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Structure and function of a cross-
neutralizing influenza neuraminidase
antibody that accommodates recent N2
NA Asn245 glycosylation
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Luis Martinez-Sobrido ®2, lan A. Wilson ® #< & James J. Kobie ®*

Monoclonal antibodies (mAbs) that recognize and inhibit a diverse range of influenza viruses, although
relatively rare, have been isolated following infection or vaccination. Study of their ontology and
mechanisms of action informs universal vaccine and therapeutic development. We have previously
described a potent and broad neuraminidase (NA)-neutralizing human mAb, 1122A11, that neutralizes
a wide range of H3N2 viruses. Here, further characterization of 1122A11 reveals reactivity to cross-
group influenza A virus NAs, including group-1 N1 and N8, and group-2 N2 and N3 NAs. Recent H3N2
viruses have acquired Asn245 glycosylation on the active site rim. Crystal structures of an N2 NA from
A/Singapore/INFIMH-16-0019/2016 (H3N2) at 2.3 A (apo) and 2.2 A (Fab bound) resolution showed
that 1122A11 binding causes local changes to the periphery of NA active site to accommodate the
glycan. The CDRHS3 of 1122A11 inserts into the active site and mimics the substrate sialic acid. We
then determined that the ability of 1122A11 to protect from lethal challenge in mice is not dependent on
Fc-effector function. These results highlight the therapeutic potential of 1122A11 as a broad protective
anti-viral and reinforce pursuit of immunogen development of NA antibodies toward achieving more

universal influenza protection.

The antigenic drift and shift of influenza A viruses (IAV), and the tendency
for natural infection and current vaccines to induce predominantly strain-
specific antibodies, result in global susceptibility to new strains of seasonal
IAV, and great risk from IAV with pandemic potential for which minimal or
no immunity may exist. Generally, H3N2 IAV has undergone a higher rate
of antigenic drift than HIN1IAV and influenza B virus (IBV) strains"” and,
in recent years (2016-2022), incomplete match between vaccine and cir-
culating strains and amino acid and glycosylation site changes in the
hemagglutinin (HA) of egg-adapted strains likely contributed to the modest
5%-36% vaccine efficacy’ . However, neuraminidase (NA) undergoes less
antigenic drift compared to HA, and its enzymatic active site, which
mediates hydrolysis of sialic acid to enable viral budding and progeny

escape, is highly conserved. Thus, neuraminidase has emerged in recent
years as an attractive target for vaccine and therapeutic development’™’.

In the 2014-2015 influenza season, a novel Asn245 glycosylation of N2
NA was first detected in human H3N2 viruses and, since the 2016-2017
season, almost all circulating seasonal human H3N2 virus NAs carried such
glycosylation'*"". This Asn245 glycan is located near the NA active site and
blocks binding and inhibition of some NA active site-specific antibodies'*"*.
Although the inhibition ability was reduced, some NA active site antibodies
such as broad TAV and IBV protective 1G01-like antibodies still maintain
binding and protective efficacy”. Previously, low-resolution negative-stain
electron microscopy has shown 1G01-like antibody binding to the N2 NA
with Asn245 glycosylation, although with reduced inhibitory activity'?, but
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the detailed mechanism of how such antibodies overcome Asn245 glyco-
sylation still needs further investigation.

Antibodies can mediate anti-viral effects through various processes
including those dependent on Fc-effector functions, by which the binding of
antibody to a virus is recognized by Fc receptors expressed on innate cells
(e.g. macrophages and NK cells) or by complement proteins, and subse-
quently mediate viral clearance. Additionally, some antibodies that recog-
nize critical viral epitopes and mediate virus attachment or other critical
processes can directly neutralize the virus without a requirement for
accessory cells or proteins for their anti-viral activity. Several monoclonal
antibodies (mAbs) have been reported that have broad activity against a
wide range of influenza viruses, including those that target the stem region of
HA, which appear to be at least partially dependent on Fc-mediated effector
functions for their in vivo activity"™°, and which have driven major efforts
in developing vaccines that promote the development of HA stem-targeting
antibodies'”"*. In recent years, NA-specific mAbs that have broad antiviral
activity have also been described with variable dependence on Fc-mediated
effector functions, such as broad N2-specific NA-head underside antibodies
3C08, 3A10 and 1F04 all confer protection with Fc effector function', while
the IAV and IBV NA active site antibody FNI9 does not appear to be
dependent on Fc effector function®.

We have previously described 1122A11, an NA-specific human mAb
isolated from peripheral blood plasmablasts from a participant vaccinated
with the 2014-2015 seasonal quadrivalent vaccine based on influenza viral
strains A/California/07/2009 (H1N1), A/Texas/50/2012 (H3N2), B/Mas-
sachusetts/2/2012, and B/Brisbane/60/2008>". 1122A11 potently neutralizes
a wide range of H3N2 viruses, inhibits their NA enzymatic activity, and has
prophylactic and therapeutic activity against lethal challenge in mice’'. Here,
we further characterize 1122A11 to be a cross-group anti-NA antibody. To
determine the structural and functional basis for its anti-viral activity, the
crystal structure of 1122A11 Fab in complex with the N2 NA from A/
Singapore/INFIMH-16-0019/2016 (H3N2) (Singaporel6 N2), which con-
tains the recent Asn245 glycosylation site, revealed that 1122A11 binds to
the NA active site, mimicking in part the substrate sialic acid. Functional

a Binding

studies indicated that the antibody in vivo activity is not dependent on Fc-
effector function.

Results

mAb 1122A11 exhibits cross NA group binding and inhibition
Antibody 1122A11 was previously characterized to be an anti-NA antibody
against a wide range of N2 NAs. Here, we sought to determine the breadth of
its recognition and inhibition of NAs from IAV and IBV viruses. In an
enzyme-linked immunosorbent assay (ELISA) and NA enzymatic inhibi-
tion assay using substrate 2’-(4-Methylumbelliferyl)-a-D-N-acetylneur-
aminic acid (MUNANA), 1122A11 demonstrated binding to recombinant
IAV group-1 N1 and N8, and group-2 N2 and N3 NAs (Fig. 1 and Sup-
plementary Fig. 1). Unlike the well described NA active site mAbs that
broadly neutralize IAV and IBV NA subtypes, such as 1G01 and 1E01” as
well as FNI9”’, 1122A11 had minimal or no detectable binding to tested IAV
N4, N5, N6, N7 and IBV NAs (Fig. 1a). The breadth of 1122A11 to inhibit
NA enzymatic activity using the small substrate MUNANA (Fig. 1b) largely
mirrored its binding profile with corresponding NAs tested.

Overall structure of 1122A11 Fab in complex with
Singapore16 N2 NA
To elucidate how 1122A11 broadly protects against influenza virus infec-
tion, we determined crystal structures of 1122A11 Fab in complex with
Singaporel6 N2 NA ectodomain (residues 82-469) at 2.2 A resolution
(Fig. 2, Table 1) and apo Singaporel6 N2 NA at 2.3 A resolution (Fig. 3,
Table 1). Singapore16 H3N2 virus was the vaccine strain for the 2018-2019
influenza season in which the N2 NA introduced an N-linked glycosylation
site at residue Asn245 contributing to antigenic drift'’ and blocking or
reducing inhibition by antibodies"""*.

Antibody 1122A11 binds Singaporel6 N2 NA tetramer with one Fab
per NA protomer via both heavy and light chains (Fig. 2a, b), burying 660 A
of NA surface where 71% arises from the heavy chain and 29% from the light
chain. Twenty-three residues in N2 NA active site (Fig. 2¢) interact with all
heavy chain complementarity determining regions (CDRs) H1, H2, H3 and

N1 A/Brevig Mission/1/1918 11.3 22.6 16.1

N2 A/Japan/305/1957

N2 A/Hong Kong/1/1968

N2 A/Singapore/INFIMH-16-0019/2016
N2 A/HongKong/2286/2017

N3 A/swine/Missouri/2124514/2006

N4 A/mink/Sweden/E12665/84 14.6

N5 A/duck/Alberta/60/76 9.7
N6 A/Hubei/29578/2016

N7 A/Netherlands/219/2003

N8 A/gyrfalcon/41088-6/2014

N9 A/Hunan/02650/2016

NA B/Colorado/06/2017 (Victoria)
NA B/Phuket/3073/2013 (Yamagata)

HIV p24

Fig. 1 | Breadth of mAb 1122A11 binding and inhibitory activity. a Heat map of
1122A11 binding (presented as area under the curve (AUC) with red representing
highest binding and green lowest binding across all data) to recombinant NA pro-
teins in the presence of calcium and magnesium in ELISA with positive control pan-
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NA antibodies 1G01, 1E01 and FNI9, as well as a negative isotype IgG1 control
antibody. b Heat map of antibody inhibition (with red representing lowest ICs,
concentration and green the highest ICs) to the same recombinant NA proteins in
MUNANA assay with positive control antibody 1G01.
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Fig. 2 | Crystal structure of 1122A11 Fab in complex with Singapore16 N2 NA at
2.2 A resolution. a The NA tetramer with one Fab bound to each NA protomer.
b An NA protomer bound to one Fab. ¢ The antibody epitope residues on the NA.
d The antibody paratope residues superimposed on the NA surface in a similar view
to panel (c). For all panels, one NA-Fab protomer is colored with NA in light gray,
and Fab light chain in yellow, Fab heavy chain in orange, and the NA and Fab in

b Singapore16 N2 NA

1122A11
Light chain

|

other NA protomers are in dark and light gray, respectively. N-linked glycans in (b)
are represented in sticks with yellow carbon atoms. A bound calcium ion in (b) is
shown as a green sphere. The epitope residues labeled in pink in (c) are conserved
residues in influenza A N1-N9 and influenza B NA subtypes. The molecular surface
depicting the epitope in (d) is colored in green.

light chain CDRs L1, L2 and L3, as well as light chain framework region 3
(LFR3) (Fig. 2d). However, CDR H3 dominates the Fab-NA interac-
tions (Fig. 2d).

Singapore16 NA epitope residues for NA specificity of 1122A11

Antibody 1122A11 blocks the N2 NA active site (Fig. 2), which is consistent
with its inhibition of NA enzymatic activity in both ELLA and NA-Star
experiments reported previously’' as well as in the NA MUNANA-based
assays in this study (Fig. 1b). Around half of the Singaporel6 N2 NA
residues within the 1122A11 epitope are highly conserved among all IAV
N1-N9 and IBV NA subtypes (Fig. 2¢, Supplementary Table 1), including
seven of eight charged and polar catalytic residues in the active site, Arg118,
Aspl51, Argl52, Arg292, Asn294, Arg371 and Tyr406 (except Glu276,
which is not an epitope residue), as well as four conserved framework
residues for stabilizing the active site, Trp178, Ser179, le222 and Glu227*>*.

Moreover, framework residue Asp198 is also conserved in the IAV N1, N2,
N3, N4, N5 and N8 as well as IBV NAs that we tested (Fig. 2¢, Supple-
mentary Table 1).

The 1122A11 20-residue CDR H3 mainly interacts with conserved
residues in the active site, whereas CDRs L1, L2, L3, H1 and H2, as well as
framework LFR3, largely contact non-active site residues (Fig. 2d and
Supplementary Fig. 2). Among hydrogen bonds and salt bridges between
Fab and NA, CDR H3 contributes most interactions with salt bridges
between antibody and NA residues, including H3 Glu100a with NA Arg150,
H3 Asp100e with NA Argl18, Arg292 and Arg371, and H3 Argl00f with
NA Glu227 and Asp151. CDR H3 Asn100, Argl00f, Alal00g main-chain,
and Tyr100h make also H-bonds with NA Asp151, Trp178 main-chain,
Argl52, and Asp221, respectively (Supplementary Fig. 2). Among other key
antibody-NA interactions, CDR L1 Gly29 and Lys31 as well as CDR L2
Asp51 make main-chain H-bonds and a salt bridge with NA Lys199, L1
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Table 1 | X-ray data collection and refinement statistics

Singapore16 N2 Singapore16 N2 NA
NA +1122A11 Fab

Data collection

Space group P4 1422

Cell dimensions

a, b, c (A 115.9,115.9,76.8 137.3,137.3,155.5

a, B,y () 90, 90, 90 90, 90, 90
Resolution (A) 38.63-2.20 (2.25-2.20) 48.55-2.30

(2.34-2.30)

Rsym 0.13(>1.0) 0.26 (>1.0)
1/0ol 18.1(1.1) 12.6 (0.7)
Completeness (%) 99.6 (98.3) 95.4 (76.7)
Redundancy 12.0 (6.2) 17.6 (6.1)
Refinement

Resolution (A) 38.63-2.20 48.55-2.30

No. reflections 51,678 31,802

Ruwork/ Rires 0.169/0.204 0.175/0.214
No. atoms

Protein 6240 2996

Ligand/ion 1 1

Water 365 163
B-factors (A9

Protein 50 47

Ligand/ion 38 78

Water 47 52
R.m.s. deviations

Bond lengths () ~ 0.003 0.005

Bond angles (°) 0.59 0.83

One crystal was used for each structure. Values in parentheses are for the highest-resolution shell
Ligand/ion is a calcium.

N234

Fig. 3 | Crystal structure of apo form Singapore16 N2 NA at 2.3 A resolution.
a The NA tetramer with one protomer in cyan with N-linked glycans represented in
sticks with yellow carbon atoms. b Structural comparison of the apo form

Tyr32 forms a H-bond with NA Asp221, and H2 Thr57 form main-chain
H-bonds with NA Lys431 (Supplementary Fig. 2).

1122A11 renders NA Asn245 glycosylation site disordered when
it binds Singapore16 N2 NA

To compare with Singaporel6 N2 NA in its complex with 1122A11 Fab, we
determined crystal structures of the head domain of the apo (unliganded)
N2 NA at 2.2 A resolution (Fig. 3). The expected N-linked glycans of apo
Singaporel6 N2 NA all had interpretable electron density including Asn245
as well as Asn146, Asn200, Asn234, Asn239 and Asn367 (Fig. 3a). However,
upon 1122A11 binding, the N-linked glycan at Asn245 could not be
modeled at atomic resolution, although weak electron density for the glycan
was present, whereas other potential N-glycans had interpretable electron
density and could be modeled (Fig. 2b). Furthermore, the N2 NA in the Fab-
NA complex structure was highly ordered except for loop residues 246-250
(Ala-Thr-Gly-Lys-Ala) following Asn245 that were disordered (Fig. 3b).

Substrate mimicry by 1122A11

In 1122A11, CDR H3 appears to have the most important role in NA
binding by inserting into the active site pocket (Fig. 2 and Supplementary
Fig. 2). Among CDR H3 paratope residues, the adjacent Asp100e and
Argl00f residues interact with positively and negatively charged NA
catalytic residues (Fig. 4a). The Asp100e carboxylate closely aligns with
the carboxylate of the substrate sialic acid, and engages a conserved
critical trio of NA arginine residues, Argl18, Arg292 and Arg371, using a
similar salt-bridge network (Fig. 4a, b). On the other hand, Argl00f
forms salt-bridges with conserved NA Asp151 and Glu227, and H-bonds
with the main-chain carbonyl of conserved Trpl78 (Fig. 4a). NA sub-
strate mimicry of antibody CDR H3 loops has been reported for other
human NA active site mAbs. Cross-reactive anti-N1 and N9 NA active
sitt mAb Z2B3** uses two similar adjacent H3 residues, Asp100c and
Arg100d. IBV NA active site mAb 1G05” has H3 Asp100a and Arg100b
that interact with the same conserved NA active-site residues using
similar salt-bridge and H-bond networks as 1122A11 (Fig. 4c, d).
Interestingly, pan-NA broad neutralizing mAb FNI9” also harnesses two
CDR H3 aspartic and arginine residues, Argl00b and Asp100c, but in
opposite directions on H3 (Fig. 4e), to form similar salt-bridge and

(unliganded) of Singaporel6 N2 NA (in cyan and yellow-carbon sidechains and
glycans) with its antibody-bound form (in grey) around the Asn245 glycosyla-
tion site.
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a 1122A11 with N2 NA
D151 R118

b Sialic acid with N2 NA
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e FNI9 with N2 NA f NA-45 with N9 NA
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Fig. 4| Comparison of NA active-site interactions with 1122A11 and other mAbs
that demonstrate mimicry with the NA substrate. a 1122A11 H3 D100e and R100f
with Singaporel6 N2 NA. b Sialic acid with N2 NA from A/Tanzania/205/2010
(H3N2) (PDB code 4GZQ). ¢ Z2B3 H3 D100c and R100d with N1 NA from A/

Anhui/1/2013 (H7N9) (PDB code 6LX]). d 1G05 H3 D100a and R100b with

influenza B NA from B/Phuket/3073/2013 (PDB code 6V4N). e FNI9 H3 R100b and

D100c with N2 NA from A/Tanzania/205/2010 (H3N2) (PDB code 8G3N). f NA-45
H3 E100a and L100b with N9 NA from A/Shanghai/2/2013 (H7N9) (PDB code
6PZE). For comparison, mAbs are numbered in the Kabat scheme, and NAs are
numbered in N2 NA numbering. Accordingly, mAb Z2B3 and the N1 NA in PDB
6LX]J (c), influenza B NA in PDB 6V4N (d), and mAb FNI9 in PDB 8G3N (e) are
renumbered.
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H-bond networks observed in 1122A11, Z2B3 and 1GO05 (Fig. 4a, c, d).
Anti-N9 active site mAb NA-45 was the first reported anti-NA antibody
structure to show substrate mimicry™. Instead of using an aspartic
residue, NA-45 H3 Glul00a forms a similar salt-bridge network with
the same tri-arginine residues in the N9 NA active site, while H3 resi-
duelO0b is a leucine instead of arginine and does not make the same
interactions (Fig. 4f). All of these NA mAbs with substrate mimicry
have relatively long CDR H3 loops (defined by the third residue
following Cys92 to the residue preceding Trp103 in Kabat numbering)
for 1122A11 (20 residues), Z2B3 (23 residues), 1G05 (17 residues), FNI9
(19 residues) and NA-45 (17 residues) that enable insertion deep into the
active site.

1122A11-LALAPG mutant has comparable binding to N2 with
1122A11

After determining that 1122A11 does indeed directly bind to the NA active
site, we sought to investigate if it can directly mediate in vitro and in vivo
anti-viral activities without reliance on Fc-effector functions. Subsequently,
the ability of 1122A11 IgG1 to bind to FcyRs was minimized by incorpor-
ating the well-described L234A and L235A substitutions (LALA) to residues
in the Cyy2 domain, which form part of the FcyR binding site, and the P329A
substitution (PG) in the Clq binding site to minimize binding to C1q**".
The resulting 1122A11-LALAPG, as expected, had minimal binding to
FcyRI as compared to 1122A11 (Fig. 5a). 1122A11-LALAPG retained its
ability to bind to N2 NA from A/Hong Kong/2286/2017 (H3N2), with no
significant differences compared to 1122A11 or 1G01’, another NA-specific
mADb (Fig. 5b).

1122A11-LALAPG retains ability to inhibit NA enzymatic activity
and neutralize H3N2 virus

The primary function of influenza NA is to cleave sialic acid residues from
the cell surface, enabling release of progeny virus, which can then infect new
cells. Consistent with our previous findings that 1122A11 can potently
inhibit NA enzymatic activity’', 1122A11-LALAPG inhibited NA activity
in the ELLA assay (Fig. 5¢).1122A11 and 1122A11-LALAPG both potently
inhibited the activity of recombinant NA, with comparable ICs, of 0.0184
and 0.0141 pg/mL, respectively. The inhibition of NA enzymatic activity
was further confirmed in the small substrate MUNANA assay, with
1122A11 and 1122A11-LALAPG having comparable ICs, of 0.003 and
0.008 ug/mL, respectively for N2 NA, respectively (Fig. 5d). These results
indicate that 1122A11 inhibition of NA enzymatic activity is not Fc-
dependent. The effectiveness of the LALAPG mutations to reduce Fc-
effector function was then tested in an antibody dependent cellular pha-
gocytosis assay. As expected, the ADCP activity of 1122A11 LALAPG was
greatly reduced compared to 1122A11 (Fig. 5e). The ability of 1122A11-
LALAPG to inhibit viral infection was then measured using a micro-
neutralization assay. Both 1122A11 and 1122A11-LALAPG were able to
neutralize A/Uruguay/716/07 (H3N2) (Supplementary Table 2), with
comparable NTs, of 1.56 and 0.78 ug/mL respectively, which were slightly
lower (more potent) than the control 1G01 and DA03E17* NA active site
mAbs. These results indicate that in vitro neutralization of H3N2 virus by
1122A11 is not affected by these mutations in the Fc fragment. To further
determine if the Fc effector function is necessary for in vitro neutralization,
F(ab’), of 1122A11 was compared to intact 1122A11 and the LALAPG
mutant. Comparable NTs, values were determined for all three (Supple-
mentary Table 3) indicating that Fc effector function is not required for
in vitro viral neutralization.

1122A11-LALAPG protects from lethal H3N2 infection

Determining that 1122A11 directly binds the active site of N2, potently
inhibits its enzymatic activity, and neutralizes H3N2 viruses in vitro’', we
sought to determine if its in vivo efficacy was dependent on Fc-effector
function. Mice received a single intraperitoneal injection of 1122A11 or
1122A11-LALAPG prior to challenge with a lethal dose of H3N2 X31 virus.
All H3N2 X31-infected control mice (isotype control and mock-treated

groups) required euthanasia by 5 days post-infection (p.i.), while all
1122A11- and 1122A11-LALAPG-treated mice survived infection (Fig. 6a).
All H3N2 X31-infected mice that were treated with isotype control human
mADb or mock-treated had progressive weight loss that reached the 75%
endpoint threshold by 5 days p.i. (Fig. 6b). Only minimal to modest weight
loss occurred in mice treated with 1122A11 or 1122A11-LALAPG, with no
significant differences between 1122A11 or 1122A11-LALAPG (p =0.14 at
20 mg/kg dose and p=0.55 at 2 mg/kg dose), although a trend toward
greater weight loss with 1122A11-LALAPG was observed compared to
1122A11 at similar doses (Fig. 6b, ¢). All doses of 1122Al11 and
1122A11-LALAPG resulted in significant reduction in lung virus titers at 2
and 4 dpi, with no significant difference between equal doses of 1122A11
and 1122A11-LALAPG (Fig. 6d). Together, these results indicate that
1122A11 and 1122A11-LALAPG provide similar protection from lethal
H3N2 infection, suggesting 1122A11 can mediate effective protection
against H3N2 without dependence on Fc-effector functions.

Discussion

There is a pressing need for new influenza vaccines that can effectively
withstand the ongoing mutations in circulating human viruses and confer
universal protection. The promising outcomes observed in pre-clinical and
clinical studies involving NA-directed antibodies and antivirals underscore
the therapeutic promise associated with targeting NA. Here we determined
that mAb 1122A11 isolated from a seasonal influenza vaccine participant is
reactive to IAV group-1 N1 and N8 as well as group-2 N2 and N3 NAs, due
to its binding to the highly conserved NA active site. However, although NA
active-site pocket residues are conserved across subtypes, the active site rim
residues are more diversified (Supplementary Table 1), and in particular,
residues surrounding the 1122A11 epitope, 344-346 and 431-432, exhibit
insertions and deletions among different NA subtypes. The variability
consequently restricts 1122A11 binding to other tested N4, N5, N6, N7, N9
and influenza B NAs. The active site rim residue variability also explains why
neutralizing antibodies targeting the active site show varying breadth against
different NA subtypes: they interact with distinct epitopes associated with
these active site rim residues (Supplementary Fig. 3, Supplementary
Table 1). For instance, 1122A11 targets a range of IAV NAs, whereas mAbs
such as 1G017, 1E01” and FNI9® are reactive across IAV and IBV NA
subtypes. Further studies, including mutagenesis analyses, are required to
precisely identify the NA residues responsible for 1122A11’s limited
breadth.

NA sialic acid substrate mimicry appears to be important for anti-NA
antibody breadth and potency, as the key interacting NA active-site residues
are evolutionarily conserved for NA enzymatic activity. Several anti-NA
active site antibodies such as 1122A11, Z2B3, 1G05, FNI9 and NA-45 use
substrate mimicry by forming salt-bridges with three conserved arginine
residues, Argl18, Arg292 and Arg371 through Asp or Glu residues in CDR
H3 to mimic the sialic acid carboxyl group.

For NAs of circulating influenza H3N2 viruses, in years following the
2014-2015 season, almost all N2 NAs in humans carry an N-glycosylation
site at Asn245, which is confirmed in our crystal structure of apo Singa-
porel6 N2 NA. The Asn245 glycosylation of N2 NA has been shown to
block binding of a number of antibodies that target the NA active site'*'".
Nevertheless, although 1122A11 was discovered from a vaccinee immu-
nized with the 2014-2015 seasonal quadrivalent vaccine, which included
viral strain A/Texas/50/2012 (H3N2) that did not possess N2 NA site 245 N-
glycosylation, it is still reactive to N2 NAs with Asn245 N-glycosylation,
including Singaporel6 N2 NA akin to 1G01 and 1G01-like antibodies'. It
was previously determined that 1GO01 still binds to N2 NA active site by low-
resolution negative stain electron microscopy but with lower inhibitory
activity'”. Here, from the high-resolution crystal structure of 1122A11 with
Singapore N2 NA, we determined that 1122A11 can bind to the NA in the
presence of Asn245 glycosylation by promoting disorder of the glycan
moiety of glycosylated Asn245 and following NA loop residues 246-250
compared to apo Singapore N2 NA, thereby avoiding a steric clash. The
binding energy needed for such conformational changes could affect the
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Fig. 5 | Functional profile of 1122A11-LALAPG. a 1122A11 and 1122A11-
LALAPG were tested in triplicate at 1 pg/mL for binding to increasing concentra-
tions of FcyRI by ELISA. b Increasing concentrations of 1122A11 and 1122A11-
LALAPG were tested in triplicate for binding to the recombinant NA protein of A/
Hong Kong/2286/2017 by ELISA. Inhibition of recombinant NA (A/Hong Kong/
2286/2017) activity was compared between 1122A11 and 1122A11-LALAPG. The
recombinant NA was added with serial dilutions of the mAbs, in duplicate, in ELLA

(c) and MUNANA (d) assays. Individual technical replicates are presented. e Ab-
dependent cellular phagocytosis (ADCP) assay. NA-coated and BSA-coated beads
were incubated with hMAb and then added to THP-1 cells. After incubation, cells
were assayed for fluorescent bead uptake by flow cytometry. The ADCP score of each
hMAD was calculated by multiplying the percentage of bead-positive cells (frequency
of phagocytosis) by the mean fluorescence intensity (MFI) of the beads (degree of
phagocytosis) and dividing by 10°.
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Fig. 6 | In vivo prophylactic activity of 1122A11-LALAPG. C57BL/6 mice (7-week
old) were injected with either 20 or 2 mg/kg of indicated mAbs or PBS (mock-
treated), intraperitoneally, 24 h before infection. Mice were then challenged with
10X MLDs, (3x10* PFU) of X31 and monitored daily for 10 days p.i. for survival (a)
and body weight loss displayed in summary (mean + SD) (b) or individual (¢) (N =5,
group). To evaluate viral replication in the lungs (d), mice were sacrificed at 2 (N = 4,
group) and 4 (N =4, group) days p.i., and whole lungs were used to quantify viral

titers by standard plaque assay (PFU/mL). Each symbol represents an individual
mouse. p values of one-way ANOVA and Tukey’s test are shown with a 95% con-
fidence interval. Dotted line indicates the limit of detection (LOD) of the assay
(20 PFU/mL). The “&” symbol indicates that the virus was not detected in three mice

per group. The “a” symbol indicates that the virus was not detected in one mouse
per group.

affinity and neutralization of 1122A11 against recent NAs with Asn245
glycosylation. In the previous cryo-electron microscopy (cryo-EM) struc-
ture of FNI9 Fab in complex with the N2 NA from A/Hong Kong/2671/
2019 (H3N2) with Asn245 glycosylation, the N2 loop 242-252 and Asn245

glycan appeared to be ordered but with dramatic conformational changes to
avoid a steric clash between antibody and NA%, which is also the case in a
recent cryo-EM structure of antibody DAO3E17 in complex with N2 NA
from A/Kansas/14/2017 (H3N2)™.
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The primary focus of the functional analyses of 1122A11 here was to
evaluate the dependence of engaging FcyRs for virus neutralization and
protection, providing more mechanistic insight beyond the initial char-
acterization of 1122A11, which demonstrated potent prophylactic and
therapeutic activity”". One potential shortcoming of this study was the use of
mice to show in vivo protection following administration of the human
mAb 1122A11 and 1122A11 LALAPG prophylactically and then sub-
sequent viral challenge. The pattern of expression of Fc-receptors on mouse
cells and tissues does not necessarily mimic human expression” and
therefore, responses may be different than those if a murine antibody was
used. To overcome this shortcoming, perhaps using a mouse model that
expresses human FcyRs” would be more appropriate, although mouse
FcyRs and FcRn efficiently bind human IgG subclasses similar to murine
IgG subclasses®. Furthermore, the LALAPG mutation has been shown to
greatly reduce mouse FcyRs engagement for murine antibodies™, as well as
human IgG*, which would suggest that loss of Fc-FcR engagement is still
valid in the mouse model used. The in vivo results showed that the LALAPG
mutations in the Fc of 1122A11 did not result in differences in survival after
viral challenge when prophylactically administered at 20 or 2 mg/kg. Future
study of the impact LALAPG mutations and FcyR engagement requirement
for the therapeutic activity of 1122A11 is warranted.

In the pursuit of creating a universal influenza vaccine, attention has
been directed toward a few highly conserved epitopes on the virus. Notably,
the HA stem region and the enzymatic active site of NA have been identified
as promising targets. Presently, the efficacy of HA stem antibodies pre-
dominantly hinges on Fc-effector functions for in vivo activity’*”. However,
for NA active site antibodies, such as 1122A11 and FNI9”, binding to the
NA active site enables direct anti-viral activity without the requirement for
Fc-effector functions to protect from lethal viral challenge. As a rare cross
NA group protective mAb that was isolated from a licensed seasonal
influenza vaccine, which is not optimized for the amount and quality of the
NA, rather than from direct influenza virus infection, the structural and
functional information from 1122A11 with N2 and other NAs provide
insights for pan-NA antibody and vaccine design.

Materials and methods

mAb production

A new antibody vector was created by cutting out the IgG1 constant region
of AbVec hIgGl1 (GenBank: FJ475055.1) using Sall and HindIII restriction
enzymes (Thermo Fisher Scientific, FD0644 and FD0504) and replacing it
with a newly synthesized oligonucleotide (Integrated DNA Technologies,
Coralville, Towa, USA) containing the L234A, L235A, and P329G
(LALAPG) mutations (sequence can be found in supplementary data file).
Replacement was confirmed via sequencing. The previously cloned mAb
1122A11%" underwent restriction digest with BshTI (Thermo Fisher Sci-
entific, FD1464), and Sall enzymes, was electrophoresed on 1% agarose gel
and the band corresponding to the variable heavy was extracted (E.Z.N.A.
Gel Extraction Kit, Omega Bio-Tek, Norcross, GA) and ligated into the new
LALAPG vector. The resulting product was transformed into chemically
competent DH5a E. coli cells (Zymo Research Corporation, T3009).
Resulting colonies were again sequenced to ensure the correct insertion.
Purified plasmid DNA of either the parental heavy or the LALAPG heavy
chain and parental light chains (5 ug of each per plate) were transfected into
60-80% confluent HEK293T cells (ATCC; CRL-3216) in 10 cm cell culture-
treated dishes (Thermo Scientific, 130182, Pittsburgh, PA, USA) using 25 pl
JetPrime (Polyplus, Graffenstaden, France)'. Transfected cells were main-
tained for 8 days at 37 °Cin a 5% CO, atmosphere while culturing in DMEM
with 5% Fetal Clone II (Cytiva, Logan, UT, USA) and 1x antibiotic/anti-
mycotic (Corning/Mediatech, Manassas, VA, USA). Media were harvested
and replaced every two to three days. Harvested media were concentrated
using 100,000 MWCO Amicon Ultra centrifugal filters (Millipore-Sigma,
Burlington, MA, USA) and then purified using Protein A magnetic beads
(Promega, Madison, WI, USA) as described in the product literature. 1G01
and DAO3E17 were synthesized based on previously reported Vi and V7,
sequences (Genbank accession numbers: MN013068.1, MN013072.1,

OP311730, OP311732). The F(ab’), of 1122A11 was generated by pepsin
digestion of the intact antibody using the Pierce F(ab’), preparation kit as
described in the product literature. Digestion was confirmed by mixing
2.5ug of buffer-exchanged digest with Laemmli buffer without (-
mercaptoethanol (non-reducing conditions) and electrophoresis on a 10%
TGX mini-Protein gel (Bio-Rad Laboratories; 4561033) followed by staining
with GelCode Blue Safe Protein Stain (Thermo Fisher Scientific). The
stained gel can be found in Supplementary Fig. 4.

Expression of Singapore16 N2 NA and 1122A11 Fab for crystal
structure determination

The head domain of the N2 NA (residue 82-469) from A/Singapore/
INFIMH-16-0019/2016 (H3N2) (Singaporel6é N2, GISAID accession
number EPI810155) was expressed in a baculovirus system, and purified as
previously described””. Briefly, Singaporel6 N2 NA head domain was
cloned into a baculovirus transfer vector pFastbacHT-A (Invitrogen) with
an N-terminal gp67 signal peptide, Hiss-tag, a VASP tetramerization
domain®, and thrombin cleavage site prior to the NA, and expressed in sf9
cells (Thermo Fisher Scientific). The secretion-expressed NA was purified
from culture supernatant by metal affinity chromatography using Ni-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen). For crystal structure deter-
mination, the Hise-tag and VASP tetramerization domain were cleaved
from the N2 NA head domain by thrombin and the NA purified further by
size exclusion chromatography using a Superdex 200 column (GE
Healthcare) in 20 mM Tris, pH 8.0, 150 mM NaCl and 0.02% NaN3.

The V1, and Vy regions of antibody 1122A11 Fab were cloned into the
vector phCMV containing human lambda Cj, region and human Cyl
region appended to Hiss-tag, respectively”’. The Fab was expressed by
transiently co-transfection of the heavy and light chain vectors into Expi-
CHO cells (Thermo Fisher Scientific) at 37°C with 8% CO,. The secretion-
expressed Fab was purified from culture supernatant by metal affinity
chromatography using Ni-NTA resin (Qiagen) and further purified by size
exclusion chromatography using a Superdex 200 column (GE Healthcare)
in 20 mM Tris, pH 8.0, 150 mM NaCl, and 0.02% NaN3.

Crystal structure determination
The complex of 1122A11 Fab and Singaporel6 N2 NA at 6.0 mg/mL was
crystallized in 0.2 M tri-potassium citrate and 20% (w/v) polyethylene glycol
3350, and apo Singaporel6 N2 NA at 9.9 mg/mL was crystallized in 0.1 M
citric acid, pH 4.0, 2.4 M ammonijum sulfate at 20 °C by the sitting drop
vapor diffusion method using automated robotic crystal screening on our
CrystalMation system (Rigaku). The crystals were flash-cooled at 100 K in
mother liquid and 15% ethylene glycol was added as cryoprotectant.
Diffraction data were collected at Stanford Synchrotron Radia-
tion Lightsource (SSRL) beamlines 12-2 and 12-1 at a wavelength of
0.97946 A and temperature of 100 K (Table 1). Data were integrated
and scaled with HKL3000*. Data collection statistics are summarized
in Table 1. The crystal structure of 1122A11 Fab with Singaporel6
N2 NA was determined by molecular replacement (MR) using the
program Phaser’ using crystal structures of Fab light and heavy
chains (PDB codes 6B0S and 7K8Q) and the N2 NA from A/Tan-
zania/205/2010 (H3N2) (PDB code 4GZO) as input MR models. The
refined Singaporel6 N2 NA structure in complex with 1122A11 Fab
was used as the input MR model for structure determination of apo
Singaporel6 N2 NA. Initial rigid body refinement was performed in
REFMAC5" and further restrained refinement including TLS
refinement was carried out in Phenix’. Model building between
rounds of refinement was carried out with Coot*. Final statistics are
summarized in Table 1. The Asn245 glycosylation of apo Singa-
porel6 N2 NA was built based on its well-defined electron density,
but in its complex with 1122A11 Fab, there was only weak density for
Asn245 glycosylation and not strong enough to be built at an atomic
level. The quality of the structure was analyzed using JCSG validation
suite (qc-check.usc.edu/QC/qc_check.pl). The Ramachandran values
analyzed by MolProbity* indicated 97.4% and 96.1% residues were in
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the favored regions and 0.3% and no residues in the outlier regions
for Singaporel6 N2 NA with 1122A11 Fab and apo Singaporel6 N2
NA, respectively. All structural figures were generated with PyMol
(www.pymol.org).

Expression of NA proteins for ELISA and MUNANA NA
inhibition assay

For ELISA and MUNANA NA inhibition assays, the following NA proteins
were expressed in a baculovirus system and purified as previously described":
The head domains of the N1 NA (residue 82-469) from A/Brevig Mission/1/
1918 (HIN1) (GenBank accession number AF250356) and the N2 NA from
A/Japan/305/1957 (H2N2) (GenBank accession number CY044327); the
head domains plus stalk regions of the N2 NA from A/Hong Kong/1/1968
(H3N2) (GenBank accession number CY044263), N2 NA from A/Singapore/
INFIMH-16-0019/2016 (H3N2) (GISAID accession number EPI810155), N3
NA from A/swine/Missouri/2124514/2006 (H2N3) (GenBank accession
number EU258937), N4 NA from A/mink/Sweden/E12665/84 (H10N4)
(GenBank accession number AY207530), N5 NA from A/duck/Alberta/60/
1976 (H12N5) (GenBank accession number CY130080), N6 NA from A/
Hubei/29578/2016 (H5N6) (GenBank accession number CY044327), N7 NA
from A/Netherlands/219/2003 (H7N7) (GenBank accession number
AY340079), N8 NA from A/gyrfalcon/41088-6/2014 (H5N8) (GenBank
accession number KP307986), N9 NA from A/Hunan/02650/2016 (H7N9)
(GISAID accession number EPI961189), Victoria lineage influenza B NA
from B/Colorado/06/2017 (GISAID accession number EPI969379), and
Yamagata lineage influenza B NA from B/Phuket/3073/2013 (GISAID
accession number EPI529344). Briefly, the NA constructs were cloned into a
baculovirus transfer vector pFastbacHT-A (Invitrogen) with an N-terminal
gp67 signal peptide, Hisg-tag, a VASP tetramerization domain®, and
thrombin cleavage site prior to the NA, and expressed in sf9 cells. The
secretion-expressed NAs were purified from culture supernatant by metal
affinity chromatography using Ni-nitrilotriacetic acid (Ni-NTA) resin (Qia-
gen) and buffered in 20 mM Tris, pH 8.0, 150 mM NaCl and 0.02% NaN.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was modified from that previously reported” as the coating buffer
and dilution buffer were either PBS or DPBS with calcium and magnesium
(Corning Mediatech). ELISA plates (Nunc MaxiSorp; Thermo Fisher Sci-
entific, Rochester, NY, USA) were coated with recombinant NA at 2 ug/mL
in coating buffer and incubated overnight at 4°C. The following day, plates
were washed three times with PBS and 100 pl of dilution buffer containing
3% bovine serum albumen (weight/volume) was added to the plates and
incubated for one hour for blocking at room temperature. Wells were
washed three times with PBS and mAbs were diluted in PBS or DPBS before
adding to wells and incubated for one hour with shaking at room tem-
perature. Plates were washed five times with PBS plus 0.05% Tween-20, a
1:2000 dilution of HRP-conjugated anti-human IgG (Jackson ImmunoR-
esearch, West Grove, PA, USA; 109-035-008) was added to each well and
incubated for one hour at room temperature with shaking before washing
three times with PBS plus 0.05% Tween-20. KPL SureBlue Microwell TMB
substrate (Sera Care, Milford, MA) was added, allowed to incubate for
10 minutes, stopped with 1 N HCI and absorbance was read at 450 nm.

FcyRlI binding

1122A11 and 1122A11-LALAPG were both coated onto ELISA plates
(Nunc MaxiSorp; Thermo Fisher Scientific, Rochester, NY, USA) at 1 ug/
mL. Plates were sealed and stored at 4°C overnight before being washed 3x
in PBS. Biotinylated Human Fc gamma RI/CD64 (Acro Biosystems,
Newark, DE, USA) was diluted to 1, 0.1, and 0 pg/mL, and 50 pL was added
to wells in triplicate for each antibody concentration. After 1 h of shaking at
room temperature, plates were washed 5x in PBS with 0.05% Tween 20, and
50 uL of 2 pug/mL Streptavidin-horseradish peroxidase (Jackson Immu-
noResearch, West Grove, PA, USA) was added and incubated for 1 h, with
shaking at room temperature. Plates were again washed 5x in PBS with
0.05% Tween 20, and 50 pL of TMB substrate (SureBlue; KPL, SeraCare,

Milford, MA) was added to wells and the plates incubated for 5 min at room
temperature. To stop the reaction, 50 uL of 1 N HCl was added to the wells
and absorbance was read at 450 nm.

Enzyme linked lectin assay (ELLA)

ELLA was performed essentially as previously described by Bernard et al.**.
In short, 96-well flat bottom immune plates (Nunc, ThermoFisher) were
coated with 50 pg/mL Fetuin in PBS, sealed, and refrigerated overnight at
4°C. The next day, plates were washed three times with PBS-Tween
(0.05%). Assay optimization was performed using rNA of A/Hong Kong/
2286/2017 (BEI Resources, NR-52032) by conducting 1:2 serial dilutions in
DPBS (with calcium and magnesium) with 1% BSA to cover the range of
0.003906 to 8 pg/mL. Plates were sealed and incubated for 18 h at 37°C
before being washed 6 times with PBS-Tween. A total of 50 uL of
peroxidase-conjugated lectin of Arachis hypogaea (peanut) was added to
plates (2 ug/mL) and incubated for 2 h in the dark. Plates were washed three
times, and 50 pL of TMB substrate (SureBlue; KPL, SeraCare) was added to
wells and plates were incubated for 20 min at room temperature. To stop the
reaction, 50 uL of 1 N HCI was added to the wells and absorbance was read
at 450 nm. A concentration of rNA was selected that was approximately
90% of the peak of the linear range of the resulting curve (~0.03 pg/mL) for
inhibition assays. 1122A11 parental and LALAPG variant mAbs were
diluted 1:2 on a washed fetuin-coated plate to cover a range from 0.006 to
12 pg/mL. The rNA was then added at the predetermined concentration to
all but the “background” wells. Plates were sealed and incubated for
approximately 20 h at 37 °C before being washed and developed as descri-
bed above. Optical densities were corrected using the mean of the “back-
ground” wells, and then percent inhibition was calculated from the mean of
wells incubated with the rNA alone. The IC5, was determined using non-
linear regression in GraphPad Prism (Version 9.5.1).

MUNANA NA inhibition assay

Neuraminidase inhibition assays were based on the procedure of Leang and
Hurt* except that recombinant NAs were used instead of influenza virus.
Further modifications were made because we found that NA activity is not
only influenced by the presence of calcium but also the presence of protein.
Consequently, 3% (wt./volume) bovine serum albumin was added to the 1x
assay buffer (33.3 mM 2-(N-morpholino) ethanesulfonic acid (MES) and
4 mM CaCl,, pH 6.5) so that inhibition by mAbs could be assessed without
further activation of the enzyme. To determine optimal activity of each NA,
each recombinant protein was serially diluted 1:1 in 1x assay buffer with an
initial concentration of 10 ug/mL before adding 50 ul of 300 uM 2'-(4-
Methylumbelliferyl)-a-D-N-acetylneuraminic acid (MUNANA) (Sigma,
St. Louis, MO, USA; M8639) to each well and incubating for 1 h at 37 °C.
Then 100 pl of basic stop solution (11 mL of absolute ethanol with 2.225 mL
of 0.824 M NaOH) was added to each well. Optimal NA concentration was
determined to be 80% of the highest reading in the linear range (Supple-
mentary Table 4) of the fluorescence after 355 nm excitation and 460 nm
emission on a Cytation3 (BioTek, Winooski, VT). The optimal con-
centration was then used in subsequent inhibition experiments with serial
1:1 dilutions of 1122A11 and 1GO1 (starting concentration either 10 or
2 pg/mL). Mean fluorescence of MUNANA only wells was subtracted as
background from all remaining wells and then the mean of NA +
MUNANA was used as “100% activity.” Percent activity was then calculated
for each well with dilutions of antibodies. Non-linear regression of percent
activity versus antibody concentration was used to calculate the 50% of the
inhibitory concentration (ICsp) using GraphPad Prism (Ver. 10).
When inhibition was not detected, the ICs, is reported as >10 ug/mL and
when inhibition was obviously less than the lowest concentration of anti-
body, the IC5, was expressed as less than (<) that concentration.

Antibody-dependent cellular phagocytosis (ADCP)

ADCP activity of the hM Abs was measured as previously described**” with
slight modifications. Briefly, NA of A/Singapore/INFIMH-16-0019/2016
was biotinylated with the Biotin-XX Microscale Protein Labeling Kit (Life
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Technologies, Carlsbad, CA, USA). A total of 0.25 ug of biotinylated Ag or
~0.32 ug of BSA (used as a baseline control in an equivalent number of Ag
molecules/bead) was incubated overnight at 4 °C with 1.9 x 10° yellow-green
neutravidin-fluorescent beads (Life Technologies, F-8776) per reaction in a
25 puL of final volume. Antigen-coated beads were subsequently washed
twice in PBS-BSA (0.1%) and transferred to a 5 mL Falcon round-bottom
tube (Thermo Fisher Scientific, Waltham, MA, USA). Human mAbs,
diluted at 0.5 or 5 pg/mL, were added to each tube in a 20 uL of reaction
volume and incubated for 2 h at 37 °C in order to allow Ag-Ab binding.
Then, 250,000 THP-1 cells (human monocytic cell line obtained from NIH
AIDS Reagent Program) were added to the cells and incubated for 3 h at
37 °C. At the end of incubation, 100 pL 4% paraformaldehyde was added to
fix the samples. Cells were then assayed for fluorescent bead uptake by flow
cytometry using a BD Biosciences Symphony. The phagocytic score of each
sample was calculated by multiplying the percentage of bead-positive cells
(frequency) by the degree of phagocytosis measured as mean fluorescence
intensity (MFI) and dividing by 10°. Values were normalized to background
values (cells and beads without mAb) and an isotype control to ensure
consistency in values obtained on different assays. Finally, the phagocytic
score of the testing human mAb was expressed as the fold increase over
BSA-coated beads.

Microneutralization assay

The neutralizing activity of both 1122A11 and 1122A11-LALAPG mAbs
against A/Uruguay/716/07 (H3N2) virus (BEI Resources) was performed
using a virus neutralization assay as previously described”'. Briefly, con-
fluent monolayers of MDCK cells (ATCC (5 x 10* cells/well, 96-well plate
format, quadruplicates)) were infected with 200 plaque-forming units
(PFU)/well of the indicated virus. After 1 h of viral adsorption, cells were
maintained in a post-infection medium (DMEM, 0.3% BSA, 1% PSG, and
1 pug/mL tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated
trypsin (Sigma) containing two-fold serial dilutions (starting concentration
of 50 ug/mL) of the mAbs and incubated at 37°C with 5% CO,. At 72 h pi,
virus neutralization titer (NT) was evaluated following crystal violet staining
of the cells and expressed as the lowest concentration of the mAb to prevent
the virus-induced cytopathic effect (CPE).

in vivo study. The prophylactic activities of both 1122A11 and
1122A11-LALAPG mAbs were tested against X31 in mice. Briefly,
female C57BL/6 mice (7 weeks of age) were purchased from the Jackson
Laboratory and maintained in the animal facility at Texas Biomedical
Research Institute under specific, pathogen-free conditions and ABSL2
containment. Mice were intraperitoneal treated with a single dose of 2 or
20 mg/kg of each mAb, isotype control, or PBS (mock treated) 24 h prior
to viral challenge. For virus infection, mice were anesthetized following
gaseous sedation in an isoflurane chamber and inoculated intranasally
with 10X MLDsj, (3 x 10* PFU)/mouse of X31 (A recombinant influenza
A/Puerto Rico/8/1934 (HIN1) containing the HA and NA segments of
A/Hong Kong/1/1968 (H3N2) virus was obtained from Dr. David
Topham and grown in MDCK cells*’). At days 2 and 4 p.i., viral repli-
cation was determined in the lungs of the infected mice. Briefly, four mice
from each experimental group were euthanized by administration of a
lethal dose of avertin and exsanguination, and lungs were surgically
extracted and homogenized in 1 mL of PBS using Precellys tissue
homogenizer (Bertin Instruments, Rockville, MD, USA). Virus titers
(PFU/mL) were determined by standard plaque assay”. Briefly, confluent
monolayers of MDCK cells (2 x 10° cells/well, 24-well plate format) were
infected with 10-fold serially diluted supernatant from homogenized
mice lungs using virus infection media (DMEM, 0.3% BSA, 1% PSG, and
1 ug/mL tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trea-
ted trypsin (Sigma)). Following one hour for viral adsorption, inoculum
was removed, and cells were overlaid with agarose overlay (DMEM/F12
media (Gibco) containing a final concentration of 0.6% agarose and
1 ug/mL TPCK) and incubated at 37 °C in 5% CO, for 72 h. Cells were
then fixed with 10% formaldehyde solution for 1h and stained with

crystal violet. Plaques were counted to calculate viral titers. Geometric
mean titers and data representation were performed using GraphPad
Prism (v9.0). For the body weight and survival study, mice (N = 5, group)
were monitored daily for 10 days p.i. for morbidity (body weight) and
mortality (survival rate). Mice showing a loss of more than 25% of their
initial body weight were defined as reaching the experimental endpoint
and were humanely euthanized. All animal protocols were approved by
the Texas Biomedical Research Institute (IACUC 1785 MU 0) and we
have complied with all relevant ethical regulations for animal use.

Statistics and reproducibility

Means and standard deviations of replicate measures are presented in fig-
ures and tables. One-way analysis of variance (ANOVA) and Tukey’s test
for multiple-comparison correction were used to determine the statistical
significance of the in vivo viral titers in Graphpad Prism Version 9.0. For
non-detection, 20 FFU (the limit of detection) was assigned to those values
for statistical analysis based on the initial dilution of lung homogenate
(1:10). Significant differences between resulting means were declared at
P <0.05. No data were excluded from the analysis. The animal sample size of
four animals per group per timepoint was based on previously published
work’™®. Animals were randomly allocated to each group to ensure
reproducibility. A mixed model was used for body weight to accommodate
repeated measures and missing data points for animals due to meeting their
humane end. Two-tailed t-tests were used to assess differences between
antibody treatments at the same dosage level.

Data availability

The authors confirm that the data supporting the findings of this study are
available within the article and supplemental material. Underlying data used
to generate graphs and tables is located in the Supplementary Data file. The
atomic coordinates and structure factors have been deposited in the Protein
Data Bank (PDB) under accession codes IMQW and 9IMQV for apo Sin-
gaporel6 N2 NA and its complex with 1122A11 Fab.

Received: 27 January 2025; Accepted: 2 September 2025;
Published online: 06 October 2025

References

1. Belongia, E. A. & McLean, H. Q. Influenza vaccine effectiveness:
defining the H3N2 problem. Clin. Infect. Dis. 69, 1817-1823 (2019).

2. Kistler, K. E. & Bedford, T. An atlas of continuous adaptive evolution in
endemic human viruses. Cell Host Microbe 31, 1898-1909.e1893
(2023).

3. Price, A. M. et al. Influenza vaccine effectiveness against influenza
A(H3N2)-related iliness in the United States during the 2021-2022
influenza season. Clin. Infect. Dis. 76, 1358-1363 (2023).

4. Martin, E. T. et al. Low influenza vaccine effectiveness against
A(H3N2)-associated hospitalizations in 2016-2017 and 2017-2018 of
the hospitalized adult influenza vaccine effectiveness network
(HAIVEN). J. Infect. Dis. 223, 2062-2071 (2021).

5. Wu, N. C. et al. A structural explanation for the low effectiveness
of the seasonal influenza H3N2 vaccine. PLoS Pathog. 13,
1006682 (2017).

6. Kilbourne, E. D., Johansson, B. E. & Grajower, B. Independent and
disparate evolution in nature of influenza A virus hemagglutinin and
neuraminidase glycoproteins. Proc. Nat/ Acad. Sci. USA 87, 786-790
(1990).

7. Stadlbauer, D. et al. Broadly protective human antibodies that target
the active site of influenza virus neuraminidase. Science 366, 499-504
(2019).

8. Sun, X. et al. Broadly neutralizing antibodies to combat influenza virus
infection. Antivir. Res. 221, 105785 (2024).

9. Liebschner, D. et al. Macromolecular structure determination using X-
rays, neutrons and electrons: recent developments in Phenix. Acta
Crystallogr. D: Struct. Biol. 75, 861-877 (2019).

Communications Biology | (2025)8:1427

11


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08830-1

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wan, H. et al. The neuraminidase of A(H3N2) influenza viruses
circulating since 2016 is antigenically distinct from the A/Hong
Kong/4801/2014 vaccine strain. Nat. Microbiol. 4, 2216-2225
(2019).

Powell, H. & Pekosz, A. Neuraminidase antigenic drift of H3N2 clade
3c.2a viruses alters virus replication, enzymatic activity and inhibitory
antibody binding. PLoS Pathog. 16, €1008411 (2020).

Stadlbauer, D. et al. Antibodies targeting the neuraminidase active site
inhibit influenza H3N2 viruses with an S245N glycosylation site. Nat.
Commun. 13, 7864 (2022).

Tonouchi, K. et al. Structural basis for cross-group recognition of an
influenza virus hemagglutinin antibody that targets postfusion
stabilized epitope. PLoS Pathog. 19, e1011554 (2023).

Liu, Y. etal. Cross-lineage protection by human antibodies binding the
influenza B hemagglutinin. Nat. Commun. 10, 324 (2019).

Morgan, S. B. et al. Therapeutic administration of broadly neutralizing
FI6 antibody reveals lack of interaction between human IgG1 and pig
Fc receptors. Front Immunol. 9, 865 (2018).

DiLillo,D.J., Tan, G.S., Palese, P. & Ravetch, J. V. Broadly neutralizing
hemagglutinin stalk-specific antibodies require FcgammaR
interactions for protection against influenza virus in vivo. Nat. Med. 20,
143-151 (2014).

Nachbagauer, R. et al. A chimeric hemagglutinin-based universal
influenza virus vaccine approach induces broad and long-lasting
immunity in a randomized, placebo-controlled phase | trial. Nat. Med.
27,106-114 (2021).

Widge, A. T. et al. An influenza hemagglutinin stem nanoparticle
vaccine induces cross-group 1 neutralizing antibodies in healthy
adults. Sci. Transl. Med. 15, eade4790 (2023).

Lei, R. et al. Leveraging vaccination-induced protective antibodies to
define conserved epitopes on influenza N2 neuraminidase. Immunity
56, 2621-2634.e2626 (2023).

Momont, C. et al. A pan-influenza antibody inhibiting neuraminidase
via receptor mimicry. Nature 618, 590-597 (2023).

Piepenbrink, M. et al. Highly cross-reactive and protective influenza A
virus H3N2 hemagglutinin- and neuraminidase-specific human
monoclonal antibodies. Microbiol. Spectr. 11, 0472822 (2023).
Colman, P. M., Varghese, J. N. & Laver, W. G. Structure of the catalytic
and antigenic sites in influenza virus neuraminidase. Nature 303,
41-44 (1983).

Burmeister, W. P., Ruigrok, R. W. & Cusack, S. The 2.2 A resolution
crystal structure of influenza B neuraminidase and its complex with
sialic acid. EMBO J. 11, 49-56 (1992).

Jiang, H. et al. Structure-based modification of an anti-neuraminidase
human antibody restores protection efficacy against the drifted
influenza virus. mBio 11, e02315-e02320 (2020).

Madsen, A. et al. Human antibodies targeting influenza B virus
neuraminidase active site are broadly protective. Immunity 53,
852-863.e857 (2020).

Zhu, X. et al. Structural basis of protection against H7N9 influenza
virus by human anti-N9 neuraminidase antibodies. Cell Host Microbe
26, 729-738.e724 (2019).

Sondermann, P., Huber, R., Oosthuizen, V. & Jacob, U. The 3.2-A
crystal structure of the human IgG1 Fc fragment-Fc gammaRilll
complex. Nature 406, 267-273 (2000).

Idusogie, E. E. et al. Mapping of the C1q binding site on rituxan, a
chimeric antibody with a human IgG1 Fc. J. Immunol. 164, 4178-4184
(2000).

Yasuhara, A. et al. A broadly protective human monoclonal antibody
targeting the sialidase activity of influenza A and B virus
neuraminidases. Nat. Commun. 13, 6602 (2022).

Jo, G. et al. Structural basis of broad protection against influenza virus
by human antibodies targeting the neuraminidase active site via a
recurring motif in CDR H3. Nat. Commun. 16, 7067 (2025).

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Bruhns, P. Properties of mouse and human IgG receptors and their
contribution to disease models. Blood 119, 5640-5649 (2012).
Smith, P., DiLillo, D. J., Bournazos, S., Li, F. & Ravetch, J. V.
Mouse model recapitulating human Fcgamma receptor structural
and functional diversity. Proc. Natl/ Acad. Sci. USA 109,
6181-6186 (2012).

Dekkers, G. et al. Affinity of human IgG subclasses to mouse Fc
gamma receptors. MAbs 9, 767-773 (2017).

Lo, M. et al. Effector-attenuating substitutions that maintain antibody
stability and reduce toxicity in mice. J. Biol. Chem. 292, 3900-3908
(2017).

Wilkinson, I. et al. Fc-engineered antibodies with immune effector
functions completely abolished. PLoS ONE 16, 0260954 (2021).
DiLillo, D. J., Palese, P., Wilson, P. C. & Ravetch, J. V. Broadly
neutralizing anti-influenza antibodies require Fc receptor engagement
for in vivo protection. J. Clin. Invest. 126, 605-610 (2016).
Motsoeneng, B. M. et al. Influenza vaccination results in differential
hemagglutinin stalk-specific Fc-mediated functions in individuals
living with or without HIV. Front. Immunol. 13, 873191 (2022).

Xu, X., Zhu, X., Dwek, R. A., Stevens, J. & Wilson, I. A. Structural
characterization of the 1918 influenza virus H1N1 neuraminidase. J.
Virol. 82, 10493-10501 (2008).

Minor, W., Cymborowski, M., Otwinowski, Z. & Chruszcz, M. HKL-
3000: the integration of data reduction and structure solution-from
diffraction images to an initial model in minutes. Acta Crystallogr. D:
Biol. Crystallogr. 62, 859-866 (2006).

McCoy, A. J. et al. Phaser crystallographic software. J. Appl.
Crystallogr. 40, 658-674 (2007).

Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D: Biol. Crystallogr. 53, 240-255 (1997).

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D: Biol. Crystallogr. 66,
486-501 (2010).

Williams, C. J. et al. MolProbity: More and better reference data for
improved all-atom structure validation. Protein Sci. 27, 293-315
(2018).

Bernard, M. C. et al. Validation of a harmonized enzyme-linked-lectin-
assay (ELLA-NI) based neuraminidase inhibition assay standard
operating procedure (SOP) for quantification of N1 influenza
antibodies and the use of a calibrator to improve the reproducibility of
the ELLA-NI with reverse genetics viral and recombinant
neuraminidase antigens: a FLUCOP collaborative study. Front.
Immunol. 13, 909297 (2022).

Leang, S. K. & Hurt, A. C. Fluorescence-based neuraminidase
inhibition assay to assess the susceptibility of influenza viruses to
the neuraminidase inhibitor class of antivirals. J. Vis. Exp. 15, 5570
(2017).

Ackerman, M. E. et al. A robust, high-throughput assay to determine
the phagocytic activity of clinical antibody samples. J. Immunol.
Methods 366, 8-19 (2011).

Piepenbrink, M. S. et al. Potent universal beta-coronavirus
therapeutic activity mediated by direct respiratory administration of a
Spike S2 domain-specific human neutralizing monoclonal antibody.
PLoS Pathog. 18, e1010691 (2022).

Baker, S. F. et al. Protection against lethal influenza with a viral mimic.
J. Virol. 87, 8591-8605 (2013).

Khalil, A. M. et al. Fc-effector-independent in vivo activity of a potent
influenza b neuraminidase broadly neutralizing antibody. Viruses 15
(2023).

Acknowledgements
The authors would like to thank the Biodefense and Emerging
Infections Research Resources Repository (BEI Resources) and the

Communications Biology | (2025)8:1427

12


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08830-1

Article

International Reagent Resource (IRR) for providing reagents used in
this study. We thank Henry Tien for automated robotic crystal
screening. The SSRL is a Directorate of SLAC National Accelerator
Laboratory and an Office of Science User Facility operated for the U.S.
Department of Energy Office of Science by Stanford University. The
SSRL Structural Molecular Biology Program is supported by the DOE
Office of Biological and Environmental Research, and by the National
Institutes of Health, National Institute of General Medical Sciences
(including P41GM103393) and the National Center for Research
Resources (P41RR001209). A.M.K. was partially funded by a Texas
Biomedical Research Institute Forum award. This research was
partially funded by the National Institutes of Health (5R01AI145332,
J.J.K. and L.M-S.), Sinai-Emory Multi-institutional CIVIC (SEM CIVIC)
NIH NIAID contract number 75N93019C00051 (I.A.W.). Research on
influenza in L.M-S.’s laboratory is also partially funded by the American
Lung Association (ALA) and Texas Biomed. Institutional Review Board
Statement: Studies with influenza virus were approved by the Texas
Biomedical Research biosafety (BSC21-017) and recombinant DNA
(RDC21-017) committees. Animal studies were approved by the Texas
Biomedical Research Institute’s Institutional Animal Care and Use
Committee (IACUC 1785 MU 0).

Author contributions

L.M.-S., LAW. and J.J.K. conceived the project. X.Z., AM.K,, M.S.P., Y.M.,
and W.Y. performed laboratory investigations. X.Z., AM.K,, M.S.P., Y.M.,
L.M.-S., LAW., and J.J.K. analyzed data and visualized results. X.Z., J.J.K.,
and .LA.W. wrote the original draft. All authors revised and approved the final
manuscript. All authors have read and agreed to the submitted version of the
manuscript.

Competing interests

The authors declare the following competing interests: M.S.P., L.M.-S. and
J.J.K. are inventors with patent application WO2021202235A1 held by the
University of Rochester, which covers the mAbs described in this
manuscript. All other authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-025-08830-1.

Correspondence and requests for materials should be addressed to
lan A. Wilson or James J. Kobie.

Peer review information Communications Biology thanks the anonymous
reviewers for their contribution to the peer review of this work. Primary
Handling Editors: Laura Rodriguez Pérez. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

Communications Biology | (2025)8:1427

13


https://doi.org/10.1038/s42003-025-08830-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsbio

	Structure and function of a cross-neutralizing influenza neuraminidase antibody that accommodates recent N2 NA Asn245 glycosylation
	Results
	mAb 1122A11 exhibits cross NA group binding and inhibition
	Overall structure of 1122A11 Fab in complex with Singapore16 N2 NA
	Singapore16 NA epitope residues for NA specificity of 1122A11
	1122A11 renders NA Asn245 glycosylation site disordered when it binds Singapore16 N2 NA
	Substrate mimicry by 1122A11
	1122A11-LALAPG mutant has comparable binding to N2 with 1122A11
	1122A11-LALAPG retains ability to inhibit NA enzymatic activity and neutralize H3N2 virus
	1122A11-LALAPG protects from lethal H3N2 infection

	Discussion
	Materials and methods
	mAb production
	Expression of Singapore16 N2 NA and 1122A11 Fab for crystal structure determination
	Crystal structure determination
	Expression of NA proteins for ELISA and MUNANA NA inhibition assay
	Enzyme-linked immunosorbent assay (ELISA)
	FcγRI binding
	Enzyme linked lectin assay (ELLA)
	MUNANA NA inhibition assay
	Antibody-dependent cellular phagocytosis (ADCP)
	Microneutralization assay
	in vivo study

	Statistics and reproducibility

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




