa and Sb. Amino acid
differences compared with A/duck/Bangladesh/19097/2013 are shown in green.

swallow/Hong Kong/D10-11613212/2010, and only 5C2 was able
to neutralize A/chicken/Guiyang/1153/2016. Four mAbs (1F3, 3D6,
6D9, and 5C2) were able to A/duck/Bangla-
desh/17D1012/2018, although 6D9 and 1F3 only at the highest

concentration tested. The results indicate that all of the mAbs in

neutralize

the 2.3.2.1 panel have unique binding characteristics even though
the escape virus characterizations (Figure 1 and Table 2) indicated
that the four globular head-binding mAbs recognized epitopes close
to each other.

The five 2.3.4.4 mAbs, along with the cross-reactive 5C2, were
tested for plaque neutralization of five additional H5 vaccine viruses
from H5 2.3.4.4 subclades (Figure 4A). The HA amino acid sequences
of these vaccine viruses in the Sa and Sb antigenic regions are shown
in Figure 4B. Clade 2.3.2.1 mAb 5C2 was able to neutralize all 2.3.4.4
vaccine viruses, confirming its cross-reactive phenotype. The five
2.34.4 mAbs were able to neutralize the other 2.3.4.4 vaccine
viruses to varying degrees, except for the subclade d virus
A/Hubei/29578/2016.

2.5 | Protection afforded by passive transfer of H5
HA mAbs

To assess the protective capacity of the H5 HA mAbs, mAbs or phos-
phate buffered saline (PBS) were passively transferred to BALB/c
mice by intraperitoneal injection approximately 6 h before intranasal
challenge with 10 LDsps of either an H5 2.3.2.1 or H5 2.3.4.4 virus.
Successful setup of such challenge experiments requires that the H5
vaccine viruses used for challenge can be grown to a high titer and be
sufficiently virulent in mice. Preliminary experiments determined that
the A/duck/Bangladesh/19097/2013 and A/Sichuan/26221/2014
vaccine viruses were lethal in mice and established the LDsq for the
challenge experiments.

All of the clade 2.3.2.1 mAbs except for 6H6, which did not have
either neutralizing or HI activity, provided protection against homolo-
gous H5 2.3.2.1 virus challenge (Figure 5A). No protection was
observed in the PBS group, a group of mice given an H1 control mAb

(5F4) or a group of mice receiving an H5 mAb from the 2.3.4.4 mAb
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FIGURE 4 Plaque reduction neutralization of influenza H5 viruses with H5 2.3.4.4 monoclonal antibodies (mAbs). (A) Six 2.3.4.4 H5 viruses
were incubated with dilutions of the indicated H5 mAbs at a starting concentration of 80 pug/mL prior to plague assay with the indicated virus.
(B) Amino acid sequences of the six 2.3.4.4 hemagglutinins in the antigenic region encompassing antigenic sites Sa and Sb. Amino acid differences
compared with A/gyrfalcon/Washington/41088-6/2014 are shown in green.

panel (3H4). Similarly, all of the clade 2.3.4.4 mAbs provided protec-
tion against homologous 2.3.4.4 virus challenge, as did the cross-
reactive mAb 5C2 from the 2.3.2.1 mAb panel (Figure 5B). Mice
receiving PBS, an H1 control mAb (5F4), or another H5 mAb from the
2.3.2.1 mAb panel (6D9) were not protected.

An additional H5 challenge model, a clade 1 A/Vietnam/
1203/2004 virus, was used to assess protection of the cross-reactive
mAb 5C2 (Figure 5C). The cross-reactive mAb 5C2 provided protec-
tion against challenge with this heterologous virus, as did a clade
1 neutralizing mAb 2.3, but neither the 2.3.2.1-specific mAb 6D9, the
clade 2.3.4.4-specific mAb 3H4, the H1 5F4 control mAb, nor PBS
provided protection. The results confirm the functional cross-

reactivity of the novel epitope binding mAb 5C2.

3 | DISCUSSION

In the study reported here, we developed and characterized panels of
murine mAbs to the HA from the two most commonly circulating

clades of influenza H5, clades 2.3.2.1 and 2.3.4.4. The primary goal of
these studies was to provide reagents that would facilitate characteri-
zation of influenza viruses with pandemic potential and the related
candidate vaccines developed as countermeasures to such viruses.
The results from several types of analyses suggested that these H5
mAbs would be useful for assorted purposes of virus and vaccine
characterization.

All of the selected mAbs, six 2.3.2.1 and five 2.3.4.4 mAbs, bound
their homologous HA antigen well in an ELISA format. Only two mAbs
from the 2.3.2.1 panel, 5C2 and 6Hé6, were not clade-specific in this
format; both mAbs bound HA from all other H5 clades tested, sug-
gesting their usefulness as pan-H5 ELISA reagents. Five of the six
2.3.2.1 mAbs and all five of the 2.3.4.4 mAbs potently neutralized
their homologous virus, A/duck/Bangladesh/19097/2013 and A/gyr-
falcon/Washington/41088-6/2014, respectively, as shown in both
live virus neutralization and pseudovirus neutralization assays. Inter-
estingly, one neutralizing mAb from each panel, 5C2 and 5H3, did not
have HI activity. Neutralization was correlated with protection in pas-

sive transfer experiments in mice; all mAbs with neutralizing activity
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FIGURE 5 Protection of mice from influenza H5 challenge. PBS or the indicated monoclonal antibody (100 ug) were transferred by the
intraperitoneal route into mice (groups of five) approximately 6 h before being challenged intranasally with the indicated H5 virus. Animals were
observed for 2 weeks for average percentage change in body weight (left) and death (right). (A) A/duck/Bangladesh/19097/2013 challenge.

(B) A/gyrfalcon/Washington/41088-6/2014 challenge. (C) A/Vietnam/1203/2004 challenge.

were protective when mice were challenged with a homologous clade
influenza virus.

Several methods were used to identify the HA epitopes recog-
nized by the mAbs in the two panels. Isolation and sequencing of
escape viruses, combined with mAb cross-neutralization of escape
viruses, indicated that the majority of the mAbs recognized epitopes
in the globular head of the HA. Most neutralizing influenza antibodies
that bind to the globular head of HA, and that also have HI activity,
are usually strain-specific. Five distinct antigenic sites on the HA have
been defined and characterized, designated as either antigenic sites
A-E using influenza H3%* or Sa, Sb, Ca1, Ca2, and Cb using influenza
H1,>% a Group 1 HA as is H5.

Three escape mutants were isolated in the H5 equivalent anti-
genic sites Sa and Sb of the 2.3.2.1 virus A/duck/Bangladesh/
19097/2013 using the mAbs from the 2.3.2.1 mAb panel. These
mutations, K152T, D154N, and R189K, are physically close to each
other on the head of the HA. Indeed, cross-neutralization experiments
with the escape mutant viruses and the 2.3.2.1 mAbs indicated sub-
stantial resistance of all escape viruses to neutralization by all neutral-
izing mAbs except 5C2, suggesting that mAbs 1F3, 3D6, 4C12, and
6D9 bind to a similar region in the HA near antigenic sites Sa and
Sh. However, there are differences in the binding and neutralization
mediated by these four 2.3.2.1 mAbs as shown by the neutralization

results with viruses from other 2.3.2.1 subclades. For example, mAb
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4C12 did not neutralize any of the other four tested 2.3.2.1 subclade
viruses; mAbs 6D9 and 1F3 only neutralized the 2.3.2.1a virus
A/duck/Bangladesh/17D1012/2018; and mAb 3Dé neutralized three
of the four tested viruses, but not the subclade 2.3.2.1d virus
A/chicken/Guiyang/1153/2016.

Three escape mutants, E126G, N154D, and A156T, were isolated
in the H5 equivalent antigenic site Sa of the 2.3.4.4 virus A A/Sichuan/
26221/2014 using the mAbs from the 2.34.4 mAb panel. Cross-
neutralization experiments with the escape viruses, as well as neutrali-
zation results with viruses from other 2.3.4.4 subclades, indicated that
all of these mAbs in this panel bound to a similar region in the globular
head of HA head. Interestingly, this included mAb 5H3, which did not
have HI activity. The 2.3.4.4 mAbs neutralized several viruses repre-
senting other 2.3.4.4 subclades with the exception of the 2.3.4.4d virus
A/Hubei/29578/2016. Of note, all of the 2.3.4.4 mAbs, as well as the
cross-reactive mAb 5C2, potently neutralized A/Astrakhan/3212/2020,
a 2.3.4.4b virus from a recent human infection.” In recent clinical trials
evaluating a monovalent inactivated A/gyrfalcon/Washington/
41088-6/2014 vaccine adjuvanted with either ASO3 or MF59, substan-
tial cross-reactive HI antibody responses to A/Astrakhan/3212/2020
and other 2.3.4.4 viruses were reported, but poor cross-reactive HI
responses to more distant H5 clade viruses were observed.®?

Additional characterization of mAb 5C2 was undertaken because
of the interesting phenotype presented. This mAb, isolated as part of
the panel of mAbs against 2.3.2.1 virus A/duck/Bangladesh/
19097/2013, did not have HI activity but had broad HA binding and
neutralizing activity against divergent clade 2.3.2.1 viruses, as well for
H5 viruses from other H5 clades. In our studies, mAb 5C2 neutralized
every H5 virus tested except for A/barn swallow/Hong Kong/
D10-1161/2010, but it appears to be H5-specific because binding
and neutralization was not observed with H1 viruses (data not
A/barn

sequence to that of

shown). Comparison of the swallow/Hong Kong/
D10-1161/2010 HA A/duck/Bangla-
desh/19097/2013 (Figure S3) did not suggest an obvious explanation
for the inability of 5C2 to neutralize the A/barn swallow virus. Epitope
mapping by escape mutant isolation did not present a clear picture of
the epitope recognized by 5C2. An S106R mutation from one escape
mutant is not located on the outside of HA. A second escape mutant
had two amino acid changes at K48E and K377T, the latter mutation
also not located on the outside of HA. Nevertheless, the location of
the K48E mutation, together with the results from competition exper-
iments with head- and stem-binding mAbs, suggests that mAb 5C2
recognizes an epitope below the globular head but above the stalk
region of HA. Previously described influenza stem-binding antibodies
typically recognize many influenza subtypes, whereas the binding and
neutralization properties of 5C2 appear broad, but only for other H5
viruses. Additional experimental approaches will be needed to more
accurately define how 5C2 binds H5 influenza HA.

In summary, the murine mAbs described here should be useful
reagents for characterization of influenza viruses with pandemic
potential, as well as reagents for evaluating CVVs and candidate
inactivated pandemic vaccines. For example, several previous stud-

ies have described the development of new assays that use mAbs

for determining the potency of inactivated influenza vaccines.®
The mAbs described here should be useful for setup of H5-specific
potency assays. In particular, the cross-reactive mAb 5C2 may be
an especially versatile antibody reagent. This mAb, or antibodies
identified with similar specificities, may also have therapeutic
potential for H5 infections in humans if developed as a humanized
antibody.

4 | MATERIALS AND METHODS

4.1 | Cells and viruses

The H5 viruses used in these studies were reassortant CVVs (http://
www.who.int/influenza/vaccines/virus/en/). Influenza viruses were
propagated in either 9-day-old specific pathogen-free embryonated
chicken eggs or MDCK cells. Virus titer was determined by plaque
assay on MDCK cells. All experiments, including animal experiments,

were conducted at biosafety level 2 plus laboratory conditions.

4.2 | Monoclonal antibodies

mAbs to H5 HA were prepared as previously described.'* BALB/c
mice were immunized and boosted with mammalian-derived influenza
virus-like particles containing the influenza HA from either A/duck/-
Bangladesh/19097/2013 or A/gyrfalcon/Washington/41088-6/2014.
All mAbs were purified and concentrated by protein G chromatogra-
phy for use in the experiments described. The stem-binding mAb 4C2

and control H1 mAbs have been described previously.'*1?

4.3 | Animals and immunizations

All immunizations and blood draws were performed in accordance
with an animal study protocol approved by the FDA White Oak Con-
solidated Animal Program. Six- to eight-week-old male BALB/cBy)J
mice were purchased from the Jackson Laboratories (Bar Harbor,
Maine) and housed in cages at a core facility at CBER/FDA. Sterile
food and water were supplied ad libitum. All antibody transfers and
challenges were performed in accordance with an animal study pro-
tocol approved by the CBER/FDA Animal Care and Use Committee
(#2008-02); procedures were similar to those described previ-
ously.*® mAbs (100 pg/mouse in 0.5-mL PBS) were delivered by
intraperitoneal injection; for virus challenge, each mouse received
10 uL of virus suspension in the naris of each nostril while under
anesthesia (intraperitoneal injection of 0.1 mL/20-g body weight of
a mouse cocktail of ketamine/xylazine [ketamine = 100/mg/mL,
xylazine = 20 mg/mL]). Mice were weighed daily thereafter and
monitored for 2 weeks. Any mouse that lost 25% of body weight
(the study endpoint) at any time point was sacrificed according to
the approved animal protocol and was considered to have suc-

cumbed to infection.
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4.4 | Preparation of soluble
A/duck/Bangladesh/19097/2013 HA

Soluble HA was prepared by baculovirus expression in insect cells
essentially as described by others.'* The synthetic DNA sequence
encoding the ectodomain of the HA of H5N1 strain A/duck/Bangladesh/
19097/2013 was cloned downstream of the sequence encoding the
GP67 signal peptide and upstream of the sequences for the T4 phage
foldon trimerization signal and 6x His-tag to generate a recombinant
bacmid for protein production in a Baculovirus expression system. The
bacmid was transfected into Sf9 insect cells to generate an infectious
recombinant Baculovirus stock, and the recombinant virus was then
used to infect High Five insect cells for protein expression. Supernatant
was harvested 72-96 h post infection, and recombinant His-tag con-
taining protein was purified using Ni-NTA resin. Gel filtration
(Superdex-200) was used for additional purification of recombinant
HA. Fractions containing trimeric and higher order oligomers of HA
with HA activity were pooled, concentrated, and stored at —80°C in
100-mM Tris (pH 8)/150-mM NaCl/10% glycerol.

45 | Measurement of antibody binding by ELISA

Briefly, Immulon 2HB plates were coated with inactivated influenza
virus at 1 pg/mL overnight at 4°C. Antibodies were prediluted in assay
diluent (PBS containing 0.05% tween-20 [PBST] and 10% fetal bovine
serum [FBS]) to 0.8 mg/mL, followed by serial twofold dilutions in
duplicate across plate. Plates were incubated with the test antibody for
2 h at 37°C. After rigorous plate washes in a microplate washer, a sec-
ondary anti-mouse IgG antibody conjugated to HRP (SouthernBiotech,
Birmingham, Alabama) was added to wells at 1:5000 dilution. Plates
were incubated with the secondary antibody for 1 h and washed, and
ABTS/H,0, peroxidase substrate (SeraCare, Gaithersburg, Maryland)
was added to assay wells. After 30 min at ambient temperature, reac-
tions were stopped with 1% sodium dodecyl sulfate, and OD405 values
were captured on the Versamax microplate reader using Softmax Pro
7 software (Molecular Devices, San Jose, California). The assay end-
point was defined as the reciprocal of the highest serum dilution at
which the mean OD4g5 value averaged 20.05 and the IgG titer was cal-

culated from the starting concentration of 0.8 mg/mL.

4.6 | Hlassay

The HI assay was performed in 96-well plates (U-bottom) by a stan-
dard method, essentially as described previously® using 0.5% chicken
red blood cells suspended in PBS (pH 7.2).

4.7 | Plaque-reduction neutralization test

MDCK cells were seeded at 9 x 10° cells/well in tissue culture-

treated 12-well plates. Influenza virus was titrated to approximately

250 pfu/mL and incubated with a range of mAb concentrations start-
ing at 80 or 100 pg/mL and four- or fivefold dilutions of that, in dupli-
cates, for 1 h at 37°C before infection of MDCK cell layers. After
1.5-h adsorption at 37°C with the plates being rocked every 15 min,
virus inoculum was removed, and the cells were overlaid with a 50:50
mixture of 2X EMEM plaque media (Quality Biological, Gaithersburg
MD) and 2.4% Avicel RC-581 (FMC BioPolymer, Philadelphia, PA)'¢
with TPCK-trypsin (Quality Biological) at a final concentration of
2 pg/mL. At 96 h, the plaque media were removed, and the cells were
fixed and stained with 0.3% crystal violet/20% methanol. Percent
neutralization was calculated for each mAb concentration compared

with no mAb controls.

48 | Pseudovirus neutralization assay

Pseudovirus production and neutralization assays were performed as
previously described.!” Briefly, full-length HA open reading frames
from H5 (A/Vietnam/1203/2004, Indonesia/5/2005,
A/Anhui/1/2005,  A/gyrfalcon/Washington/41088-6/2014, and
A/duck/Bangladesh/19097/2013) and full-length NA open reading
frame from A/California/04/2009 were cloned into the pCMV/R
expression vector. HA-pseudoviruses carrying a luciferase reporter

viruses

gene were produced in 293T cells by transfecting 5 pg of
pCMVARS8.2, 5.5 pug of pHR'CMVLuc, 0.5 pg of HA, and 4 pg of NA
expression plasmids. HA-pseudoviruses were collected 48 h post-
transfection, filtered through a 0.45-pum low protein binding filter, and
used immediately or stored at —80°C. HA-pseudovirus titers were
measured by infecting 293T cells with HA-pseudoviruses for 48 h
prior to measuring luciferase activity (luciferase assay reagent, Pro-
mega, Madison, WI) according to the manufacturer’s instructions. HA-
pseudovirus titers were expressed as relative luminescence unit per
milliliter (RLU/mL) of HA-pseudovirus supernatants. Pseudovirus neu-
tralization assays were performed using 293T cells in 96-well plates.
Pseudoviruses with titers of approximately 10° RLU/mL of luciferase
activity were incubated with serially diluted sera for 1 h at 37°C prior
to inoculation onto the plates that were preseeded 1 day earlier with
3.0 x 10* cells/well. Pseudovirus infectivity was determined 48 h
post inoculation for luciferase activity. The inverse of the sera dilu-
tions causing a 95% reduction of RLU compared with control was
reported as the neutralization titer (IDgs). Titers were calculated using
a nonlinear regression curve fit (GraphPad Prism Software Inc., La
Jolla, CA, USA). The mean titer from at least two independent
experiments, each with intra-assay duplicates, was reported as the

final titer.

49 | Competition ELISA

Competition ELISA was set up essentially as described previously.!!
Briefly, ELISA plates were coated overnight with 2 ug/mL of soluble
A/duck/Bangladesh/19097/2013 HA in PBS-based coating buffer
(SeraCare, Gaithersburg, Maryland). Unlabeled mAbs were added to
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the wells in duplicate, starting at a concentration of 500 pg/mL, and
were serially diluted on the plates and incubated for 2 h at 37°C. Puri-
fied mAb 5C2 was labeled with HRP using EZ-Link Activated Peroxi-
dase Antibody Labeling Kit (ThermoFisher Scientific) and used as a
detection antibody in competition with unlabeled mAbs at a concen-
tration of 2 pg/mL for 1.5 h at 37°C. ABTS (SeraCare) was used as
enzyme substrate.

410 |
viruses

Selection and characterization of escape

The selection of H5 escape virus mutants was performed in MDCK
cells, essentially as described previously.*® Approximately 10 pfu of
virus was incubated with H5 mAbs over a range of concentrations
from 80 to 0.156 pg/mL before infection of MDCK cells. Virus
obtained at the highest mAb concentration was passaged again in the
presence of a fourfold higher mAb concentration and the process
repeated for up to three more rounds of selection, after which the
escape mutants were sequenced and tested for reduced inhibition of

neutralization by the mAb compared with the parent virus.

4.11 | Biolayer interferometry experiments

All biolayer interferometry experiments were performed on an Octet
Red-384 system using reagents and supplies from the manufacturer
(Sartorius Corporation, Bohemia, New York). Biolayer interferometry
experiments used Dip and Read Ni-NTA coated biosensors in a
384-well plate format (tilted-bottom microplates) with a baseline
buffer consisting of Kinetics Buffer with 0.1% Tween/0.1% bovine
serum albumin (BSA). Ni-NTA biosensors were coated with His-
tagged A/duck/Bangladesh/19097/2013 HA ectodomain at 3 pg/mL
(determined empirically to generate a response signal of ~0.35). The
mAbs 6D9, 5C2, and 4C2-stem were loaded into adjacent wells at a
concentration of 30 pg/mL for initial saturating binding to HA and
also loaded into a second set of wells at a concentration of 30 ug/mL
to be used as the competing Ab in the assay. Loading time for the
His-tagged antigen onto the Ni-NTA biosensors was 500 s, with a
threshold set at 0.35 nm; loading times for mAbs, either as the first
(saturating mAb) or second (competing mAb) antibody, were 600 s.
The binning experiment was designed so that each antibody was used
for saturation and competition against the other antibodies. All steps
were performed at 30°C and at a shake speed of 1000 rpm. Data
Analysis HT 11.0 software (Sartorius) was used to calculate the shifts

in wavelength after antibody addition.
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