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Human monoclonal antibodies that target
clade 2.3.4.4b H5N1 hemagglutinin
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M Check for updates

The highly pathogenic avian influenza H5N1 virus clade 2.3.4.4b has been
spreading globally since 2022, causing mortality and morbidity in domestic
and wild birds, as well as in mammals, which underscores its potential to cause
a pandemic. Here, we generate a panel of anti-hemagglutinin (HA) human
monoclonal antibodies (mAbs) against the H5 protein of clade 2.3.4.4b. To
develop human chimeric antibodies, H2L2 Harbor Mice®, which express
human immunoglobulin germline genes, were immunized with H5 and N1
recombinant proteins from A/mallard/New York/22-008760-007- original/
2022 H5N1 virus. Through hybridoma technology, sixteen fully human mAbs
are generated, most of which show cross-reactivity against H5 proteins from
different clade 2.3.4.4 virus variants. Fourteen out of the sixteen mAbs neu-
tralize the virus in vitro. The mAbs with the strongest hemagglutination inhi-
bition activity also demonstrate greater neutralizing capacity and show
increased protective effects in vivo when administered prophylactically or
therapeutically in a murine H5N1 challenge model. Using cryo-electron
microscopy, we identify a cross-clonotype conserved motif that bound a
hydrophobic groove on the head domain of H5 HA. Akin to mAbs against
severe acute respiratory syndrome coronavirus 2 during the coronavirus 2019
pandemic, these mAbs could serve as treatments in case of a widespread H5SN1
epidemic or pandemic.

Highly pathogenic H5N1 avian influenza virus emerged as a human resulted in significant losses in the poultry industry and endangered
disease in 1997". After variable H5N1 virus activity in the years before  millions of wild birds®*. This virus clade has also spilled over into
the coronavirus disease 2019 (COVID-19) pandemic, a subclade of mammals, causing severe disease and high fatality rates*. In March
H5NI, clade 2.3.4.4b, started to spread globally in 2022. This spread has 2024, the virus was detected in the United States (U.S.) in dairy cattle,
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spreading among herds with high titers of virus present in the cows’
milk, and in October 2024, the virus was detected in a pig on a back-
yard farm in Oregon’. Even more alarming is the reported transmission
of the virus to humans, posing a risk to workers who are in contact with
infected animals and raising concerns about the potential for a pan-
demic. So far, more than 70 clade 2.3.4.4b human infections have been
reported, with the vast majority in the U.S. While antivirals licensed for
seasonal influenza are likely effective for H5N1, there are currently no
long-acting treatments available that could e.g., be used prophylacti-
cally for individuals with a dysfunctional immune system who do not
respond optimally to vaccination®’. However, monoclonal antibodies
(mAbs) can be used as long-acting treatment and have been success-
fully deployed during COVID-19 but also for respiratory syncytial virus
(RSV) as well as ebolavirus®**. Monoclonal antibodies targeting older
clades of H5N1 have been developed, but are likely outpaced by virus
evolution'?. To address this issue, we have developed H5N1 clade
2.3.4.4b specific human mAbs generated in immunoglobulin germline
humanized mice. These mAbs can effectively neutralize clade 2.3.4.4b
H5N1 and provide protection in a murine H5N1 challenge model. MAbs
have been used extensively and successfully as therapeutics and pro-
phylactics during the COVID-19 pandemic**. The mAbs developed
here against HSN1 may similarly serve as therapeutics or prophylactics
in potential future H5N1 epidemics or pandemics.

Results

Generation and in vitro characterization of mAbs

H2L2 Harbor Mice’, which express human-rat chimeric antibody
genes®, were immunized with recombinant hemagglutinin H5 and
neuraminidase N1 proteins from a clade 2.3.4.4b virus (Supplementary
Fig. 1a) and mAbs were generated via hybridoma technology. Initial
screening was done using enzyme-linked immunosorbent assays
(ELISA) and hemagglutination inhibition (HI) assays, identifying 1977
positive clones. From these, 401 clones were down-selected for sec-
ondary screening, of which 30 clones showed strong binding to the H5
protein and had HI activity, leading to their selection for isotyping and
sequencing. After removal of IgMs and identical clones, down-selected
clones were chosen for variable segment DNA synthesis and cloned
into human constant chain containing-expression vectors (human G1/
kappa) for fully human recombinant antibody production. Sixteen
recombinant clones were selected as sequence unique lead candidates
based on broad HS5 activity and recombinant expression. We grouped
these sixteen antibodies into clonotypes based on exact amino acid
length with >90% amino acid identity in their junctions/com-
plementarity-determining region 3 (CDR3), along with shared V(D)J/V)
gene usage for both their heavy and light chains, resulting in a total of 5
closely related clonotypes (Supplementary Fig. 1d). The identified
clonotypes and their corresponding clones were as follows: clonotype
1 (1A1, 12C11, 12G9, 13B9, 13E8), clonotype 2 (1H2, 17E3, 20D10), clo-
notype 3 (6Gl1, 7G4, 7G11, 12G8, 17C12), clonotype 4 (7H10, 14B8) and
clonotype 5 (12G1). While clonotypes 3, 4 and 5 each utilized the
longest heavy chain CDR3s at 19 amino acids (IMGT numbering) and
had shared heavy V(D)) usage (VH4-59, DH3-10, and JH6), the sequence
variation in their CDR3 was greater than 40%, which was significantly
higher than the predicted somatic hypermutation rates (1.7-3.6%)
when comparing their VH4-59 variable genes alone to germline (data
not shown). This argues for separate clonal ancestries and, thus, their
categorization as unique clonotypes. Light chain CDR3 lengths were
less varied given the lack of a D gene cluster and averaged 9 amino
acids for each clonotype, typical for human kappa chains, even though
clonotype 4’s light chain was one residue shorter at 8 amino acids,
adding another unique characteristic for this clonotype.

These mAbs were produced, and their binding activity was
assessed against a panel of H5 proteins from virus of different clades
(Fig. 1a). The mAbs showed robust binding to H5 HAs from recent clade
2.3.4.4b isolates including to HAs from viruses recently detected in

birds in New York City, New York, U.S.'®. Of note, robust binding to the
HA of a U.S. bovine H5N1 isolate was detected as well. Most mAbs also
showed strong binding to HAs from older clade 2.3.4.4 isolates. This
included avian strains from 2014 from the Netherlands and the U.S.
and an H5N6 human isolate from a 2016 case in China. However, no
binding was observed with HAs from older clade 1 and 2 strains, HA
from the 2.3.2.1c clade responsible for recent human cases in Cam-
bodia, or H1 HA from a seasonal HINI strain (used as a negative con-
trol). The phylogenetic relationship of these HA proteins is shown in
Supplementary Fig. 2. Most clonotypes, except for the one containing
mAbs 7H10 and 14B8, showed strong binding to H5 of clade 2.3.4.4b
H5N1 viruses. Clones belonging to the same clonotype typically
exhibited similar binding patterns.

Further characterization of the mAbs was performed in vitro using
HI and microneutralization assays. An HI assay was run to assess whe-
ther the mAbs inhibit the interaction of the virus with the host receptor
(Fig. 1b). This assay was conducted with several virus strains. Antibodies
showed HI activity against A/bald eagle/FL/W22-134-OP/2022 (H5N1-A/
PR/8/34 reassortant), here referred to as A/bald eagle/FL/W22-134-OP/
2022 and viruses isolated from dairy cattle (clade 2.3.4.4b also) in a
similar manner. As expected, in accordance with the binding data, no HI
activity was observed against the A/Vietnam/1203/2004 virus belonging
to clade 1. A/Victoria/4897/2022, a human seasonal HIN1, was used as
an irrelevant virus control. No Hl activity was detected against this strain
demonstrating specificity to clade 2.3.4.4 H5N1 viruses. Of note, the
clonotype containing clones 7H10 and 14B8, not only had low binding,
but also showed no HI activity. Additionally, an in vitro micro-
neutralization assay was performed to assess the ability of the mAbs to
disrupt the viral life cycle, potentially through various mechanisms
(Fig. 1c). We tested whether the antibodies could prevent the virus from
entering the cell or block the virus post initial infection, or both. The
same fourteen mAbs with the highest HI activity also exhibited greater
neutralizing capacity and inhibited viral replication in cell culture at
different stages of the virus life cycle. MAb 1A1 from clonotype 1, as well
as all the clones belonging to clonotype 2, 3, and 5 with the strongest HI
activity, demonstrated greater neutralizing capacity, with a minimal
neutralizing titer of up to 0.012 ng/ml being observed. As the final assay,
we assessed whether the antibodies inhibited the neuraminidase (NA)
enzymatic activity through steric hindrance. Clone 1H2 from clonotype
2 and 12G1 from clonotype 5 showed strong inhibitory activity, similar to
the previously characterized pan-NA antibody, 1G01”, here used as a
positive control. 7HI0 and 14B8 from clonotype 4 exhibited low or
no NA inhibitory activity. The mAbs did not inhibit when tested using a
small molecule substrate, suggesting that the inhibition observed was
through steric hindrance rather than direct interaction with the active
site of the NA (Supplementary Fig. 3).

Human anti-H5 mAbs provide protection in a murine H5N1

challenge model when given prophylactically or therapeutically
To further investigate the antiviral activity of the mAbs in vivo, we
tested selected mAbs from different clonotypes in both prophylactic
and therapeutic settings in an H5N1 challenge model in 6-week-old
BALB/c mice. The mAbs with the strongest binding and highest neu-
tralization activity from each clonotype, 1Al (clonotype 1), 20D10
(clonotype 2), 6G1 (clonotype 3) and 12G1 (clonotype 5), were selected
for in vivo studies. Mab 7H10 (clonotype 4) was added as a repre-
sentative of a binding but non-neutralizing mAb. In the prophylactic
study, the mAbs were administered at four different doses via the
intraperitoneal route, 4 hours prior to intranasal challenge with 5 x 50%
lethal doses (LDso) of A/bald eagle/FL/W22-134-OP/2022. Mice were
monitored for weight loss and survival for 14 days to assess protection
(Fig. 2a-c). The antibodies that were effective neutralizers in vitro, 1A1,
20D10, 6G1 and 12G1, also demonstrated the ability to protect micein a
dose-dependent manner. Mice administered with 5mg/kg, 1 mg/kg,
and 0.3 mg/kg of the indicated antibodies showed no morbidity and
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Fig. 1| Anti-H5 mAbs bind broadly to HA proteins of virus variants and inhibit
virus replication in vitro. a Binding breadth of anti-H5 mAbs to H5 protein from
avian isolates (purple), a cattle isolate (orange), and human isolates (blue), was
evaluated by ELISA in duplicates. As positive control, an anti-HA antibody,
CR9114°? was used. Data shown is minimal binding concentration (ug/ml), defined
as the lowest concentration with a signal greater than 3 standard deviations (SD)
above blanks. b MADbs ability to block the virus-host receptor interaction was
assessed by hemagglutination inhibition (HI) assay in duplicates. As positive con-
trol, serum (1:10) from a mouse infected with A/bald eagle/FL/W22-134-OP/2022
(H5N1-A/PR/8/34 reassortant) was used. Data shows minimal HI concentration
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(ug/ml), defined as the lowest concentration that shows Hl activity. ¢ Efficacy of the
anti-H5 mAbs to inhibit viral replication was evaluated using an in vitro neu-
tralization assay against A/bald eagle/FL/W22-134-OP/2022 (H5N1-A/PR/8/34 reas-
sortant), in duplicates, with controls identical to part A. Data shows minimal
neutralizing titer (ug/ml), defined as the lowest concentration where neutralization
is observed. d MAbs capacity to inhibit neuraminidase (NA) activity of clade
2.3.4.4b virus was tested in duplicates, with an anti-NA antibody, 1G01", as positive
control. Data shown is the 50% inhibitory concentration (ICso) (ug/ml). Negative
control for all the assays was an anti-SARS-CoV-2 spike antibody'®. Source data are
provided as a Source Data file.

complete survival. Of note, mice injected with antibodies belonging to
clonotype 1 (1A1) and clonotype 3 (6G1) even demonstrated protection
at a very low dose of 0.1mg/kg. This level of protection was not
observed in mice administered with the non-neutralizing mAb 7H10 or

with anisotype control antibody (hG1/hk, anti-severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) spike mAb™), indicating that
protection in this case is associated with the administration of neu-
tralizing antibodies.
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We then wanted to study if these mAbs could reduce viral replication
in the lungs of animals. Experiments were performed similarly to the one
described above with mAbs dosed 4 hours prior to challenge with 5 LDsq
of A/bald eagle/FL/W22-134-OP/2022 virus. Lungs were harvested on days
3 and 5 post-infection, and viral titers were determined using plaque assay
(Fig. 2d, e). Viral titers were observed to be 4 logs lower in lung homo-
genates of mice treated with mAbs 20D10, 6Gl, or 12G1 3 days post-

Day 3 post-infection Day 5 post-infection

infection, compared to the isotype control group. At day 3, we also
observed a significant (3 log) reduction in viral titers in the lung homo-
genates of mice that received mAb 1A1. By day 5, no virus was detectable
in the lungs of 20D10, 6Gl, and 12Gl1 treated animals. No reduction was
observed for mAb 7H10 group compared to the control one on day 5. This
finding suggests that the antibodies inhibit replication of H5N1 in the
lungs, likely associated to their high neutralizing efficiency in cell culture.
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Fig. 2 | Anti-H5 mAbs are protective in a prophylactic setting in vivo and pro-
mote viral clearance in infected mice lungs. a Six-week-old female BALB/c mice
(n=5/group) were injected intraperitoneally with different amounts of anti-H5
mAD. As a negative control, an anti-SARS-CoV-2 spike mAb was used and the data of
the shared negative control group is plotted alongside the experimental groups.
After 4 h, mice were infected with 5 x 50% lethal doses (LDso) of A/bald eagle/FL/
W22-134-OP/2022 (H5N1-A/PR/8/34 reassortant) virus. Body weight percentage

b and survival ¢ were plotted over 14 days post-infection. Data are presented as the
mean (n = 5), with error bars showing the SD of the mean. The dotted line in

b indicates the maximum body weight loss (25%) allowed in the experiment,
defined as the humane endpoint. d Six-week-old female BALB/c mice (n = 3/group)

received 5 mg/kg of anti-H5 mAbs 4 h before infection, and anti-SARS-CoV-2 mAb
was used as a control, as in Part a. Lungs were harvested on day 3 and day 5 post-
infection. e Viral titers in lungs from individual mice were determined as log;o
plaque forming units (PFU)/ml and samples were analyzed in duplicate. Dots
represent values from individual mice while bars show geometric means (n = 3)
with geometric SD. The dashed line at the y-axis indicates the limit of detection
(LOD), defined by half of the lowest dilution at which a positive assay response is
observed. For e, statistical analyses were performed using a two-way ANOVA test
((*) p<0.05, (ns) no significant). a, d illustration created with BioRender.com.
Source data are provided as a Source Data file.
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Fig. 3 | Anti-H5 mAbs are protective in a therapeutic setting in vivo. a Six-week-
old female BALB/c mice (n = 5/group) were injected intraperitoneally with 5 mg/kg
of anti-H5 mAb and as a negative control anti-SARS-CoV-2 spike mAb was used. The
data of the shared negative control group is plotted alongside the experimental
groups. The antibodies were administered on day 2, 3, and 4 after infecting the mice
with 5 LDsg of A/bald eagle/FL/W22-134-OP/2022 (H5N1-A/PR/8/34 reassortant)

ONAYD B HBA D DINIDN

Days post infection

virus (created with BioRender.com). The percentage of initial body weight b and
survival ¢ were plotted over 14 days post-infection. Data are presented as the mean
(n = 5), with error bars showing the SD of the mean. The dotted line in b indicates
the maximum body weight loss (25%) allowed in the experiment, defined as the
humane endpoint. Arrows indicate the time points at which mAbs were adminis-
tered. Source data are provided as a Source Data file.

To further assess the potential therapeutic benefits of the mAbs,
mice were intranasally challenged with 5 LDs, of A/bald eagle/FL/W22-
134-OP/2022 virus. MAbs were subsequently administered on days 2, 3,
or 4 post-infection, and the mice were monitored for weight loss and
survival for 14 days to evaluate the protective effect (Fig. 3). All mice that
received 6G1 mAb on day 2 post-infection survived, and 80% of mice
that received 20D10 and 12G1 at the same time point survived as well.

Only 40% of mice that received mAb 1Al at day 2 post-infection sur-
vived. Mice treated with 20D10, 6Gl, and 12Gl antibodies on day 3 and
day 4 post-infection, when significant weight loss had already occurred,
showed varying levels of survival, ranging from 20% to 60%. All the mice
treated with 7H10 or anti-SARS-CoV-2 antibodies reached the ethical
endpoint on days 5 and day 6 post-infection, consistent with the results
from the prophylactic treatment study.
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Fig. 4 | Structural characterization of clonotypes 2, 3, and 5. a-b Map and model
for clonotype 2 mAb 20D10 complexed with A/Jiangsu/NJ210/2023 HS protein. The
primary protomer is depicted in light gray with adjoining protomers depicted in

gray. c-d Map, model, and antigen contacts identified in the H5 complex formed
with clonotype 3 mAb 6Gl. e-f Map, model, and antigen contacts identified in the

H5 complex formed with clonotype 5 mAb 12Gl1. a-f All non-van der Waals 20D10
heavy and light chain contacts with antigen are depicted as dashed lines. Hydrogen
bonds depicted in gray, hydrophobic interactions depicted in turquoise. All anti-
body residues are presented in Kabat numbering and all H5 residues in H3
numbering.

MADbs converge at the HA head

Negative stain electron microscopy revealed that 13 representative
mAbs from clonotypes 1-3 and 5 had binding footprints overlapping
(clonotype 1) or proximal to the receptor binding site (RBS) (clono-
types 2, 3, and 5) when complexed with recombinantly expressed HA
from A/Jiangsu/NJ210/2023 H5N1 (Jiangsu H5), a clade 2.3.4.4b clinical
isolate from an infected human patient in Jiangsu, China, which is
consistent with their competition pattern (Supplementary Figs. 4-6).
Representative mAbs from clonotypes 1-3 and 5 were also complexed
with recombinant HA from A/red-tailed hawk/New York/NYCVH 22-
8477/2022, another clade 2.3.4.4b virus HA, indicating that the binding
footprint remained consistent across strains (Supplementary Figs. 5,
7). To understand the molecular basis of antigen engagement, we
solved three high resolution cryo-EM structures from complexes with
mAbs 20D10 (clonotype 2) at 3.4 A resolution, 6G1 (clonotype 3) at
3.2 A resolution, and 12G1 (clonotype 5) at 3.06 A resolution (Fig. 4,
Supplementary Fig. 8, Supplementary Table 1). All non-van der Waals
interactions between the heavy and light chains with the H5 head are
illustrated in Fig. 4a—f. Antigen engagement by all three mAbs was
mediated primarily by heavy chain complementarity-determining

region 3 (CDRH3) and light chain complementarity-determining
region 2 (CDRL2) with additional interactions involving CDRH1 and
CDRLI. Generally, CDRH1 and CDRH3 were found to insert into a
hydrophobic groove composed of residues 123-129 and 164-171 on
Jiangsu H5 while CDRL1 and CDRL2 engaged the cleft between
adjoining protomers. While there is minor variation in the specific
residues that define epitope-paratope contacts for each clonotype, all
heavy chains were predicted to interact with H5 residues S125B, S167,
and N169; light chain contacts were more variable across clonotypes,
but all CDRL2s engaged T163. Indeed, all three mAbs use the same
CDRHI Y32 residue to engage S125B and the same CDRL2 Y49 residue
to engage T163. Interestingly, S67 in light chain framework region 3
(FR3) of 6Gl is predicted to form a sidechain-to-sidechain hydrogen
bond with N187 with the adjoining protomer (Fig. 4d). In total, each
clonotype is predicted to form eleven non-van der Waals interactions
with nearly identical regions in the H5 head with clonotype 2 forming
the greatest number of heavy chain mediated contacts and clonotype 5
forming the most light chain mediated contacts.

While we were unable to build an atomic model for mAb 1Al
(clonotype 1) our cryoEM map allowed us to identify the epitope
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Mode of Antigen Engagement

a  Footprints b Variable Fragments c CDR Usages
Clonotypes heavy chains  light chains
2.3 &5 Clonotype 1
S

d Hydrophobicity

hydrophilic

hydrophobic

Fig. 5 | Clonotypes 2, 3, and 5 have a shared mode of antigen engagement.

a Footprints for clonotype 1 (salmon) and clonotypes 2, 3, and 5 (fuchsia) on a
surface rendering of A/Jiangsu/NJ210/2023 H5. b Shared architecture of antigen
engagement by the variable fragments of mAbs 20D10 (pink), 6G1 (green), and 12G1
(blue) colored by clonotype. Heavy chains are presented in a darker shade than
light chains. ¢ Heavy and light chain complementarity determining regions making
direct contact with antigen. Residue labels in 20D10 numbering. d Hydrophobic

conserved variable

surface renderings of the binding pocket and CDRH3 residues involved in direct
engagement. Residue labels are provided using 20D10 numbering. e Sequence
conservation of clade 2.3.4.4b H5 sequences from strains used for functional
characterization as determined by sequence alignment using ClustalW mapped
onto a surface rendering of A/Jiangsu/NJ210/2023 H5. Residue variability increases
from white (AL2CO score 0.306) to dark blue (AL2CO score -4.895).

footprint and compare it to clonotypes 2, 3, and 5 (Fig. 5a, Supple-
mentary Fig. 6). Our data revealed that clonotypes 2, 3, and 5 had
nearly identical binding footprints proximal to the protomer interface
while clonotype 1 had a distinct footprint that encompasses the RBS
(Fig. 5a). Alignment of the 20D10, 6Gl, and 12G1 complexes highlights
how epitopes, angles of approach, and binding modes are structurally
conserved across all three clonotypes (Fig. 5b). This is further illu-
strated through comparison of the heavy and light chain CDRs
involved in antigen engagement, which contain a series of tyrosine
residues and hydrophobic side chains across all three models includ-
ing an LxYYY motif in CDRH3 (Fig. 5c). Although clonotype 4 was not
structurally characterized, it also contains the LxYYY motif, providing
further evidence of the importance of CDRH3 in mediating antigen
binding. The relative hydrophobicity of the antigen surface engaged
by CDRH3 and CDRL2 is visualized through a surface rendering,
highlighting the prominence of the hydrophobic groove (Fig. 5d).
Through sequence conservation analyses, we found that both the
hydrophobic groove targeted by the heavy chain CDRs and the resi-
dues targeted by the light chain CDRs were highly conserved across

the clade 2.3.4.4b strains included in this study (Fig. Se). In accordance
with our functional data, these regions were not conserved in A/Wis-
consin/67/2022 H1 or H5 clades 1, 2.3.2.1c and 2.1.3.2 and residue 1166
within the hydrophobic groove is particularly variable (Supplemen-
tary Fig. 10).

Discussion

Here, we developed a panel of sixteen human antibodies against clade
2.3.4.4b highly pathogenic avian influenza (HPAI) H5N1 virus using an
antibody germline humanized mouse system. A spleen from an H2L2
Harbor Mouse” was used for hybridoma fusion and full human anti-
body production, with the ultimate goal for prophylactic and/or
therapeutic applications. Most of the generated antibodies showed
broad binding within clade 2.3.4.4b HAs and many even bound to HAs
from historic clade 2.3.4.4 strains. No cross-binding to older H5 clades,
clade 1, or to clade 2.3.2.1c was observed. Of note, clade 2.3.2.1c is
responsible for a handful of human infections in Southeast Asia-in
contrast to more than 70 human infections with clade 2.3.4.4b. Most
mAbs showed strong in vitro antiviral activity in HI, neutralization, and
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neuraminidase inhibition assays. Importantly, the HI active antibodies
also had strong HI activity against two recent dairy cattle isolates. In
vivo, all tested mAbs with in vitro neutralizing activity showed pro-
phylactic activity against a lethal H5N1 challenge and provided a sur-
vival benefit when given as late as 4 days post challenge, except for
mAb 1A1 (clonotype 1), which only provided protection prophylacti-
cally. This limitation could perhaps be attributed to the half-life of the
different antibodies affecting their effectiveness. MAbs from clono-
type 4 showed limited binding to clade 2.2.4.4b or older clade 2.3.4.4
HS5 proteins; however, they did not have neutralization activity in vitro,
resulting in a failure to provide protection in vivo. Structural analysis
revealed that mAbs from clonotypes 2, 3 and 5 used a conserved motif
to bind a hydrophobic groove on the HA head adjacent to the pro-
moter interface while the clonotype 1 mAb bound directly to the RBS.
So far in the U.S. more than 70 humans have been infected with clade
2.3.4.4b H5N1 virus with several severe infections' including two
mortalities®>*. While no human-to-human spread has been detected so
far, mammalian adaptations have been found in clade 2.3.4.4b viruses
that could increase the pandemic potential of the virus. In addition, a
reassortment event between seasonal HIN1 or H3N2 with H5N1 could
lead to the emergence of a virus that is both pathogenic and trans-
missible in humans (of note, the last three influenza pandemics were
caused by such reassortants)*. The antibodies described here, espe-
cially mAbs 20D10, 6Gl1, and 12Gl1, could be used as therapeutic
treatment for severe zoonotic human H5NI1 cases on their own or in
addition to other antivirals like neuraminidase or endonuclease
inhibitors**. Since 20D10, 6Gl, and 12Gl1 target the same footprint, it
is unlikely that using them together in a cocktail would be beneficial.
But, especially for prophylactic treatment, one of them could be
combined with mAb 1A1, which targets a different footprint and has
shown potent protection when given prophylactically. These mAbs
could also be combined with other anti-influenza virus mAbs with
different targets e.g., in the stalk domain of HA” or on the viral NA*, In
case of an H5N1 pandemic, it is likely that vaccines would be rolled out
fast and that short acting antivirals like neuraminidase or cap-
snatching inhibitors would be available. However, similar to COVID-
19, it is likely that a proportion of the population with underlying
diseases or those that are immunocompromised will not be able to
mount a sufficient response to vaccination and can not be kept on
antivirals for long periods of time. A long-acting mAb prophylaxis, as
used for COVID-19 or respiratory syncytial virus based on mAbs like
20D10, 6Gl, or 12Gl could be used to protect vulnerable individuals
during an H5N1 pandemic.

Methods

Cells

Madin-Darby canine kidney (MDCK) cells (ATCC #CCL-34) were used
for in vitro microneutralization assays and viral titer determination.
Expi293F cells were used for antibody production.

Recombinant glycoproteins

Recombinant hemagglutinin (HA) and neuraminidase (NA) proteins
were produced using the baculovirus expression system as described
in ref. 29. References of the proteins from the indicated virus isolates,
such as accession GISAID numbers and GenBank numbers, are indi-
cated in the supplementary material. Briefly, the protein constructs for
HAs were designed with an N-terminal signal peptide, the HA ecto-
domain, a C-terminal thrombin cleavage site, a T4 trimerization
domain and a hexahistidine tag. Notably, for the recombinant H5
proteins, the polybasic cleavage site in the HA ectodomain was
replaced by a single alanine. The NA protein constructs were designed
with an N-terminal signal peptide, a 6x-His tag, a VASP (vasodilator-
stimulated phosphoprotein) tetramerization domain, a thrombin
cleavage site, and the NA head domain. The constructs were cloned
into shuttle vectors, and recombinant bacmids were generated and

transfected into Sf9 cells to produce baculoviruses. These HA-
expressing baculoviruses were passaged in Sf9 cells and then used to
infect BTI-TN-5B1-4 cells for protein production. Proteins were purified
from the cell supernatants via affinity chromatography using Ni2 +-
nitrilotriacetic acid (NTA) agarose beads (QIAGEN) three days post-
infection, as described in ref. 29.

Viruses

A/bald eagle/FL/W22-134-OP/2022 is a 6:2 reassortant H5NI virus with
A/PR/8/1934 rescued via reverse genetics, with a monobasic cleavage
site replacing the polybasic cleavage site®. Similarly, A/Vietnam/1203/
2004 virus retains surface H5N1 glycoproteins from A/Vietnam/1203/
2004 (with a monobasic cleavage site replacing the polybasic cleavage
site in the HA) while using the A/PR/8/34 backbone. Both viruses were
used for in vitro neutralization assays, in addition the first one men-
tioned here was used for in vivo studies. To assess the hemagglutina-
tion inhibition activity of our antibodies against full-length viruses, we
included authentic bovine viruses; A/bovine/Ohio/B240SU-467/2024
and A/bovine/Ohio/B240SU-323/2024.

Immunizations and hybridoma generation

To generate human antibodies, H2L2 Harbor Mice®, human antibody
transgenic mice (Harbor BioMed, Cambridge, MA) were used in col-
laboration between the Icahn School of Medicine at Mount Sinai and
Harbor BioMed. The H2L2’ is a chimeric transgenic mouse containing a
selected human variable gene segment loci of the heavy and kappa
antibody chains along with the rat heavy and kappa constant gene
segment loci, producing antibodies with similar diversity seen in
human antibody immunity"?. Eight- to twelve-week-old H2L2 Harbor
Mice” mice were immunized with HA and NA from A/mallard/New
York/22-008760-007-original/2022 (H5N1) adjuvanted with 40ug of
poly I:C (InVivoGen, San Diego, CA) by the intraperitoneal route which
we have found optimal in stimulating B cells in the spleen. Each mouse
received a prime followed by two boosts, and blood was collected two
weeks after each boost to monitor serum antibody titers via enzyme-
linked immunosorbent assay (ELISA) and hemagglutination inhibition
(HI) analysis. One mouse was selected for hybridoma fusion and
received two final boosts consisting of 20ug of the H5 protein at -4 and
-2 days before being bled, euthanized by Institutional Animal Care and
Use Committee (IACUC) approved methods, and the spleen was har-
vested for splenic fusions. The spleen was processed to a single-cell
suspension, and hybridomas were generated following a standard
protocol (StemCell Technologies, Vancouver, BC, Canada). Briefly,
individual B cell clones were grown on soft agar and selected for
screening using a robotic ClonaCell Easy Pick instrument (Hamilton/
Stem Cell Technology). Individual clones were expanded, and the
supernatant was used to screen for H5 binding (ELISA) and HI activity.
All animal studies were approved by the Icahn School of
Medicine IACUC.

Sequencing and humanizing of antibodies

Sequencing was done using Switching Mechanism At 5" End of RNA
Template (SMARTer 5’) Rapid Amplification of cDNA Ends (RACE)
technology (Takara Bio USA) adapted for antibodies to amplify the
variable genes from heavy and kappa chains for each hybridoma.
Briefly, RNA was extracted from hybridomas using QIAGEN RNeasy
Mini Kit (QIAGEN, Valencia, CA), followed by first strand cDNA synth-
esis with isotype-specific constant gene 3’ primers, the SMARTer Il A
Oligonucleotide, and SMARTscribe reverse transcriptase. Amplifica-
tion of cDNA was performed with SeqAmp DNA Polymerase (Takara),
using a nested 3’ primer and a 5" universal primer. Purified PCR pro-
ducts were then Sanger sequenced using 3’ constant gene primers
(Azenta/GeneWiz, South Plainfield, NJ). Sequence results were blasted
against the IMGT human databank of germline genes using V-Quest
(http://imgt.org) and analyzed for clonality based on CDR3/junction

Nature Communications | (2026)17:135


http://imgt.org/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66829-y

identity and V(D)) usage. Unique clones from each clonal family were
selected, and DNA was synthesized and cloned into in-house antibody
expression vectors (pTWIST-hG1/hck) containing a human IgG1 con-
stant region and kappa light chain constant region (Twist Biosciences,
South San Francisco, CA).

Generation of recombinant (r)ymAbs in 293 suspension cells
DNA plasmids of the light and heavy chains were combined with
Expifectaminel000 (Gibco) in a total of 24 ml of Opti-minimal essential
media (MEM) and transfected into 3.5 x 10° cell/ml in a final volume of
200mlof Expi293 Expression Medium (Gibco). The next day, Enhancer
1 and Enhancer 2 were added (Gibco).

ELISA

96-well plates (Immulon 4 HBX; Thermo Scientific) were coated with
50 ul of recombinant protein (2ug/ml) and incubated at 4 °C over-
night. The next day, 100 ul of serially diluted IgG, starting at a con-
centration of 30 ug/ml, was added to the plates in duplicate. Binding of
the antibodies to the protein was evaluated using a horseradish per-
oxidase (HRP)-labeled anti-human IgG (Sigma) as secondary antibody,
diluted 1:3000. The positive control was an anti-HA antibody?, while
the negative control was an anti-SARS-CoV-2 spike antibody®.

HI assay

First, an HA assay was performed using turkey RBCs to determine the
viral HA titer. Next, 25ul of serially diluted IgG, starting at a con-
centration of 30 ug/ml or 25 ug/ml were incubated with 8 HA units
(HAU) of the virus for 1 hour (h) at room temperature (RT). Then, 50ul
of 0.5% turkey RBCs were added, and the plates were placed at 4 °C for
45 minutes. Virus-negative wells were analyzed for pellet formation.

In vitro microneutralization assay

Neutralization of clade 2.3.4.4b (H5N1-PR8) virus with human IgG was
measured as previously described®. Serially diluted mAbs at a starting
concentration of 25ug/ml were incubated in 100ul with 100 times
3.82 x 10* TCIDs0/50 ul of the virus for 1h at RT followed by inoculation
of MDCK cells plated on 96-well plates (Corning). After 48 h of incu-
bation at 37 °C, an HA assay was performed to detect the presence of
the virus. The positive control was an anti-HA antibody??, while the
negative control was an anti-SARS-CoV-2 spike antibody®.

Neuraminidase inhibition (NI) assay

First, a neuraminidase assay of the clade 2.3.4.4b (H5N1-PR8) virus was
performed to determine the optimal virus concentration to be used in
the NI assay. To measure the inhibitory activity of the antibodies,
serially diluted mAbs (starting concentration 30 ug/ml) were incu-
bated in 50ul for 6 h at 37 °C with an equal volume of the selected virus
dilution in fetuin-coated plates. The percentage of enzymatic inhibi-
tion was calculated relating the number in experimental wells to the
mean number of virus only wells and wells with sample diluent only.
The half inhibitory concentration (ICso) was calculated based on dose-
response curves, using top and bottom constraints of 0 and 100%
in GraphPad Prism 10.

In vivo experiments

All experiments were performed according to protocols approved by
the Icahn School of Medicine at Mount Sinai IACUC. Six-week old
female BALB/c mice were housed for at least one week before
experiments (sourced from The Jackson Laboratory), and infections
were performed on animals anesthetized with a ketamine-xylazine
mixture. In prophylactic studies, mice were divided into four groups of
five, receiving 5mg/kg, Img/kg, 0.3mg/kg, and 0.Img/kg of anti-H5
mAbs intraperitoneally. An irrelevant antibody, an anti-SARS-CoV-2
spike mAb, was used to measure any non-specific protection. After 4 h,
mice were inoculated intranasally with 5 x 50% lethal doses (LDso) of A/

bald eagle/FL/W22-134-OP/2022 (H5N1-A/PR/8/34 reassortant) virus in
a total volume of 50ul of phosphate buffered saline (PBS). Mice were
monitored daily for body weight and mortality until day 14 post-
infection or until all animals died, with those losing 25% or more of
their initial body weight being euthanized. Mice that showed severe
clinical signs, such as a ruffled coat, hunched posture, orbital tigh-
tening, and lack of reaction to stimuli, were euthanized at 24% weight
loss since they were only weighted once every day and likely to cross
the endpoint within the next few hours. In therapeutic studies, three
experimental groups of five mice were first infected with 5 LDso of A/
bald eagle/FL/W22-134-OP/2022 (H5N1-A/PR/8/34 reassortant) virus
and mice were then treated at 2, 3, or 4 days post-infection with
5 mg/kg of anti-H5 mAbs and an irrelevant antibody, an anti-SARS-CoV-2
mAD that served as a control to measure any non-specific protection.
Mice were monitored similarly daily for body weight and mortality. To
analyze viral clearance in lungs, as for prophylactic studies, groups of
three mice received 5 mg/kg of anti-H5 mAbs intraperitoneally, followed
by intranasal inoculation with 5 LDsq of virus in 50ul of PBS. Mice were
euthanized on day 3 or 5 post-infection for lung titer analysis. Lungs
were harvested and homogenized in 0.8 ml of PBS using a BeadBlaster
24 (Benchmark) homogenizer. The homogenates were centrifuged
(15 min, 16,100 x g, 4 °C) to remove cellular debris and stored in single-
use aliquots at —80 °C. Infectious virus titers were determined by plaque
assay (see supplementary material).

Immune complexing and negative stain electron

microscopy (EM)

Monoclonal antibody-binding fragments (Fab) and H5 protein
(A/Jiangsu/NJ210/2023 or A/Red-tailed hawk/New York/NYCVH 22-8477/
2022) were complexed at a 3:1 molar ratio for 1h at RT. For nsEM grids,
3ul of immune complexes were applied to glow-discharged, carbon-
coated 400 mesh copper grids at a concentration of ~10-20ug/ml
(Electron Microscopy Services). Excess sample was blotted, and the
complexes were stained with 2% w/v uranyl formate for 60s twice.
Imaging was performed on a Talos 200 C or Tecnai Spirit T12 electron
microscope. Micrographs were collected using Leginon. For each com-
plex, 30k to 100k particles were picked and stacked using Appion and
processed to generate 2D classes and 3D reconstructions using Relion
3.0 or Relion 4.0bl. Initial reference models were based on PDB: 6E7G
and 4K62. Composite 3D reconstructions were made with UCSF
ChimeraX.

CryoEM grid preparation and imaging

Fabs of 12G1 and 20D10 were incubated with Jiangsu H5 and CR9114
Fab at a 3:1:3 molar ratio for 1h at RT prior to cryoEM grid preparation
and placed on ice. Fabs of 1A1 and 6G1 were co-incubated with Jiangsu
H5 and CR9114* at a molar ratio of 3:3:1:3. A Vitrobot Mark IV (Thermo
Fisher Scientific) was used to vitrify all samples at chamber tempera-
ture of 4 °C, 100% humidity. To decrease orientation bias, immune
complexes (-0.7-0.85 mg/ml) were mixed with n-octyl-beta-D-gluco-
side (OBG, Anatrace) to a final OBG concentration of 0.1% before
freezing. Datasets were collected on a 200 kV Glacios (Thermo Fisher)
equipped with a Falcon IV direct electron detector. Data for the 12G1
complex and the 1A1+ 6Gl co-complex were collected using EPU at
190,000x magnification, with a pixel size of 0.725 A and an exposure
dose of 45 e - /A2, The 20D10 complex was collected similarly with a
pixel size of 0.718 A. Each dataset contained approximately 2000 to
7000 movie micrographs.

Statistics & reproducibility

Bar graphs are displayed as individual values and the average is pre-
sented as the geometric mean, while the line graph data are shown as
geometric means. Errors are represented by the standard deviation
(SD) of the geometric mean. The experiments had sufficient power
(n = 5 mice per group) to detect clear differences between groups. No

Nature Communications | (2026)17:135


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66829-y

statistical method was used to predetermine the sample size. No data
were excluded from the analyses. The experiments were not rando-
mized. The investigators were not blinded to group allocation during
experiments and outcome assessment. All statistical analyses were
performed using GraphPad Prism 10.

Ethics statement

Our research adheres to all ethical regulations. Specifically, animal
experiments were conducted in accordance with protocols approved
by the Institutional Animal Care and Use Committee of the Icahn
School of Medicine at Mount Sinai (protocol #2014-0255). Additional
Methods can be found in the Supplementary Methods Section of the
Supplementary Information file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting our work are available in the paper and Supplemen-
tary Figs. 1-10. nsEM and cryoEM maps and models are deposited in
the Electron Microscopy DataBank under accession IDs EMD-48510-
48512, 48679-48690, 48692-48696: EMD-48510, EMD-48511, EMD-
48512, EMD-48679, EMD-48680, EMD-48681, EMD-48682, EMD-48683,
EMD-48684, EMD-48685, EMD-48686, EMD-48687, EMD-48688, EMD-
48689, EMD-48690, EMD-48692, EMD-48693, EMD-48694, EMD-
48695 [https://www.ebi.ac.uk/emdb/EMD-48692], and EMD-48696
and in the Protein DataBank under accession IDs 9MQl, 9MQ2, and
9IMQ3: 9MQ1, 9MQ2, and 9MQ3. Source data are provided with
this paper.
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