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In brief

Influenza neuraminidase (NA) is
underappreciated as a vaccine target
owing to its incomplete epitope
landscape. Lederhofer et al. isolated
human monoclonal antibodies to NA
underside (i.e., dark side) epitopes with
broad cross-reactivity across N2 subtype
and protective efficacy in pre- and post-
exposure settings, providing insights for
NA-based vaccine design.
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SUMMARY

Continuously evolving influenza viruses cause seasonal epidemics and pose global pandemic threats.
Although viral neuraminidase (NA) is an effective drug and vaccine target, our understanding of the NA anti-
genic landscape still remains incomplete. Here, we describe NA-specific human antibodies that target the
underside of the NA globular head domain, inhibit viral propagation of a wide range of human H3N2,
swine-origin variant H3N2, and H2N2 viruses, and confer both pre- and post-exposure protection against
lethal H3N2 infection in mice. Cryo-EM structures of two such antibodies in complex with NA reveal non-over-
lapping epitopes covering the underside of the NA head. These sites are highly conserved among N2 NAs yet
inaccessible unless the NA head tilts or dissociates. Our findings help guide the development of effective
countermeasures against ever-changing influenza viruses by identifying hidden conserved sites of vulnera-

bility on the NA underside.

INTRODUCTION

Circulating seasonal influenza viruses cause substantial
morbidity and mortality and pose global public health and eco-
nomic challenges. In addition, a new influenza pandemic on
the scale last seen in 1918 could potentially claim tens or hun-
dreds of millions of lives worldwide.® Current influenza vaccines
mainly induce antibodies against the surface glycoprotein hem-
agglutinin (HA) that can block viral attachment to its host recep-
tors and/or viral membrane fusion to the host cell.* These anti-
bodies primarily target the immunodominant head region of
HA, which undergoes antigenic drift in response to immune pres-
sure.” As a result, vaccine-elicited antibodies provide protection
against vaccine-matched strains of the virus, but they confer lit-
tle cross-protection from other strains or subtypes. Consider-
able effort in influenza vaccine design has been directed at
developing immunogens that elicit broadly neutralizing antibody
responses to subdominant epitopes of HA, like the HA stem
domain, and discovery of new broadly conserved viral sites of
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vulnerability remains a priority for next-generation influenza vac-
cine development.®™®

Neuraminidase (NA) is a less abundant but essential surface
protein of influenza viruses.'® NA cleaves sialic acid from glyco-
proteins and glycolipids on the host cell surface, allowing prog-
eny viruses to be released from infected cells."" In addition, NA is
suggested to play a role in facilitating virion navigation through
the respiratory tract by cleaving off decoy receptors present in
the mucus and mucosal membranes.'? The catalytic activity of
NA is one of the main targets of influenza antivirals, and NA inhib-
itors have been widely utilized to treat influenza in humans for
more than two decades. NA has re-emerged as a vaccine target
due to the discovery of a number of human anti-NA antibodies
that can inhibit NA activity by directly targeting or sterically
blocking its catalytic site.*'*~'® Although hemagglutination inhi-
bition (HAI) has long been considered the main correlate of pro-
tection, it is now appreciated that both NA inhibition (NAI) and
NA-binding antibodies also correlate with protection and
reduced viral shedding.'?15-2°
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Two human broadly cross-reactive anti-NA monoclonal anti-
bodies (mAbs), 1G01 and DAO3E17, have been described.'*'®
1G01 was isolated from an H3N2-infected individual shortly af-
ter the onset of symptoms. This antibody targets the catalytic
site of NA with an extended complementarity-determining re-
gion H3 loop (CDR H3) and inhibits virtually all NA subtypes of
influenza A and B viruses in vivo and in vitro. DAO3E17, isolated
using the hybridoma method from an individual who was in-
fected with A(H1N1)pdmQ9 virus, binds to or near the enzymatic
active site and shows similarly broad protection in vivo and
in vitro. Another group discovered two influenza B anti-NA
mAbs that broadly protect against both Yamagata- and Victo-
ria-lineage viruses by targeting the catalytic site of NA.'®
Furthermore, the murine mAb CD6 protects against A(H1N1)
pdmO09 by binding to an epitope on the “side” of the NA globular
head domain that spans two neighboring protomers and in-
hibits the catalytic activity of NA through steric hindrance.?’
Similar mAbs have been isolated from an individual upon natu-
ral H7N9 influenza infection®*?® and a mouse infected with
H1N8 virus.”

Given the fact that the murine mAb CD6 was induced by infec-
tion and its almost perpendicular angle of approach to the NA
head, it is plausible that the NA head may be flexible on the viral
surface. Casalino et al. describe the dynamics of influenza glyco-
proteins in a crowded protein environment using mesoscale all-
atom molecular dynamics simulations, and they revealed that
the NA globular head domain can tilt up to 90° on the virion,
exposing the lateral as well as the “underside” surface of NA
globular head to immune recognition.?® High-resolution cryoe-
lectron tomography (cryo-ET) indicates similar tilting by the
SARS-CoV-2 spike protein on the surface of virions®® and by
influenza HA on a detergent micelle.?” Furthermore, structural
studies of viral glycoproteins with similar three-dimensional folds
as influenza NA, notably Nipah G, have revealed dissociation of
the four head domains and antibody binding to the underside of
the head.?® Combined with longstanding observations that re-
combinant NA proteins have a tendency to dissociate,?*>%°
these studies suggest that additional epitopes on NA may be tar-
geted by biologically relevant antibodies. Therefore, character-
ization of such antibodies and their epitopes can help aid the
design of NA-based antigens for next-generation influenza
vaccines.®*'

In this study, we isolated human NA-specific mAbs from two
human individuals with H3N2 virus infection and found that
several of them target conserved epitopes on the underside of
the globular head of N2 NAs. These mAbs inhibit H3N2 and
H2N2 virus propagation in vitro and confer protection against
H3NZ2 infection in mice in both prophylactic and therapeutic set-
tings. Cryoelectron microscopy (cryo-EM) structures of two such
mADbs in complex with N2 NA defined in atomic detail the epi-
topes on the NA “dark side” (NDS), a forgotten antigenic site
originally suggested nearly 40 years ago.*?

RESULTS

Isolation of broadly cross-reactive N2 NA-targeting
antibodies from two human convalescent donors

To characterize NA-directed B cell responses upon H3N2 vi-
rus infection in humans, peripheral blood mononuclear cells
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(PBMCs) were collected from two convalescent individuals
who had a confirmed influenza A H3N2 infection in 2015 and
2021 (“donor A” and “donor B,” respectively). Antigen-spe-
cific B cells were single-cell sorted from PBMCs with N2 NA
probes (Figure S1) and corresponding heavy- and light-chain
variable genes were sequenced. We recovered a total of 44
and 66 paired immunoglobulin heavy- and light-chain gene
sequences from donor A and donor B, respectively, and
analyzed their immunogenetic composition (Figure 1A). We
found that there were several clonal expansions of NA-spe-
cific immunoglobulin sequences in donor A samples, likely
associated with the recent H3N2 infection, whereas donor B
had mostly unique sequences with only a few expanded
clones. Representative immunoglobulin heavy- and light-
chain genes were subcloned into human IgG1 backbone vec-
tors, and recombinant mAbs were produced in mammalian
cells by transient transfection of corresponding heavy- and
light-chain plasmids. Among 16 mAbs from donor A and 20
mAbs from donor B, which we cloned, we identified six
mAbs (NDS.1, NDS.1.1, NDS.1.2, and NDS.3 from donor A;
and NDS.5 and NDS.6 from donor B) that bind to all four
members of a panel of four N2 NAs from three seasonal
H3N2 viruses and one swine-origin variant H3N2 (H3N2v) virus
(Figure 1B). Immunoglobulin genes of these antibodies were
between 5.8% and 10.5% divergent from their inferred germ-
line Vy genes and between 3.2% and 7.9% divergent from
their inferred germline Vi/V_ genes (Table S1). Overall, these
mAbs bound equally well to the four tested N2 NAs with the
exception of NDS.6, which showed lower binding to two out
of four NAs. When we compared our mAbs to 1G01, the
most well-characterized NA catalytic site-directed mAb,'®
our mAbs exhibited equivalent or higher binding than 1GO01
(Figure 1B). We next tested if our mAbs target the NA catalytic
site and compete with 1G01 for NA binding. A binding compe-
tition assay by using biolayer interferometry (BLI) revealed that
none of the six mAbs showed any appreciable competition
with 1G01, indicating that they recognize antigenic surfaces
distinct from the conserved catalytic site (Figure 1C). To better
understand their binding specificities, we generated fragment
antigen-binding (Fab) from NDS.1, NDS.1.1, NDS.3, NDS.5,
and NDS.6 and measured binding affinity of that to soluble
recombinant N2 tetramers by BLI (Figures 1D and S1C;
Table S2). Fabs of NDS.1, NDS.1.1, NDS.3, and NDS.5
showed sub-nanomolar to weaker nanomolar affinity to all
tested NAs (Figures 1D and S1C). The Fab of NDS.1.1 had
similar overall affinity yet a noticeably faster off-rate for A/Wis-
consin/67/2005 (WI05) and A/Darwin/6/2021 (DW21) NAs,
compared with NDS.1, NDS.3, and NDS.5 Fabs. Among
tested Fabs, NDS.6 had the weakest affinity to all but A/Mos-
cow/10/1999 (MO99) NA and no interpretable binding to WI05
NA (Figures 1D and S1C), and it was therefore excluded from
further analyses. To our surprise, both NDS.1.1 and NDS.3
Fabs showed the highest affinity to the NA of swine-origin
H3N2v virus A/Indiana/10/2011 (IN11v). We also confirmed
that all tested mAbs were N2-specific and did not cross-react
with other group 1 or group 2 NA subtypes (Table S3). In sum-
mary, we isolated six mAbs from H3N2-infected individuals,
which recognize conserved epitopes among N2 subtype
NAs outside the catalytic site.
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Figure 1. Identification and characterization of broadly cross-reactive N2 NA-targeting antibodies

(A) Immunogenetics of N2-specific B cells. Immunoglobulin variable heavy- and light-chain gene usage and V-D-J junction of NA-specific B cells for two donors
are shown. Each pie slice indicates a B cell clone with the same Vi, and V/V| gene usage and similar CDR H3 identity. The total number of paired heavy- and light-
chain sequences analyzed is shown inside each pie chart. Immunoglobulin gene usage and CDR H3 sequences of NA dark side-directed mAbs we characterized
are shown.

(B) ELISA binding curves of dark side-directed mAbs against recombinant N2 protein of A/Moscow/10/1999 (H3N2, MO99); A/Wisconsin/67/2005 (WI05, H3N2);
A/Darwin/6/2021 (DW21, H3N2); and A/Indiana/10/2011 (IN11v, H3N2v). Broadly cross-reactive NA catalytic site-specific mAb 1G01 and non-targeting (HIV-1

Env-specific) mAb VRCO1 were used as positive and negative controls, respectively. Data are plotted as mean + SD.

(C) Cross-competition profile of NA-targeting mAbs, shown as a heatmap. Binding was measured by BLI with recombinant WI05 N2 protein and full IgG.

(D) Binding affinity of Fab of dark side-directed mAbs to recombinant N2 NAs. Binding kinetics of Fabs were measured by BLI with recombinant MO99, WIO05,
DW21, and IN11v NAs. Kp, values calculated using the Langmuir 1:1 interaction model for each Fab-NA pair are shown.

See also Figure S1 and Tables S1-S3.

Cryo-EM structures of Fabs NDS.1 and NDS.3 in
complex with NA

To identify the epitopes recognized by mAbs NDS.1 and NDS.3
and to elucidate the structural basis of their broad N2 specificity,
we determined cryo-EM structures of Fab NDS.1 in complex with
N2 IN11v NA and of Fab NDS.3 in complex with N2 DW21 NA
(Table S4). For structural studies, we chose two different NAs
that produced a stable ternary complex with NDS.1 and 1G01
Fabs and a binary complex with NDS.3 Fab to learn how these
mAbs recognize the NA of the contemporary human H3N2 as
well as the antigenically divergent swine-origin H3N2v. 1G01,"®
which targets the catalytic site of NA from the top of the mush-
room-shaped NA globular head, was added to the IN11v-
NDS.1 complex to overcome the preferred orientation of particles
in vitrified ice (Figure S2). The 3.0 A cryo-EM map of this ternary
complex revealed that the NDS.1 and 1G01 Fabs bind on oppo-
site sides of NA, with four NDS.1 Fabs bound to the underside of
the NA globular head (Figure 2A). Each NDS.1 Fab interacted with
a single NA protomer and was positioned at a slight upward angle
to the horizontal plane of the tetramer, with the constant region
extending outward from under the head. The cryo-EM density
for NDS.1 was weaker than the rest of the consensus map owing
to partial Fab occupancy. To improve the NDS.1 density, we per-
formed symmetry expansion and signal subtraction outside a
mask encompassing one NA protomer with the two bound
Fabs (1G01 and NDS.1), which were followed by 3D classification
within a mask encompassing the target Fab to isolate the subset
of complexes with occupied NDS.1 Fab (Figures S2 and S3). Sub-
sequent local refinement produced a 3.6 A map with strong
NDS.1 density, which allowed us to build an atomic model of
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the NDS.1-NA complex (Figures 2B and 2C). Despite only the
heavy chain of NDS.1 contributing to the interaction interface,
the total buried surface areas on NA and the Fab were relatively
large (1,014 and 1,118 Az, respectively). Of the six four-stranded
B sheets forming the NA molecule,®® NDS.1 targeted the bottom
regions of B sheets IV and V, with some additional interactions
with the N terminus (B sheet VI; Figure 2C). CDR H1 as well as
a portion of the 17-residue long CDR H3 were positioned along
a crevice in the underside surface of the NA protomer, with three
bulky aromatic residues (Phe31, Tyr100F, and Tyr100G in Kabat
numbering scheme), along with Ser28 and Asn30, filling the
crevice (Figure 2D). CDR H1 and CDR H3 contributed 378 and
386 A?, respectively, to the total buried surface area on the
Fab, whereas the contribution of CDR H2 was minor (54 /0-\2). In
addition to the CDRs, two framework regions (FRs) of the heavy
chain interacted with NA, including residues 1-3 of FR H1 and
residues 73-77 of FR H3 (Figure 2D). These two regions flanked
CDR H1, creating the remainder of the paratope, with buried sur-
face areas of 179 and 122 A2, respectively (total FRs contribution
of 27%). In total, 14 hydrogen bonds between NDS.1 and IN11v
NA were observed, involving side-chain as well as main-chain
atoms on both sides (Figure 2E).

The cryo-EM structure of NDS.3 Fab in complex with DW21
NA was solved to a resolution of 2.7 A (Figures 3A and S4;
Table S4). Fab NDS.3 also targeted the underside of the NA
globular head, approaching NA upward at an angle of about
30° to the horizontal plane of the tetramer (Figure 3B). It inter-
acted primarily with B sheet Ill of NA (Figure 3C), as well as with
one B strand each of B sheets Il and IV that were adjacent to B
sheet lll. Each of the four bound Fabs contacted mainly the
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Figure 2. Cryo-EM structure of NDS.1 and 1G01 Fabs in complex with IN11v N2 NA

(A) Consensus cryo-EM map of IN11v N2 NA with bound NDS.1 and 1G01 Fabs, with docked atomic models of NA and 1G01 colored light blue and gray,
respectively. Glycans are shown in stick representation. The cryo-EM density for NDS.1 is weaker due to partial occupancy.

(B) Local 3D classification and refinement of a region containing one NA protomer with two bound Fabs. The heavy and light chains of NDS.1 are colored dark
magenta and light pink, respectively.

(C) Ribbon diagram of the NA-NDS.1 complex. Coloring is as in (B). Only the heavy chain of NDS.1 interacts with NA. The six four-stranded B sheets forming the
structure of the NA monomer are labeled with Roman numerals.

(D) Contact interface between NA and NDS.1. IN11v N2 NA is shown in surface representation. The CDRs and framework regions (FRs) of the NDS.1 heavy chain
participating in the interaction are depicted as ribbons, with residues in contact with NA shown in stick representation and labeled. The FRs are colored hot pink.
(E) Detailed illustration of the interactions between NA and NDS.1. Only the molecular regions participating in the interaction are shown for clarity. Residues
forming hydrogen bonds are shown in stick representation and labeled in light blue and black for NA and NDS.1, respectively. Dashed lines depict

hydrogen bonds.
See also Figures S2 and S3 and Table S4.

side and bottom regions of one NA protomer, burying 898 and
933 A2 on the NA and Fab surfaces, respectively (Figure 3A).
CDR H1 and CDR H3 were situated close to the inter-protomer
interface of NA, resulting in residues Asp31, His98, and Tyr99
forming a small additional interface (buried surface areas on
NA and Fab of 63 and 64 A2, respectively) with a neighboring
NA protomer (protomer 2) (Figures 3B-3D). All the CDRs of
the heavy and light chains of NDS.3 participated in the
interaction with the primary protomer 1, which involved multiple
polar and charged contacts (Figure 3D). The CDRs of the heavy
chain accounted for the majority of the buried surface area on
the NA (66%, 634 AZ), contributing four salt bridges (between
Asp31HC and Lys261, Arg55™° and Glu258, and His98"° and
Asp213) and seven hydrogen bonds to the interaction interface
with protomer 1 (Figure 3E). Furthermore, aromatic residues
Tyr50 and Phe58 of CDR H2 and Tyr99 and Trp100A of CDR
H3 engaged in hydrophobic contacts with NA residues
and provided additional shape complementarity. The CDRs of
the light chain formed one salt bridge (between Asp27B-°

and Lys267) and five hydrogen bonds, covering 328 A2 on
NA protomer 1.

NDS.1 and NDS.3 epitope comparison and conservation

We found that the structures of IN11v.and DW21 NAs were highly
similar to each other (root-mean-square deviation in C,, atom po-
sitions of 0.54 A). This allowed us to compare the epitopes of
NDS.1 and NDS.3 by superposing the two NA molecules. The
two antibodies targeted different but adjacent areas on the
NA underside, with their epitope outlines sharing a border
(Figures 4A and 4B). The four NA residues that contributed to
both epitopes included Ser269, located in the loop connecting
B sheets Il and IV, as well as Asn309 (IN11v)/Asp309 (DW21),
Ser311, and lle312, belonging to B sheet IV. The contacts formed
by these residues were mainly limited to van der Waals interac-
tions, with the exception of one hydrogen bond between the
backbone nitrogen of 11e312 of NA and the side-chain oxygen
of Ser94 of the NDS.3 light chain, and two hydrogen bonds be-
tween the side-chain nitrogen of Asn30 of the NDS.1 heavy chain

Immunity 57, 574-586, March 12, 2024 577
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Figure 3. Cryo-EM structure of NDS.3 Fab in complex with DW21 N2 NA
(A) Cryo-EM map and docked atomic models of DW21 N2 NA in complex with NDS.3 Fab. The heavy and light chains of NDS.3 are colored dark gold and light
gold, respectively. NA is colored light blue. Glycans are shown in stick representation.

(B) Ribbon diagram of the NA-NDS.3 complex. Coloring is as in (A).

(C) Fab NDS.3 interacts primarily with B sheet Il of NA. NA orientation is the same as in Figure 2C, right.

(D) Contact interface between NA and NDS.3. DW21 N2 NA is shown in surface representation. The CDRs of Fab NDS.3 are depicted as ribbons and labeled, with
residues in contact with NA shown as sticks and labeled. Asterisks denote NDS.3 residues contacting both NA protomers.

(E) Detailed illustration of the interactions between protomer 1 of NA and Fab NDS.3. Only the molecular regions participating in the interaction are shown for
clarity. Residues forming hydrogen bonds and salt bridges are shown in stick representation and labeled in light blue and black for NA and NDS.3, respectively.

Dashed lines depict hydrogen bonds and salt bridges.
See also Figure S4 and Table S4.

and the backbone oxygen and side-chain oxygen of NA Ser311
(Figure 4C). The four NA residues participating in both epitopes
maintained the same positions in the two structures, and super-
position of the IN11v-NDS.1 and DW21-NDS.3 complexes re-
vealed no clashes between the two Fabs (Figure 4B). Indeed,
we did not observe cross-competition for NA binding when
Fabs of NDS.1 and NDS.3 were used instead of IgG (Figure S5).
Together, NDS.1 and NDS.3 epitopes cover a large surface on
the NA underside, and the two epitopes are not overlapping
(Figure 4D).

The epitopes of NDS.1 and NDS.3 appeared well conserved
among human seasonal H3N2 viruses, spanning more than 50
years of antigenic evolution (ltem S1). The majority of the resi-
dues on NA contacting NDS.1 (33/37, 89%) and NDS.3 (26/31,
84%) had virtually no variation among 188 non-redundant repre-
sentative NA sequences of seasonal human H3N2 viruses (Fig-
ure 4E). Substitution at position 267, one of the most variable res-
idues within the NDS.3 epitope, from Lys (DW21) to Thr (IN11v),
which is predicted to eliminate a salt bridge with Asp27B*C, did
not have a major impact on its recognition by NDS.3 (Figure 1D).
The epitopes of NDS.1 and NDS.3 were still well conserved (30/
37, 81% and 25/31, 81% for NDS.1 and NDS.3, respectively)
when we use 80 non-redundant representative N2 sequences
of HxN2 viruses, including H1N2, H2N2, H3N2, H7N2, and
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HIN2 (Figure 4E; Item S2). This suggests that the cross-reac-
tivity of NDS.1 and NDS.3 may extend beyond H3N2 viruses.
Overall, we found that both the NDS.1 and NDS.3 epitopes are
largely conserved among human H3N2 viruses and also across
HxN2 viruses.

Biological activity of NA dark side-targeting antibodies

We next assessed the functionality of the NA dark side-targeting
antibodies using both recombinant NA proteins and viruses. It is
known that the catalytic activity of NA can be blocked not only
by directly targeting the catalytic pocket but also through steric
hindrance by antibody binding to nearby sites on NA or even the
stem of neighboring HA molecules.>**> We first measured the
NA inhibitory (NAI) activity of the dark side-targeting antibodies
by influenza replication inhibition NA-based assay (IRINA)*®
which detects the enzymatic activity of NA expressed on the sur-
face of influenza-infected cells. The IRINA is a direct, functional
enzymatic assay that measures NA catalytic activity through the
release of the fluorogenic end product 4-methylumbelliferone
from the non-fluorescent small-molecule substrate 2'-(4-methyl-
umbelliferyl)-a-D-N-acetylneuraminic acid (MUNANA). NAI activ-
ity is therefore only observed in the IRINA for antibodies that
directly compete with substrate binding to the catalytic site. As ex-
pected, while the catalytic site-directed 1G01 showed NAI activity
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Figure 4. NA underside epitopes recognized by NDS.1 and NDS.3

(A) Surface representation of the NA head tetramer with the epitopes of NDS.1 and NDS.3 outlined in dark magenta and gold, respectively. Blue dots indicate the
positions of the NA residues that contribute to both epitopes. Epitopes are shown only on one NA protomer for clarity.

(B) Ribbon diagram showing Fabs of NDS.1 (dark magenta) and NDS.3 (gold) interacting with NA tetramer (light blue). Bound Fabs are shown only on one NA
protomer for clarity.

(C) NA residues contributing to both NDS.1 and NDS.3 epitopes. NA, NDS.1 heavy chain, and NDS.3 light chain are colored in light blue, dark magenta, and light
gold, respectively. Dashed lines depict hydrogen bonds.

(D) Sequence alignment of NAs of IN11v and DW21. Residues forming the epitopes of 1G01, NDS.1, and NDS.3 are colored in green, dark magenta, and gold,
respectively. Gray residues (positions 1-82) are part of the transmembrane and stalk region and were not included in the recombinant soluble NA tetramers used
for structural studies.

(E) Sequence conservation of NDS.1 and NDS.3 epitopes among NAs of human H3N2 (dark blue) and HxN2 (sky blue). NDS.1 and NDS.3 contact residues are
indicated above the sequence logo plots. Open circles denote contacts formed by NA main-chain atoms only; open circles with rays denote side-chain contacts
only; filled circles denote both main- and side-chain contacts. Gray residues are not part of the epitopes.

See also Figure S5.

in this assay, all of our mAbs targeting the NA dark side showed no
NAI activity to four H3N2 viruses tested (Figure 5A). To better un-
derstand the biological relevance of the dark side-targeting anti-
bodies, we also performed the enzyme-linked lectin assay
(ELLA). ELLA measures the cleavage of sialic acid from the glyco-
protein fetuin by NA, which can be inhibited by antibodies not
only binding directly to the catalytic site but also through steric

hindrance, unlike the IRINA.®>" All the dark side-directed mAbs
showed NAI activity comparable to the control antibody 1G01 to
three human H3N2 viruses, except NDS.5 that showed weaker
NAI. Further, potent NAI activity of NDS.1, NDS.1.1, and NDS.3
was detected against non-human H3N2 influenza virus A/duck/
France/161005/2016 (Figure 5B). We also measured NAI activity
against several non-H3N2 influenza viruses in ELLA, including
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Figure 5. In vitro virus inhibition by NA dark side-directed mAbs

(A) NAI activity of the mAbs against H3N2 viruses measured by IRINA. SW13, A/Switzerland/9715293/2013 (H3N2); DW20, A/Darwin/106/2020 (H3N2). Broadly
cross-reactive NA catalytic site-specific mAb 1G01 and non-targeting (HIV-1 Env-specific) mAb VRCO01 were used as positive and negative controls, respectively.

Data are plotted as mean + SD.

(B) NAI activity of the mAbs against H3N2 viruses measured by ELLA. PH82, A/Philippines/2/1982 (H3N2). Data are plotted as mean + SD.

(C) NAI activity of the mAbs against HxN2 viruses measured by ELLA. Data are plotted as mean + SD.

(D) Viral growth inhibition of the mAbs against H3N2, H3N2v, and H2N2 viruses. The half-maximal inhibitory concentration (ICso) of mAb for each virus was
calculated from two independent experiments, and mean ICsy values for each mAb-virus combination are shown. Al68, A/Aichi/2/1968 (H3N2); SG57,

A/Singapore/1/1957 (H2N2).
See also Figure S7.

A/Ann  Arbor/7/1967 (H2N2), A/swine/Germany/Bak50/2017
(H1N2), and A/Guangxi-Xiangshan/11522/2018 (H9N2). Although
potent NAI activity was found against A/Ann Arbor/7/1967 (H2N2)
for all dark side-directed mAbs, only NDS.3 showed strong activ-
ity against A/Swine/Germany/Bak50/2017 (H1N2) and modest ac-
tivity against A/Guangxi-Xiangshan/11522/2018 (H9N2) in ELLA
(Figure 5C). This demonstrates that the NA dark side-directed
mADbs are able to inhibit NA catalytic activity by sterically hindering
access to glycoprotein substrates.

While NA-directed antibodies do not typically block viral entry
to host cells, they inhibit viral egress of nascent particles from the
infected cells through inhibition of NA catalytic activity.'**®
Therefore, we assessed the ability of NA dark side-directed
mAbs to inhibit in vitro viral growth of five H3N2 viruses, one
H3N2v virus, and one H2N2 virus. The virus growth inhibition
assay was performed using reporter influenza viruses to detect
infected cells over time.*° In this assay, mAbs were first incu-
bated with viruses prior to adding to the substrate cells. The virus
inoculum was removed after 4-5 h, and cells were kept in culture
media supplemented with mAbs for another 24-28 h. In order to
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calculate viral growth inhibition, we normalized it to inhibition by
the NA inhibitor zanamivir (100% inhibition). We found that all NA
dark side-directed mAbs inhibited the growth of all viruses
tested, including non-circulating H3N2v and H2N2 viruses (Fig-
ure 5D). The control antibody 1G01 did not inhibit growth of
the MO99 and DW21 H3N2 viruses, whereas all dark side-
directed mAbs potently inhibited those viruses. Based on these
results, we showed that the NA dark side-directed mAbs are
capable of inhibiting not only a wide range of H3N2 viruses but
also divergent H3N2v and H2N2 viruses, by targeting highly
conserved epitopes on the NA underside.

Prevalence of NA dark side-directed antibody

Since we isolated dark side-directed mAbs from convalescent
human PBMCs, we hypothesized that dark side-directed anti-
bodies were also present in the convalescent sera at the same
time point. To selectively detect dark side-directed antibodies
within polyclonal sera, we designed recombinant NA proteins
that harbor engineered glycans on the underside of NA to steri-
cally block the access of dark side-directed mAbs. After
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Figure 6. NA dark side-directed antibodies
in human convalescent serum and plasma
samples

(A) Glycan-added DW21 N2 NA. Locations of the
additional N-linked glycosylation sites are shown
as green spheres (bottom view). Amino acid sub-
stitutions introduced in the glycan-added DW21 NA
are indicated.

(B) ELISA using a pair of DW21 wild-type (WT) and

A  Glycan-added DW21 B mab: NDS.1 1G01 VRCO1
. 3 2 -
T265N/K267T mAb (logso pg mi)
V313N/R315T Donor B

1 2 3 4 51 2 3 4

Dilution (logs™")

screening various glycan positions and combinations, we found
that a double-glycan-added DW21 NA (T265N/K267T and
V313N/R315T) had the desired antigenic profile, with severely
reduced binding to our dark side-directed mAb while retaining
the reactivity to 1G01 (Figure 6A). By using a pair of glycan-
added and unmodified wild-type (WT) DW21 NAs, we observed
that the convalescent serum and plasma sample of donor A and
B, respectively, had substantially reduced binding to the glycan-
added NA, compared with WT NA (Figure 6B). These results indi-
cate that there was a detectable amount of dark side-targeting
antibodies in the circulation of both donors.

We next searched for potential dark side-directed antibodies
in the literature to gauge the generalizability of such antibodies
upon influenza infection or vaccination beyond the two individ-
uals we studied. We found a mAb named 229-2G05 isolated
from an H3N2-infected donor in Chen et al.,* which had a
remarkably similar biological activity profile to our dark side-
directed mAbs. 229-2G05 is N2-specific, and its NAI activity
can only be measured in ELLA but not in NA-star assay (which
uses a small-molecule substrate similar to MUNANA).* We
made Fab of 229-2G05 and structurally characterized it in a
complex with DW21 NA by cryo-EM and found that it recognized
a dark side epitope similar to that of NDS.3 (Figures S6A and
S6B). Indeed, 229-2G05 had severely reduced binding to the
glycan-added DW21 NA (Figure S6C). Moreover, we character-
ized NDS.5 in complex with DW21 NA by negative-stain EM
and found that it binds to an NDS.1-like epitope, although its
angle of approach is almost perpendicular to the NA tetramer
plane (Figure S6D). The identification of two additional dark
side-directed mAbs from two independent human subjects tar-
geting epitopes that overlap with either NDS.1 or NDS.3 high-
lights that dark side-directed antibodies may be commonly eli-
cited by infection or vaccination.

NA dark side-directed mAbs confer protection against
lethal H3N2 influenza virus challenge in mice

To see if the in vitro inhibitory activity of the NA dark side-
directed mAbs can translate into in vivo efficacy, we conducted
a series of lethal influenza virus challenge studies in mice. First,

glycan-added NAs. mAb-binding profile of DW21
WT and glycan-added NAs (top). Broadly cross-
reactive NA catalytic site-specific mAb 1G01 and
non-targeting (HIV-1 Env-specific) mAb VRCO1
were used as positive and negative controls,
respectively. Serum (donor A) and plasma (donor B)
antibody-binding profile of DW21 WT and glycan-
added NAs (bottom). Differences between WT and
glycan-added NAs correspond to the amount of the
dark side-directed antibodies in given samples.
Data are plotted as mean + SD.

See also Figure S6.

—@—-DW21 wild-type
—-0O—-DW21 glycan-added

we assessed protective efficacy in a prophylactic setting where
the mAbs were given 24 h prior to challenge with A/Philippines/2/
1982 (H3N2) virus (10 X 50% lethal dose [LDs)). In this model,
NDS.1 conferred full protection without any noticeable body
weight loss when 10 and 3 mg kg~ were administered, and it af-
forded 90% survival when given the lowest dose of 1 mg kg™
(Figure 7A; Table S5). NDS.1.1 showed similar performance as
NDS.1, providing 80%-90% protection with all doses tested.
NDS.3 conferred full protection with a dose of 10 and 3 mg
kg™, although there was ~8% mean body weight loss at days
8 and 9 when given 3 mg kg~"'. However, this mAb afforded
only 10% survival when the lowest amount (1 mg kg~") was
administered (Figure 7A). Consistent with a previous report,'®
the catalytic site-directed 1G01 conferred full protection at all
doses tested. The control anti-HA stem mAb FI6v3“° provided
weaker protection, compared with all tested anti-NA mAbs.
Full protection was observed when the highest 10 mg kg~ of
Fl6v3 was given, but protective efficacy rapidly dropped as the
mADb dose decreased (Figure 7A). Overall, NA dark side-directed
mAbs provided potent protection from mortality and morbidity
caused by H3N2 virus infection in mice when prophylactically
administered.

Since commercial antivirals targeting influenza virus NA are
efficacious as therapeutics after symptom onset, we sought to
assess protective efficacy of the dark side-directed mAbs in a
post-exposure therapeutic setting. Mice were infected with a
5 x LDsg of A/Philippines/2/1982 (H3N2) virus 48 h prior to admin-
istration of mAbs at 10 mg kg~ In this setting, mice did not show
appreciable body weight loss at the time of mAb administration.
Overall, 90% of mice receiving either NDS.1 or NDS.1.1 survived,
with a mild body weight loss of ~10%, which was similar to that of
the control 1G01-treated mice, whereas NDS.3-treated mice re-
sulted in 50% survival with more severe body weight loss (Fig-
ure 7B; Table S5). The control anti-HA mAb FI6v3 afforded only
partial protection (30% survival) in this therapeutic setting. We
showed that the NA dark side-directed mAbs were highly protec-
tive not only when given as pre-exposure prophylaxis, even at a
dose as low as 1 mg kg™, but also as post-exposure therapeu-
tics in a mouse model.
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Figure 7. Protective efficacy of the NA dark side-directed mAbs against A/Philippines/2/1982 (H3N2)

(A) Pre-exposure prophylaxis experiment. BALB/c mice were treated with 10, 3, or 1 mg kg~ of mAbs intraperitoneally 24 h prior to the intranasal virus challenge.
Virus dose was 10 x LDgo. Group size was 10 except for NDS.1 at 1 mg kg~ (n = 9). Percent survival (upper) and percent body weight change (lower) are shown.
(B) Post-exposure treatment experiment. BALB/c mice were infected with virus prior to mAb administration (10 mg kg”) at 48 h post-infection. Virus dose was
5 X LDso. Group size was 10 except for NDS.1 group (n = 9). Percent survival (upper) and percent body weight change are shown. Error bars indicate SD.

See also Table S5 for statistical analyses of Kaplan-Meier curves.

In addition, we characterized the dark side-directed mAbs for
their ability to retain binding to NAs that contain antiviral resistant
mutations. For this, we designed recombinant DW21 NA con-
taining the E119V/1222L mutations, which have been shown to
escape zanamivir."' We measured binding of dark side-directed
mAbs and catalytic site mAbs to DW21 N2 with and without the
E119V/1222L mutations by ELISA. As expected, the catalytic
site-directed mAb binds substantially weaker to the NA with
the substitutions while the dark side-directed mAbs retain their
binding to DW21 N2 with the E119V/I1222L mutations (Figure S7),
highlighting the potential of dark side-directed mAbs as antiviral
countermeasures for drug-resistant viruses.

DISCUSSION

Influenza virus NA has long been central to drug discovery ef-
forts, with licensed antivirals targeting NA continuing to save
countless lives since their first approval in 1999. Although it
has been known, since the 1980s, that antibodies can inhibit
the catalytic activity of NA, only a few mAbs have been identified
in humans to date that recapitulate the molecular interactions of
sialoside substrates and possess similar breadth of reactivity as
commercial NA inhibitors."*"**? Besides these rare mAbs, anti-
bodies to antigenic sites peripheral to the catalytic site can also
inhibit NA activity by sterically hindering access to sialoside sub-
strates, but those antibodies are generally less cross-reactive.*
Antibodies such as CD6 and NA-22 recognize the lateral surface
of the NA globular head distant from its catalytic site, yet still
inhibit the catalytic activity of NA through indirect steric hin-
drance.?'"?® Finally, a few reports have noted that the catalytic
activity of NA can also be inhibited through anti-HA stem anti-
bodies through steric hindrance.®**° Nevertheless, our under-
standing of the NA antigenic landscape is still far from complete.
The first suggestion of an antigenic site on the NA underside was
made by Webster et al. in 1984, in which the authors defined anti-
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genic area 1 (region 1) based on apparent antigenic drift.®
Nearly four decades later, we here rediscovered the NA dark
side antigenic site by isolating and characterizing human mAbs
that define two non-overlapping epitopes on the NA underside.
It is fascinating that although the region 1 mAbs reported earlier
had very limited biological activity,®® the dark side-directed
mAbs reported here had broad NAI activity and protective effi-
cacy in vivo, accentuating the incompleteness of our under-
standing of the antigenic landscape of NA. While these NA
dark side-targeting mAbs are N2 subtype-specific, it is likely
that antigenic sites corresponding to these epitopes exist on
other NA subtypes such as N1.

It would be surprising to find functional mAbs targeting the NA
underside if the mushroom-shaped NA molecule formed static
closed tetramers on the viral surface; however, a study
describing the mesoscale all-atom molecular dynamics simula-
tions of whole influenza virions has provided new insights into
this potential paradox.”® In addition to the two known motions
of HA (i.e., breathing and tilting), simulations revealed a third dy-
namic behavior of influenza virus glycoproteins: NA tilting. We
found that tilting of the NA head during the simulations allowed
NDS.1 to access its epitope, providing a plausible explanation
for the elicitation and functionality of dark side-targeting anti-
bodies. Another important consideration is that the tetrameric
NA globular head may exhibit greater heterogeneity than is
believed. We show the spontaneous dissociation of NA globular
head domains in the context of recombinant NA proteins bearing
commonly used tetramerization domains.”® This behavior of
dissociating a tetramer into four monomers or two dimers is
also found in distantly related paramyxovirus hemagglutinin-
neuraminidases (HNs).**“® The viral attachment G protein of
Nipah virus, a member of the six-bladed B propeller fold homo-
tetrameric NA/sialidase-like proteins, has revealed a distinctive
two-heads-up and two-heads-down conformation that is
different from other known paramyxovirus NAs/sialidases
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structures,?® illustrating how antigenic surfaces, including the

dark side, are exposed to the immune system. Another intriguing
structural feature of the parainfluenza virus 3 HN was reported*’
where a protomer of a dimer is interacting with the neighboring
viral fusion protein through its surface apart from the sialidase
center, suggesting that surfaces distant from the catalytic
site can play functional roles and be viable targets for antibodies
to disrupt viral functions. It is possible that the influenza NA ex-
hibits some conformational heterogeneity in addition to its
extreme tilting on the viral surface and hence exposes the dark
side as well as tetramer interface epitopes much more than the
stereotypic view of the static mushroom-like structure would
suggest.

Several potent anti-NA mAbs were isolated from plasmablasts
of either H1N1- or H3N2-infected individuals, but NA-targeting
plasmablast responses were barely detectable in vaccinated in-
dividuals, suggesting that NA in current influenza vaccines is
poorly immunogenic.” While the dark side-directed mAbs
described here were isolated from two convalescent donors,
most functional mAbs were isolated from donor A who was
born in the 1950s. It is not possible to know if the B cell lineages
we characterized here were induced by infection with (or expo-
sure to) the historical H2N2 virus that circulated between 1957
and 1968 or the H3N2 virus (since 1968). Regardless, it is fasci-
nating that the B cell lineages specific to the NA dark side re-
sponded to the recent H3N2 virus infection in the individual,
and they broadly cross-react with N2 NA from human H3N2
and H2N2 viruses and several zoonotic HxN2 viruses. Given
the degree of somatic hypermuation (SHM) in the dark side-
directed antibodies, we anticipate that vaccine elicitation of
such antibodies can be achievable with appropriate immuno-
gens. We have shown that the dark side-directed mAbs can
inhibit the catalytic activity of NA on the virus when a macromo-
lecular substrate (i.e., fetuin) was used, likely through indirect
steric hindrance, and blocked virus propagation and spread
in vitro through inhibition of its sialidase activity. These viral inhib-
itory properties of the dark side-directed mAbs are analogous to
the NA inhibitors such as oseltamivir and zanamivir or the cata-
lytic site-directed antibodies such as 1G01, DAQO3E17, and
FNI9,'*"5%2 and they all can confer both pre- and post-exposure
prophylactic protection in murine infection model of influenza.
Additionally, the hallmark substitutions associated with resis-
tance to oseltamivir and/or zanamivir such as E119V and
[222L*" did not impact the dark side epitopes. We noticed that
the within-subtype breadth of the dark side-directed mAbs ap-
pears somewhat superior to that of 1G01, although the latter
cross-reacts with other NA subtypes as well. A similar hierarchy
has been seen with HA head-directed mAbs (i.e., lateral patch-
directed mAbs are superior within a subtype to receptor-binding
site-directed mAbs, while the latter go beyond subtype bound-
aries). Identification of additional protective antigenic sites is
an important step toward developing effective vaccines and
therapeutics against this ever-evolving virus. Our findings, along
with two other reports that have described human mAbs to either
the underside or lateral side of NA,***? define additional viable
sites of vulnerability on influenza virus NA and will foster new
multipronged vaccine/therapeutic approaches targeting multi-
ple sites of vulnerability on HA, NA, and potentially other viral
proteins.
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Limitations of the study

Our study evaluated mAb treatment only at 24 h prior to infection
and 48 h post-infection. Given that experimental influenza virus
infection in mice does not recapitulate disease course of human
influenza, animal models that reflect human diseases such as
macaques would be needed for further evaluation of mAbs as
prophylaxis and/or therapeutic countermeasures. We observed
clonal expansion of B cells targeting the dark side epitope in
donor A with V4-34 germline gene, which is known to associate
with polyreactivity and B cell anergy. A larger study is necessary
to understand if this gene is recurrently used in different individ-
uals and exhibits polyreactivity. While synergy between NA cat-
alytic site-directed mAb and HA stem-directed mAb have been
shown*?, studying synergy between two NA-targeting mAbs
(e.g., catalytic site and dark side) or between HA- and NA dark
side-directed mAbs would aid in developing a therapeutic cock-
tail targeting multiple sites of vulnerability of influenza virus and
minimizing the risk of generating escape variants.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NDS.1 Produced in house (this study) N/A

NDS.1.1 Produced in house (this study) N/A

NDS.1.2 Produced in house (this study) N/A

NDS.3 Produced in house (this study) N/A

NDS.5 Produced in house (this study) N/A

NDS.6 Produced in house (this study) N/A

229-2G05 Produced in house; Chen et al.* N/A

1G01 Produced in house; Stadlbauer etal.”™>  N/A

VRCO1 Produced in house; Zhou et al.”’ N/A

Fi6v3 Produced in house; Corti et al.*° N/A

BV510 Mouse Anti-Human CD3 (clone OKT3)
BV510 Mouse Anti-Human CD14 (clone M5E2)
BV510 Mouse Anti-Human CD56 (clone HCD56)
BV421 Mouse Anti-Human CD19 (clone HIB19)
APC/Fire 750 Mouse Anti-Human CD20 (clone 2H7)
BV605 Mouse Anti-Human CD27 (clone 0323)
AF700 Mouse Anti-Human CD38 (clone HIT2)

ECD Mouse Anti-Human CD19 (clone J3-119)
PE-Cy5 Mouse Anti-Human CD21 (clone B-ly4)
PerCP-Cy5.5 Mouse Anti-Human IgM (clone G20-127)
BV421 Mouse Anti-Human IgG (clone G18-145)
BV750 Mouse Anti-Human IgG (clone G18-145)
Goat Anti-Human IgG-HRP conjugated

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Beckman Coulter
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Southern Biotech

Cat# 317332; RRID:
Cat# 301842; RRID:
Cat# 318340; RRID:
Cat# 302234; RRID:
Cat# 302357; RRID:
Cat# 302830; RRID:
Cat# 303524; RRID:

Cat# IM2708U

Cat# 551064; RRID:
Cat# 561285; RRID:
Cat# 562581; RRID:
Cat# 746959; RRID:

Cat# 2040-05

AB_2561943
AB_2561946
AB_2561944
AB_11142678
AB_2572125
AB_2561450
AB_2072781

AB_394028
AB_10611998
AB_2737665
AB_2871743

Bacterial and Virus Strains

replication-restricted reporter virus
H3N2 A/Aichi/2/1968
replication-restricted reporter virus
H3N2 A/Philippines/2/1982
replication-restricted reporter virus
H3N2 A/Moscow/10/1999
replication-restricted reporter virus
H3N2 A/Wisconsin/67/2005
replication-restricted reporter virus
H3N2v A/Indiana/10/2011
replication-restricted reporter virus
H3N2 A/Switzerland/9715293/2013
replication-restricted reporter virus
H3N2 A/duck/France/161005/2016
replication-restricted reporter virus
H3N2 A/Darwin/106/2020
replication-restricted reporter virus
H3N2 A/Darwin/6/2021
replication-restricted reporter virus
H1N2 A/swine/Germany/Bak50/2017
replication-restricted reporter virus
HI9N2 HIN2 A/Guangxi-Xiangshan/11522/2018

Produced in house; Creanga et al.*’

Produced in house; Creanga et al.*°

Produced in house; Creanga et al.**

Produced in house; Creanga et al.*°
Produced in house; Creanga et al.*”
Produced in house; Creanga et al.**
Produced in house; Creanga et al.*°

Produced in house; Creanga et al.*”

Produced in house; Creanga et al.*°

Produced in house; Creanga et al.*°

Produced in house; Creanga et al.**

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

rewired replication-restricted reporter virus Produced in house; Creanga et al.*° N/A

H2N2 A/Singapore/1/1957

rewired replication-restricted reporter Produced in house; Creanga et al.*° N/A

virus H2N2 A/Ann Arbor/7/1967

H3N2 A/Philippines/2/1982 FDA C6066

Biological Samples

Human PBMCs VRC ClinicalTrials.gov identifier NCT00067054
Human serum and plasma VRC ClinicalTrials.gov identifier NCT00067054

Chemicals, Peptides, and Recombinant Proteins

N2 WT A/Moscow/10/1999 Produced in house N/A

N2 WT A/Wisconsin/67/2005 Produced in house N/A

N2 WT A/Darwin/6/2021 Produced in house N/A

N2 WT A/Indiana/10/2011 Produced in house N/A

N2 A/Darwin/6/2021 T265N/K267T_V313N/R315T Produced in house N/A

N2 A/Darwin/6/2021 E119V_I222L Produced in house N/A

N1 sNAp A/WSN/1933 Produced in house; Ellis et al.** N/A

N1 sNAp A/Vietnam/1203/2004 Produced in house; Ellis et al.”® N/A

N1 sNAp A/California/04/2009 Produced in house; Ellis et al.*® N/A

N1 sNAp A/Michigan/45/2015 Produced in house; Ellis et al.® N/A

N8 sNAp A/Jiangxi-Donghu/346-2/2013 Produced in house; Ellis et al.® N/A

N3 WT A/Swine/Missouri/2006 Produced in house; Ellis et al.”® N/A

NA WT B/Colorado/06/2017 Produced in house; Ellis et al.* N/A
rProtein A Sepharose™ Fast Flow Cytiva Cat# 17-1279-03
1gG elution buffer Pierce Cat# 21009

ExpiFectamine™293 transfection kit

ThermoFisher Scientific

Cat# A14524

Ni-Sepharose excel resin Cytiva Cat# 17371201
Zanamivir Sigma Aldrich Cat# SML0492-50MG
Lectin from Arachis hypogaea (peanut) Millipore Sigma Cat# L7759
Phosphate-Citrate Buffer with Sodium Perborate Millipore Sigma Cat# P4922
Coating Solution Concentrate Kit Seracare Cat# 5150-0014
Fetuin Millipore Sigma Cat# F3385
o-Phenylenediamine dihydrochloride Millpore Sigma Cat# P8287
TPCK-Trypsin Milllipore Sigma Cat# T1426
Alexa Flour™ 647 Microscale Protein Labeling Kit ThermoFisher Scientific Cat# A30009
Alexa Fluor™ 488 Microscale Protein Labeling Kit ThermoFisher Scientific Cat# A30006
Critical Commercial Assays

NA-Fluor™ Influenza Neuraminidase Assay Kit ThermoFisher Scientific Cat# 4457091

Deposited Data

NDS.1 Fab-1G01 Fab-IN11v
N2 NA cryo-EM structure

NDS.3 Fab-DW21 N2 NA cryo-EM structure

This study

This study

EMD-29907; EMD-29908; PDB 8GAT;

PDB 8GAU
EMD-299909; PDB 8GAV

Experimental Models: Cell Lines

Expi293 cells Thermo Fisher Scientific Cat#A14527
MDCK-SIAT1-PB1 cells Produced in house; Creanga et a N/A
MDCK-SIAT1 MilliporeSigma SKU#05071502
Experimental Models: Organisms/Strains

BALB/c Envigo BALB/cAnNHsd
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Flowjo v10 TreeStar https://www.flowjo.com;
RRID: SCR_008520

Prism v10.1.1 GraphPad https://www.graphpad.com;
RRID: SCR_002798

Octet Analysis v11 Sartorius https://www.sartorius.com

Inkscape v1.2.2 Inkscape https://inkscape.org

Biorender Biorender https://biorender.com

RELION 3 Scheres®" https://relion.readthedocs.io/en/
release-5.0/

MotionCor2 Zheng et al.>” https://emcore.ucsf.edu/ucsf-software

ctffind4 Rohou and Grigorieff>® https://grigoriefflab.umassmed.edu/
ctffind4

crYOLO Wagner et al.>* https://cryolo.readthedocs.io/en/
stable/

ResMap Kucukelbir et al.>® https://resmap.sourceforge.net/

DeepEMhancer Sanchez-Garcia et al.”® https://github.com/rsanchezgarc/
deepEMhancer

SWISS-MODEL Waterhouse et al.”’ https://swissmodel.expasy.org/

UCSF Chimera Pettersen et al.>® https://www.cgl.ucsf.edu/chimera/

Phenix Adams et al.”® https://phenix-online.org/

Coot Emsley et al.®° https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

Molprobity Davis et al.®’ http://molprobity.biochem.duke.edu/

PDBe PISA Krissinel et al.®® https://www.ebi.ac.uk/pdbe/pisa/

Clustal Omega Sievers et al.®® https://www.ebi.ac.uk/jdispatcher/

WeblLogo v2.8.2

Crooks et al.?*; Schneider
and Stephens®®

msa/clustalo

https://weblogo.berkeley.edu

Other

Superdex 200 Increase 10/300GL Cytiva Cat# 28990944

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Masaru
Kanekiyo (kanekiyom@nih.gov).

Materials availability
All unique and stable materials generated in this study are available from the lead contact under a Material Transfer Agreement.

Data and code availability

The data that support the findings of this study are available from the corresponding author on request. Cryo-EM maps have been
deposited in the Electron Microscopy Database under accession codes EMDB: EMD-29907, EMD-29908, and EMD-29909. Model
coordinates habe been deposited in the Protein database under accession codes PDB: 8GAT, 8GAU, and 8GAV.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human specimens

Human PBMC samples used in this study were obtained under the study, VRC 200, a protocol for apheresis and specimen collection
procedures to obtain plasma, PBMCs and other specimens for research studies (ClinicalTrials.gov identifier NCT00067054) at the
National Institutes of Health (NIH) Clinical Center by the Vaccine Research Center (VRC) Clinical Trials Program, National Institute
of Allergy and Infectious Disease (NIAID), NIH in Bethesda, MD. The trial protocol was reviewed and approved by the NIAID
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Institutional Review Board. Informed consent was obtained from every enrolled participant and conduct of the study complied with all
relevant ethical regulations. Compensation was provided to participants for their time and effort related to participation in this clinical
trial research study. PBMCs, serum (donor A) and plasma (donor B) samples were collected two to six weeks post-confirmed influ-
enza positive PCR test for donor A and donor B. Donor A, male, born in 1956, sample collection in 2015; donor B, born 1997, sample
collection in 2021; and donor 229-14-036,* female, age 46, sample collection on day 7 after confirmed influenza infection in 2014.

Mice

BALB/cAnNHsd female mice between 4-6 weeks of age were purchased from Envigo and were housed either in a conventional or
specific pathogen free (SPF) animal facility on a 12-hour light/dark cycle under ambient conditions with free access to food and water.
Animals were randomly assigned to experimental groups. All experiments were done in accordance with approved guidelines, reg-
ulations, and protocols as determined and approved by the Institutional Animal Care and Use Committee at Bioqual, Inc., Rockuville,
MD. The research facility is AAALAC International accredited and standards for all animal care (acquisition, breeding, and experi-
mental protocols), biosafety, and personnel occupational health and safety conform to all Federal, State and local regulations.

METHOD DETAILS

Single-cell sorting, immunoglobulin amplification, sequencing and mAb production

Cryopreserved peripheral blood mononuclear cell (PBMC) samples were thawed and stained with monoclonal antibodies against
human CD3 (BioLegend), CD14 (BioLegend), CD56 (BioLegend), CD19 (BioLegend or Beckam Coulter), CD20 (Biolegend), CD21
(BD), CD27 (BioLegend), CD38 (BioLegend), IgM (BD) and IgG (BD). The NA probes of N2 A/Wisconsin/67/2005 (WI05) or N2 A/Dar-
win/6/2021 (DW21) were conjugated with either AF488 or AF647 fluorochrome, respectively, according to the manufacturer’s instruc-
tion (Microscale Protein Labeling Kit, Thermo Fisher Scientific) prior to use in flow cytometry. Non-B cells and dead cells were gated
out with CD3, CD14, CD56 and Aqua (cell viability dye) staining. Memory B cells were gated on as CD19*, CD38"Y, IgM~and IgG™* or
IgG* and CD20*. NA-binding memory B cells were single-cell sorted into 96-well plates (Bio-Rad) using an FACS Aria Instrument
(BD). Plates were subjected to reverse transcription PCR and cDNA were used for PCR to amplify immunoglobulin (Ig) heavy and
light chain genes as described previously.®®®” PCR products were sequenced by Sanger sequencing, and sequences were analyzed
with the IMGT V-Quest (imgt.org/IMGT_vquest). Paired Ig heavy and light chain sequences were synthesized and subcloned into
IgG1 heavy chain and kappa or lambda light chain backbone expression vectors, respectively (GenScript). Antibodies were ex-
pressed recombinantly by transient transfection of Ig expression plasmids in Expi293 cells (ThermoFisher Scientific) with
ExpiFectamine™293 Transfection Kit (ThermoFisher Scientific). Supernatant was harvested 5 days post transfection and antibody
was purified by using Protein A Sepharose (Cytiva). Control antibodies were generated as described above. 1G01,'® a broadly reac-
tive anti-NA mAb, and VRCO1, an irrelevant mAb that binds to HIV-1 Env,°%%® were used as positive and negative control, respectively
in assays throughout the study.

Cell lines

Expi293 cells, purchased from Thermo Fisher Scientific (Catalog A14527), were cultured in Expi293 Expression Medium (Life Tech-
nologies) at 37°C with 8% CO, and agitating at 120 rom. MDCK-SIAT1-PB1 cells used for virus propagation, growth inhibition assay,
and NAI by MUNANA assay were described previously.>> MDCK-SIAT1-PB1 cells were maintained in DMEM supplemented with
10% FBS, geneticin (1 mg mI™") and puromycin (0.25 ug mi™") at 37°C with 5% CO,.

Viruses

Rescue and propagation of replication-restricted reporter (R3) influenza viruses used in this study was described previously.*®
Briefly, H3N2 viruses (A/Aichi/2/1968, A/Philippines/2/1982, A/Moscow/10/1999, A/Wisconsin/67/2005, A/Indiana/10/2011,
A/Switzerland/9715293/2013, A/duck/France/161005/2016, A/Darwin/106/2020, and A/Darwin/6/2021), HIN2 A/swine/Germany/
Bak50/2017, and HON2 A/Guangxi-Xiangshan/11522/2018 viruses used in this study are R3 viruses in which PB1 segment was modi-
fied to encode a fluorescent reporter, whereas A/Singapore/1/1957 H2N2 and A/Ann Arbor/7/1967 H2N2 viruses are rewired R3 (i.e.,
R4) in which HA coding region is inserted between PB1 segment genome packaging signals and the fluorescent reporter is inserted
between HA segment genome packaging signals.*®

Protein expression and purification

Recombinant NA proteins were expressed and purified as described previously.® Briefly, NA constructs were expressed by transient
transfection in Expi293 cells (ThermoFisher Scientific) using the ExpiFectamine™293 Transfection Kit (ThermoFisher Scientific). Cell
culture supernatants were harvested 5 days post-transfection, cleared, and filtered. Proteins were purified from clarified superna-
tants by immobilized metal affinity chromatography (IMAC) using Ni-Sepharose High-Performance resin (Cytiva). After incubating
for 2 h at room temperature, bound proteins were eluted using an elution buffer (50 mM Tris-HCI, 0.5 M NaCl, 300 mM imidazole,
pH 8). Proteins were further purified by size exclusion chromatography (SEC) into phosphate-buffer saline (PBS) using a Superdex
200 Increase 10/300 column (Cytiva).
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NA sequence analysis

NA sequences comprising the entire coding region were retrieved from GISAID (gisaid.org) and aligned with the MUSCLE algorithm
as implemented in Bioedit v7.2.5. To identify genetically representative NA sequences of seasonal H3N2 viruses, we used phyloge-
netic analyses described Westgeest et al.?®"° for viruses circulating from 1968 to 2011 and the phylogenetic analysis described at
nextstrain.org/flu/seasonal/h3n2/na/12y for viruses circulating between 2011 and 2022. A set of 188 non-redundant sequences of
circulating human H3N2 viruses between 1968 and 2022 was used to generate the WebLogo (seasonal H3N2), whereas 25 repre-
sentative sequences of human H3N2 along with 55 sequences of representative animal HxN2 viruses causing sporadic outbreaks
in humans (e.g., HIN2, H3N2v, HON2) were used to generate the WebLogo for HXN2 in Figure 4E. NA sequences used in the analyses
were listed in ltem S1. WebLogo plots were made by using the WebLogo v2.8.2 (weblogo.berkeley.edu) and manually curated in Ink-
scape (v1.2). We followed the N2 numbering scheme based on the A/Tokyo/3/1967.""

Enzyme-linked immunosorbent assay (ELISA)
MaxiSorp™ ELISA plates (Nunc) were coated with 2 pg mi™ of recombinant NA protein and incubated overnight at 4°C. Plates
were washed with PBS and 0.1% Tween 20 (PBS-T) and blocked with 5% skim milk in PBS at 37°C for 1 h. MAbs were diluted to
0.1 mg mI™ and serially diluted threefold and added to the plates for 30 min at 37°C. After washing, HRP-conjugated secondary anti-
body (anti-human; Southern Biotech) was added and incubated for another 30 min at 37°C. Plates were developed with KPL TMB
substrate and the reaction was stopped by the addition of 0.5 M H,SO,4. Absorbance was measured at 450 nm (Biotek Neo2 plate
reader).

For human convalescent samples, ELISA plates were coated with recombinant NA proteins and blocked as described above. Hu-
man serum and plasma samples were diluted to 1/25 and serially diluted in two-fold before added to the NA-coated ELISA plates.
Plates were incubated for 1 h at 37°C followed by washing, secondary antibody, and development steps as described above.

Biolayer Interferometry (BLI)

BLI experiments were performed by using the Octet HTX instrument (Sartorius). HIS1K biosensors (Sartorius) were hydrated in PBS
prior to use. Recombinant N2 NA proteins derived from A/Moscow/10/1999, A/Wisconsin/67/2005, A/Indiana/10/2011 and A/Dar-
win/6/2021 were immobilized on hydrated HIS1K biosensors through their hexahistidine tag at their N-termini. After brief (60 s) equil-
ibration in assay buffer (25 mM Tris, 150 mM NaCl, 1% BSA, pH 8.0) the biosensors were dipped into a two-fold dilution series of
NDS.1, NDS.1.1 or NDS.3 Fabs for 300 s. Starting concentration of Fabs was 400-800 nM. Biosensors were then dipped in the assay
buffer to allow Fabs to dissociate from NA for 600 s. All assay steps were performed at 30°C with agitation set at 1,000 rpm. Baseline
correction was carried out by subtracting the measurements recorded for a sensor loaded with the corresponding NA in the same
buffer with no Fab. Data analysis and curve fitting were done with the Octet analysis software (version 12). Experimental data were
fitted with the binding equations describing a 1:1 (Langmuir model) interaction.

Influenza replication inhibition neuraminidase-based assay (IRINA)

The viruses were diluted in Opti-MEM (Gibco) and 45 pl of titrated virus was added to 45 pl of Opti-MEM into a 96-well plate and
incubated for 1 h at 37°C. MCDK-SIAT1-PB1 cells were trypsinized, washed once with PBS and resuspended in Opti-MEM. Thirty
ul of MDCK-SIAT1-PB1 cells at a concentration of 1 x 10° cells mI™ were added to each well containing the diluted virus. Twenty-five
ul of virus-cell mixture was added to each 384 well in quadruplicate and incubated for 20-24 h at 37°C with 5% CO,. Next day, mAbs
were diluted in the assay buffer (NA-Fluor Influenza Neuraminidase Assay Kit; Thermo Fisher Scientific) at a starting concentration of
50 ug ml™'. Culture supernatant of the 384-well plate was discarded and replenished with 25 pl diluted mAbs in quadruplicate. The
plates were incubated for 1 h at 37°C with 5% CO,, and 25 uL of assay substrate (NA-Fluor Influenza Neuraminidase Assay Kit;
Thermo Fisher Scientific) was added to each well and incubated for another 1 h at 37°C with 5% CO,. Reaction was then stopped
by adding 50 pl of stop solution (NA-Fluor Influenza Neuraminidase Assay Kit; Thermo Fisher Scientific), and the plates were read
using an excitation wavelength range of 350 nm to 365 nm and an emission wavelength range of 440 nm to 460 nm. Control wells
without the virus infection were used for background subtraction.

Enzyme-linked lectin assay (ELLA)

MaxiSorp ELISA plates were coated with fetuin at 2.5 ng well™ in the coating buffer (KPL coating solution; SeraCare), sealed and
stored at 4°C overnight or until further use. Next day, the plates were washed with PBS-T. A two-fold serial dilution of virus was pre-
pared in a separate 96-well plate with a starting dilution of 1:10 in sample diluent (PBS, 1% BSA, 0.5% Tween-20). Fifty pl of each
virus dilution was added to the washed plate, sealed and incubated for 2 h at 37°C. The plates were washed six times with PBS-T, and
100 pl well™* of HRP-conjugated peanut agglutinin (Sigma) at a concentration of 1 pg ml™! was added to each plate. The plates were
incubated for 2 h at room temperature and washed three times with PBS-T. The plates were developed with 100 pl well™ SigmaFast
OPD in the dark at room temperature and the reaction was stopped after 10 min with 100 pl well™* of 0.5 M H,SO,. The plates were
read at a wavelength of 490 nm (Biotek Neo2 plate reader).

For the neuraminidase inhibition assay, the plates were coated as described above. In a separate plate mAbs were diluted to a
starting concentration of 50 pg ml™, serially two-fold diluted in sample diluent. Fifty ul well” of diluted virus was added to the fe-
tuin-coated plate, and 50 pl well™! of diluted mAb was added on top. Fifty ul well”" of sample diluent was added on diluted virus
for positive control wells, whereas 100 uL of sample diluent (without virus solution) was added for negative control wells. Plates
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were sealed, gently mixed by tapping sides of plates, and incubated for 2 h at 37°C. The plates were washed, developed, and read as
described above.

Virus Inhibition assay

MAbs were serially diluted three-fold at a starting concentration of 50 ug mI™" in Opti-MEM, and the viruses were diluted in Opti-MEM
supplemented with TPCK-treated trypsin (2 ng mI"). Forty-five pl of diluted mAb was incubated with 45 pl of diluted virus for 1 h at
37°C with 5% CO, in 96-well plates. MCDK-SIAT1-PB1 cells were trypsinized, washed once with PBS and resuspended in Opti-
MEM. Thirty pl of MDCK-SIAT1-PB1 cells at a concentration of 1 x 108 cells mI"' were added to each well containing mAb-virus
mixture. Twenty-five pl of each cell-mAb-virus mixture was added in quadruplicate to 384-well plates, and the plates were incubated
for 4-5 h at 37°C with 5% CO.,. After incubation, supernatant was removed and replenished with 25 pl of diluted mAb and 25 pl of
Opti-MEM supplemented with TPCK-treated trypsin. Plates were incubated for 28-48 h at 37°C with 5% CO,, and fluorescent cells
(i.e., reporter virus-infected cells) were detected with Celigo instrument (PerkinElmer). Results were analyzed and IC5, values were
calculated with GraphPad Prism. Wells with zanamivir and without mAb were used as positive (100%) and negative (0%) controls for
virus inhibition, respectively.

Passive transfer

For prophylactic treatment setting, six- to eight-week old female BALB/cJ mice (n = 9-10) were given 200 pl of mAbs solution at a
concentration of 10, 3, or 1 mg kg™ intraperitoneally 24 h prior to challenge. Mice were anesthetized and challenged intranasally with
10 x LDsg of H3N2 A/Philippines/2/1982 virus. For post-exposure treatment setting, mice (n = 9-10) were challenged with 5 x LD5, of
H3N2 A/Philippines/2/1982 virus and treated 48 h later with 10 mg/kg of mAbs intraperitoneally. Body weight loss and clinical symp-
toms were monitored daily for 14 days post-infection and the humane endpoint was defined as a loss of 20% of the initial day 0 body
weight.

Cryo-EM structure determination

Neuraminidase was mixed with the Fab fragments at a molar ratio of 1.5 Fab to 1 NA monomer. Quantifoil R 2/2 gold grids were glow-
discharged using a PELCO easiGlow glow-discharger (air pressure: 0.39 mBar, current: 20 mA, duration: 30 s) immediately before
use. Vitrification was performed at a total protein concentration of 0.15 mg/ml using a Thermo Scientific Vitrobot Mark IV plunger with
the following parameters: chamber temperature of 4°C, chamber humidity of 95% and drop volume of 2.7 pul.

Datasets were collected on an FEI Titan Krios G1 electron microscope equipped with a Gatan K2 Summit direct electron de-
tector operated in the counting mode. A single dataset, collected without tilting the stage, was used to determine the structure of
the NDS.3-DW21 NA complex, which showed uniform particle distribution in the vitrified ice. In contrast, the NDS.1-IN11v NA
complex demonstrated a strong preferred orientation, with only top views present in the initial dataset. To improve the angular
distribution of the particles, Fab 1G01, which binds to the opposite side of the NA tetramer, was added to the NDS.1-IN11v
NA complex before freezing, and datasets were collected and 0° and 30° of stage tilt. An additional dataset was recorded with
the ternary complex prepared using Quantifoil R 2/2 gold grids covered with a monolayer of graphene oxide; these grids were
produced in-house by following a published protocol.”® The total protein concentration was reduced to 0.03 mg ml™ for vitrifica-
tion using graphene oxide-covered grids. All the above datasets were combined to obtain the structure of the NDS.1-1G01-IN11v
NA complex.

The RELION 3.1 pipeline was used for single particle analysis,5 with patch-based movie frame alignment performed with
MotionCor2°? and contrast transfer function (CTF) parameters determined using ctffind4.%® Templates for automatic particle se-
lection were obtained by 2D classification of particles picked from a small subset of micrographs using the template-free
Laplacian-Gaussian filter-based approach. In the case of the NDS.1-1G01-IN11v NA complex, particles picked using the tem-
plate-based approach in RELION were combined with particles selected using neural network-based picking with crYOLO,**
followed by elimination of duplicates. Subsequent steps included rounds of 2D classification, initial 3D volume generation using
the stochastic gradient descent algorithm, 3D classification, 3D auto-refinement, particle polishing and CTF refinement. In the
case of the NDS.1-1G01-IN11v NA complex, the occupancy of NDS.1 Fab in the consensus map was incomplete. Therefore, we
performed symmetry expansion followed by signal subtraction to isolate a single NA monomer with bound Fabs. This was fol-
lowed by 3D classification without particle re-alignment to select complexes with occupied NDS.1 Fab. The resulting subset of
particles was then subjected to 3D refinement with limited angular search. Resolutions were calculated using the gold-standard
approach’® at the Fourier shell correlation (FSC) curve threshold of 0.143. ResMap 1.1.4 was used to evaluate local resolution.®
3D map post-processing was performed using the standard automated approach implemented in RELION as well as with
DeepEMhancer.*®

To obtain the atomic models of the complexes, the SWISS-MODEL server®” was used to generate homology models of NA and Fab
molecules, which were then docked into the cryo-EM density using UCSF Chimera.*® The atomic models were refined by alternating
rounds of real-space refinement in Phenix’* and model building in Coot.®® Molprobity was used for structure validation.®®°" Cryo-EM
map-molecular model FSC curves were obtained with phenix.mtriage’® at a threshold level of 0.5. NA-Fab interfaces were deter-
mined with PDBe PISA.%? Clustal Omega was used for protein sequence alignment.®®

1
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QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analysis

Allin vitro experimental data shown except for B cell sorting and cryo-EM structure determination were representative of at least two
independent experiments. Conclusions from the repeated experiments that are not shown in the manuscript are the same as those
from the shown experiments. The sample size in in vivo experiments was determined based on the expected heterogeneity of the
samples, the significance threshold (chosen at 0.05), the expected or observed difference, as well as previous publications and
our pilot studies. The chosen sample size in each experiment is sufficient to generate statistically significant results. In all experi-
ments, unless otherwise indicated, data are shown as mean with all data points or group mean + SD, and statistical analyses
were performed using GraphPad Prism (v9). Mantel-Cox test was used to compare Kaplan-Meier curves with Bonferroni correction
applied. P values less than or equal to 0.05 (0.0033 after Bonferroni correction) were considered significant.
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