Immunity

Leveraging vaccination-induced protective
antibodies to define conserved epitopes on influenza
N2 neuraminidase

Graphical abstract

Actiye
sitel

Viral growth inhibition

Importance of Fc function

In vivo protection

- N2 binding profile

1968

v 2019

3C08 1F04 3A10

NA inhibition

[l

Highlights

Cryo-EM structures of three clonally distinct NA

antibodies (Abs)

NA Abs bind to overlapping conserved epitopes in the
underside of NA head domain

Ab epitopes have minimal overlap with other structurally
defined NA epitopes

The defined NA Abs inhibit NA activity and confer protection

in vivo

Lei et al., 2023, Immunity 56, 2621-2634
November 14, 2023 © 2023 Elsevier Inc.
https://doi.org/10.1016/j.immuni.2023.10.005

Authors

Ruipeng Lei, Wooseob Kim,
Huibin Ly, ..., Xinghong Dai,
Ali H. Ellebedy, Nicholas C. Wu

Correspondence

kapunmok@cuhk.edu.hk (C.K.P.M.),
florian.krammer@mssm.edu (F.K.),
xxd159@case.edu (X.D.),
ellebedy@wustl.edu (A.H.E.),
nicwu@illinois.edu (N.C.W.)

In brief

The immunization potential of antibodies
against influenza neuraminidase has
been underappreciated. Here, Lei et al.
isolated three protective antibodies that
cross-react with neuraminidases from
seasonal H3N2 strains spanning multiple
decades. Structural and functional
characterization provides insights into
antibody response against influenza
neuraminidase with implications for
developing broadly protective influenza
vaccines.
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SUMMARY

There is growing appreciation for neuraminidase (NA) as an influenza vaccine target; however, its antigenicity
remains poorly characterized. In this study, we isolated three broadly reactive N2 antibodies from the plas-
mablasts of a single vaccinee, including one that cross-reacts with NAs from seasonal H3N2 strains spanning
five decades. Although these three antibodies have diverse germline usages, they recognize similar epitopes
that are distant from the NA active site and instead involve the highly conserved underside of NA head
domain. We also showed that all three antibodies confer prophylactic and therapeutic protection in vivo,
due to both Fc effector functions and NA inhibition through steric hindrance. Additionally, the contribution
of Fc effector functions to protection in vivo inversely correlates with viral growth inhibition activity in vitro.
Overall, our findings advance the understanding of NA antibody response and provide important insights
into the development of a broadly protective influenza vaccine.

INTRODUCTION

Due to the practice of masking and social distancing during the
coronavirus disease 2019 (COVID-19) pandemic, the activity of
human influenza A virus was extremely low throughout the
2020-2021 influenza season.” However, the activity of human
influenza A virus, especially the H3N2 subtype, increased sub-
stantially in the 2021-2022 influenza season,” demonstrating
its persistence in the human population. In fact, H3N2 virus

has been circulating in humans for more than half a century since
the 1968 Hong Kong influenza pandemic. Seasonal influenza
vaccination is currently the major countermeasure against hu-
man influenza virus infection. Although there are two major anti-
gens on influenza A virus, hemagglutinin (HA) and neuraminidase
(NA), influenza vaccine development has largely focused on HA.
Nevertheless, studies show that the NA antibody response
represents a correlate of protection that is independent of HA
antibody response.®” Given that the current seasonal influenza
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Table 1. Binding affinity against recombinant NAs from different influenza strains

Subtype Strain 1F04 Fab (Kp) 3C08 Fab (Kp) 3A10 Fab (Kp)
H3N2 A/Hong Kong/1/1968 125 nM no binding no binding
H3N2 A/Bilthoven/17938/1969 no binding no binding no binding
H3N2 A/Bilthoven/21438/1971 134 nM no binding 26 nM

H3N2 A/Albany/1/1976 no binding no binding 13 nM

H3N2 A/Bangkok/1/1979 12 nM 133 nM 3nM

H3N2 A/Beijing/353/1989 no binding no binding 3nM

H3N2 A/Shandong/9/1993 10 nM 25 nM 7nM

H3N2 A/Moscow/10/1999 8 nM 4nM 8 nM

H3N2 A/Wyoming/3/2003 7nM <1 nM 13 nM

H3N2 A/Victoria/361/2011 15 nM 23 nM 6 nM

H3N2 A/Singapore/INFIMH-16-0019/2016 3nM <1 nM <1 nM

H3N2 A/Kansas/14/2017 26 nM <1 nM <1 nM

H3N2 A/Hong Kong/2671/2019 6 nM 10 nM 6 nM

H2N2 A/Canada/720/2005 no binding no binding no binding
H5N2 A/mallard/Netherlands/3/1999 no binding no binding no binding
HIN2 A/quail/Hong Kong/G1/1997 no binding no binding 455 nM

See also Figures S1 and S3.

vaccines offer suboptimal protection, NA is receiving increased
attention for influenza vaccine development.>° Despite the
importance of NA in public health, molecular understanding of
NA antibody response is severely lacking compared with HA
antibody response.

NA is a homotetrameric glycoprotein that cleaves the sialy-
lated glycan to promote virus release.'® When the first NA struc-
ture was determined in 1983, " seven antigenic regions at the rim
of the catalytic site were proposed to be targeted by anti-
bodies."” However, as more NA-antibody complex structures
are determined, ®° it becomes clear that residues outside of
the classical antigenic regions can also be targeted by anti-
bodies. Notably, several antibodies that bind to the highly
conserved NA active site have been identified.’®'%2" These
active site-targeting antibodies are protective and can cross-
react with multiple strains within a given NA subtype'®?? or
even across different NA subtypes.’” 82" As a result, NA can
potentially contribute to the development of a universal influenza
vaccine, which is a priority for the National Institute of Allergy and
Infectious Diseases.*

In this study, we isolated three vaccination-induced NA anti-
bodies from a single individual. These antibodies cross-reacted
with the NAs from multiple seasonal influenza H3N2 strains.
The one with the highest binding breadth, 3A10, also cross-re-
acted with the NA from an HI9N2 strain. Cryoelectron micro-
scopy (cryo-EM) analysis showed that the epitopes of these an-
tibodies highly overlapped and involved the underside of NA
head domain, which is highly conserved. Nevertheless, the
binding modes and germline usages of these three antibodies
were very different. Although their epitopes were far from the
active site, two of the three antibodies inhibited viral growth,
likely by preventing the NA to access its substrate on the cell
surface. Furthermore, all three antibodies, including the one
that did not inhibit viral growth in vitro, showed in vivo protec-
tion activity.
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RESULTS

Three broadly reactive N2 antibodies from a

single donor

We isolated 10 monoclonal antibodies to NA and 24 to HA from
the plasmablasts of an individual 1 week after receiving the Flu-
celvax vaccine (a cell-based vaccine) during the 2019-2020
influenza season. This individual was also previously studied af-
ter vaccination with the Flucelvax vaccine during the 2018-2019
influenza season.?* Here, we focused on three of these NA anti-
bodies, namely, 3C08, 3A10, and 1F04 (Figure S1), which were
encoded by IGHV4-59/IGLV1-44, IGHV4-30-4/IGLV1-40, and
IGHV3-48/IGKV3-20, respectively (Figure S2). Although all three
N2 antibodies cross-reacted with multiple N2 NAs, 3A10 had the
highest binding breadth among them (Table 1; Figure S3). 3A10
had reasonable binding affinity (Kp < 30 nM) to NAs from human
H3N2 strains spanning from 1971 to 2019 (49 years). In addition,
3A10 also bound to the NA from an HIN2 strain, albeit with a low
affinity (Kp = 455 nM). These results indicate that the epitopes of
3C08, 3A10, and 1F04 are relatively conserved on N2 NA.

All three antibodies bind to the underside of NA head
domain

To understand how 3C08, 3A10, and 1F04 bind to NA, we deter-
mined the cryo-EM structures of A/Moscow/10/1999 (Mos99)
NA in complex with 3C08, 3A10, and 1F04 at resolutions of
2.78, 2.50, and 2.63 A, respectively (Figure S4; Table S1). Our
structural analysis showed that these three antibodies bound
to a similar region on NA that involved the underside of NA
head domain and was distant from the active site (Figures 1A-
1C). In fact, 3C08 and 3A10 shared an almost identical epitope
(Figures 1D and 1E) despite the huge disparity in their relative
positioning of heavy and light chains with respect to NA
(Figures 1A and 1B). In comparison, the epitope of 1F04 shifted
slightly toward the active site (Figure 1F). The epitopes of 3C08,
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Figure 1. Structural characterization of the three antibodies to the underside of NA head domain

(A-C) Cryo-EM structures of Mos99 NA in complex with (A) 3C08 Fab, (B) 3A10 Fab, and (C) 1F04 Fab. For clarity, only the variable region of one Fab is displayed in
each tetrameric structure. The NA is in surface representation with one protomer colored in white and the other three in dark gray. The active site of NA is
highlighted in yellow. The heavy chain of each antibody is colored in cyan and light chain in pink. Glycans are shown as sticks.

(D-F) The epitopes of (D) 3C08, (E) 3A10, and (F) 1F04 are highlighted in blue on the NA structure.

(G) The locations of classical antigenic regions of N2 NA (blue)'? as well as known antibody escape mutations in N2 NA from eight studies that are outside of the

classical antigenic regions (purple).'>2°%1

(H) The epitopes of NA antibodies (any influenza A subtype or type B) with structural information available in PDB.
(I) The epitopes of all N2 NA antibodies in PDB. In all panels, Mos99 NA structure (PDB: 7U4F) is used.®?

See also Figure S4 and Tables S1-S3.

3A10, and 1F04 had minimal overlap with the classical antigenic
regions of N2 NA"" as well as the locations of known N2 antibody
escape mutations that we compiled from eight studies (Fig-
ure 1G; Table S2).">?5°" A previously identified N2 antibody
escape mutation, E258K, locates at the underside of NAZ® put
is outside of the epitopes of 3C08, 3A10, and 1F04. In addition,
none of the 16 NA antibodies with structural information available
in Protein Data Bank (PDB) target the same epitopes as 3C08,
3A10, and 1F04 (Figures 1H and 1l; Table S3). As a result, little
is known regarding the epitopes of 3C08, 3A10, and 1F04.

3C08, 1F04, and 3A10 have diverse binding modes to
highly overlapping epitopes

We next examined the structural features of 3C08, 3A10, and
1F04. In 3C08, the 17-amino acid complementarity-determining
region (CDR) H3 (Kabat numbering), which bent toward the light
chain and formed extensive interaction with NA (Figure 2A), ac-

counted for 56% of the buried surface area (BSA) of the para-
tope. 3C08 used Vy L99 and V; W100a in the CDR H3 to fill
two pockets in the underside of NA head domain (Figure 2B).
Moreover, CDR H3 of 3C08 also formed four H-bonds with NA
using the side chains of Vy R100, Vy S100c, and Vy R100d, as
well as the main chain of Vi W100a (Figure 2C). Although 3C08
also used other CDRs for binding (Figures S2A and S2B), none
of its NA-interacting side chains represented somatic hypermu-
tation (SHM) (Figures S5A-S5C).

Unlike 3C08, 3A10 primarily used CDR H2 for binding, which
accounted for 40% of the BSA of the paratope (Figures 2D and
S5D-S5F). The CDR H2 of 3A10 formed three H-bonds with
NA using the side chains of Vy N52 and V4 N56, as well as the
main chain of Vy A57 (Figure 2E). In addition, Vy F58 in the
CDR H2 of 3A10 participated in a cation-7 interaction with NA.
Half of the residues in the CDR H2 of 3A10 were SHMs, most
of which were in the paratope (Figures 2E and S2D). To

Immunity 56, 2621-2634, November 14, 2023 2623
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Figure 2. Atomic interactions between NA and the three antibodies

(A) Interactions between 3C08 and NA.

Immunity
Article

V1 R100

Vi R100d

~a
« Vi W100a

S384

-“ﬂv Vi §100c
4

/----\$357

R288

S311

Vi N56
R283

(B and C) Two pockets on NA surface that are occupied by the CDR H3 of 3C08 are indicated. Key CDR H3 residues of 3C08 that interact with NA are shown.

(D) Interactions between 3A10 and NA.
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understand the importance of SHMs in binding, two CDR H2 mu-
tants of 3A10 were constructed. Although mutant 1, which con-
sisted of germline reversions Vi N52Y, V,, S53Y, and V}, 154S, did
not affect the binding to Mos99 NA, mutant 2, which consisted of
germline mutations Vy N56S, Vy, A57T, and Vy F58Y, dramati-
cally weakened the binding (Figure S6A). This result showed
that SHMs in 3A10 were critical for NA binding. The very different
binding modes between 3C08 and 3A10 help explain their differ-
ences in binding breadth (Table 1), despite having highly similar
binding footprints on NA (Figures 1D and 1E).

Similar to 3C08, 1F04 heavily relied on an 18-amino acid CDR
H3 (Kabat numbering) for binding, which accounted for 44% of
the BSA of the paratope (Figure 2F). The CDR H3 of 1F04 formed
a B-hairpin with an «-turn, which stabilized its conformation via
many intramolecular backbone H-bonds (Figure 2G). The
conformational stability of the CDR H3 was further augmented
by additional intramolecular H-bonds between the side chains
of Vi Y99 and Vy S100d, Vi S100 and Vi S100b, as well as Vi
R100c and Vy S100g. Besides, Vi R100c, which located at the
tip of the CDR HS3, helped anchor the CDR H3 by forming an
H-bond with the backbone of VG50 in the CDR L2 (Figure 2G).
The tip of the CDR HS also interacted with NA via four H-bonds
(Figure S5G). Furthermore, the CDR H3 formed another three
H-bonds with V| N31 in the CDR L1 for anchoring (Figure 2G).
Through rigidifying the conformation of CDR H3, this huge
network of H-bonds would reduce the entropic cost of binding.
Two clusters of SHMs were present in the paratope of 1F04—
one in the CDR H2 (Figure S5H) and the other in the CDR L1 (Fig-
ure 2H). Although germline reversion of CDR H2 did not affect
binding to Mos99 NA, that of CDR L1 abolished binding. This
result demonstrated the importance of SHMs in 1F04 for NA
binding (Figure S6B). Given the drastic differences in binding
modes and germline usages among 3C08, 3A10, and 1F04,
our analyses indicate that the underside of NA head domain
can elicit a diverse antibody response. Nevertheless, because
the epitopes involving the underside of NA are close to the stalk
domain, antibodies to these epitopes should have a restricted
angle of approach (Figures S6C-S6E).

Underside epitopes are highly conserved among human
H3N2 NA

To understand the molecular basis of the cross-reactivity of
3C08, 3A10, and 1F04 (Table 1), the sequence conservations
of their epitopes were examined. The cores of 3C08, 3A10,
and 1F04 epitopes were largely conserved among human
H3N2 NAs, whereas a handful of residues at the edge of the epi-
topes were less conserved (Figures 3A-3C). Consistently, most
epitope residues with a large BSA upon binding were highly
conserved, including those that were shared among antibodies,
such as R283, P285, D309, S311, and S384. Moreover, all
epitope residues with side chains that H-bond with the three an-
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tibodies had minimal natural variation (Figures 3E-3G). In
contrast, the classical antigenic regions'? were significantly
less conserved (p < 0.005, two-sided Wilcoxon rank-sum test)
(Figures 3D and 3H).

Nevertheless, major natural amino acid variants could be
observed in a limited number of key epitope residues, as exem-
plified by residue 313, which had a large BSA upon binding to
all three antibodies. NA residue 313 had a Val in human
H3N2 strains that were isolated in the past four decades but
had an Asp in older human H3N2 strains, as well as A/Canada/
720/2005 (H2N2), A/mallard/Netherlands/3/1999 (H5N2), and
A/quail/Hong Kong/G1/1997 (H9N2), which were non-seasonal
N2 strains (Table S4). Based on our cryo-EM structures, V313
in Mos99 NA closely packed against 3C08, 3A10, and 1F04
upon binding (Figures S51-S5K). Replacing the hydrophobic
Val at residue 313 with Asp, which was a larger and negatively
charged amino acid, would increase steric hindrance and hence
decrease antibody binding affinity. This observation could at
least partially explain the much weaker binding of 3C08, 3A10,
and 1F04 to older human H3N2 strains, as well as non-seasonal
N2 strains. Consequently, although the epitopes of 3C08, 3A10,
and 1F04 were highly conserved, certain natural amino acid var-
iants in N2 strains could reduce or even abolish their binding
activity.

We acknowledge that the amino acid sequence at NA residue
313 could not fully explain the variation in binding affinity of these
antibodies. For example, A/Beijing/353/1989 (Bei89) NA had a
V313 but no detectable binding to 3C08 and 1F04 (Table 1;
Figure S3). This observation suggested that the binding activity
of antibodies to the underside of NA head domain was also
affected by natural mutations at other residues. We then
compared the amino acid sequences between Bei89, which
had no detectable binding to 3C08, and A/Shandong/9/1993
(SD93), which showed decent binding activity to 3C08 (Kp =
25 nM) (Table 1; Figure S3). In the 3C08 epitope, Bei89 NA and
SD93 NA differed by two amino acid mutations, namely,
D358N and T385K. Based on our structure of 3C08 in complex
with Mos99 NA, the side chain of K385 pointed away from
3C08 and that of N358 only had weak van der Waals interaction
with 3C08 (Figure S5L). Thus, mutation T385K would not affect
3C08 binding, whereas the conserved mutation D358N would
minimally impact the interaction between NA and 3C08. This
analysis indicated that the huge difference in 3C08 binding affin-
ity between Bei89 and SD93 could not be explained by their dif-
ference of amino acid sequence in the epitope.

Similarly, in the 1F04 epitope, Bei89 NA and SD93 NA only
differed by the conserved mutation D358N. As indicated by our
structure of 1F04 in complex with Mos99 NA, N358 formed a po-
lar-polar interaction with 1F04 V T100a (Figure S5M). Substitut-
ing N358 for D358 would convert the polar-polar interaction into
a polar-charge interaction, which should strengthen the binding.

E) Key CDR H2 residues of 3A10 that interact with NA are shown.
F) Interactions between 1F04 and NA.

(

(

(G) Key CDR H3 residues of 1F04 that interact with NA are shown. Light chain residues that interact with CDR H3 are also shown.

(H) Key CDR L1 residues of 1F04 that interact with NA are shown. In (A), (D), and (F), epitope residues interacting with the heavy chain are shown in orange,
whereas those interacting with the light chain are shown in yellow. Other settings are the same as Figures 1A-1C. In all other panels, black dashed lines represent

H-bonds. Residues labeled in red represent somatic hypermutations.
See also Figures S2, S5, and S6.
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Figure 3. Sequence conservation of the underside epitopes

(A-D) Sequence conservation score for each residue is shown on the NA structure (PDB: 7U4F).*> A high conservation score indicates high sequence con-
servation. The epitopes of (A) 3C08, (B) 3A10, (C) 1F04, and (D), the classical antigenic regions, ' are indicated by the cyan outline.

(E-G) The bar charts indicate the buried surface area (BSA) of each residue in the epitopes of (E) 3C08, (F) 3A10, and (G) 1F04 upon binding. The sequence logos
represent the sequence diversity of each epitope residue in natural human H3N2 strains from 1968 to 2020. Residues with side chains that H-bond with the
indicated antibody are labeled by a black triangle underneath the sequence logo.

(H) Sequence conservation scores of individual residues in the antibody epitopes as well as the classical antigenic regions'? are compared. The distributions of
sequence conservation scores are shown as boxplots. p values are calculated by two-sided Wilcoxon rank-sum test.

See also Table S4.

However, Bei89 NA, which had D358, showed no detectable Together, our structural analysis implies that the binding activity
binding to 1F04, whereas SD93 NA, which had N358, showed of antibodies to the underside of NA head domain can be influ-
strong binding activity to 1F04 (Kp = 10 nM) (Table 1; Figure S3).  enced by natural amino acid variants outside of the epitope.

2626 Immunity 56, 2621-2634, November 14, 2023
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Figure 4. In vitro functional activity of the three antibodies

(A) Virus growth inhibition assay against recombinant viruses that carried NA from Mos99 (H3N2). The other seven segments of the recombinant viruses were from
A/Puerto Rico/8/1934 (PR8). Zanamivir is used as a positive control. Minimum inhibitory concentration (MIC) is shown.

(B) NA inhibition activity of 3C08, 3A10, and 1F04 was measured by ELLA assays, using recombinant Mos99 NA protein.

(C) NA inhibition activity of 3C08, 3A10, and 1F04 at 100 pug/mL, and zanamivir (positive control) at 100 ng/mL was tested by MUNANA assays using Mos99 NA
protein. Relative NA activity was computed by normalizing the NA activity to a negative control with no antibody.

3C08, 1F04, and 3A10 have different viral growth
inhibition activity in vitro

Although 3C08, 3A10, and 1F04 had highly overlapping epi-
topes, they exerted very different levels of viral growth inhibition
(Figure 4A). 3A10 and 1F04 inhibited the growth of A/Puerto
Rico/8/1934 (PR8) carrying Mos99 NA (7:1 reassortant virus)
with minimum inhibitory concentration (MIC) values of 0.78 and
6.25 ng/mL, respectively. In contrast, 3C08 exhibited no viral
growth inhibition activity in this assay. We further measured
the ability of 3C08, 3A10, and 1F04 in inhibiting Mos99 NA activ-
ity using an enzyme-linked lectin assay (ELLA) (Figure 4B).
Consistent with the results from the viral growth inhibition assay,
3A10 had the strongest NA inhibition activity in the ELLA with a
50% inhibitory concentration (ICsg) value of 0.03 ug/mL, followed
by 1F04 (ICs5¢ = 0.07 pg/mL) and 3C08 (ICs5 > 100 pg/mL). None-
theless, 3C08 did show a detectable level of NA inhibition activity
in the ELLA, albeit below 50%.

Because the NA active site did not overlap with the epitopes of
3C08, 3A10, and 1F04, we hypothesized that the NA inhibition ac-
tivity of 3C08, 3A10, and 1F04 in the ELLA was mainly attributed to
steric hindrance of substrate binding. ELLA employs fetuin, which
is a highly glycosylated serum protein, as substrate for NA. Another
method for measuring NA activity is to use 2’-(4-methylumbelli-
feryl)-a-d-N-acetylneuraminic acid (MUNANA), which is a small
molecule substrate for NA. If NA inhibition activity of an antibody
in the ELLA was conferred by steric hindrance, it would not inhibit
the NA enzymatic activity on a small molecule substrate. Indeed,
none of 3C08, 3A10, and 1F04 could inhibit the NA activity when
MUNANA was used as substrate (Figure 4C), substantiating our
hypothesis. Because steric hindrance was a determinant for the
NA inhibition activity of these antibodies, their angles of approach
for binding were likely functionally relevant. Consistently, 3A10,
3C08, and 1F04, which had very different angles of approach to
NA, had different NA inhibition activity and viral growth inhibition
activity yet similar binding activity against Mos99.

NA antibodies confer protection in vivo with unique
dependencies on Fc effector function

The in vivo protection activity of 3C08, 3A10, and 1F04 was
tested. All three antibodies showed prophylactic protection

in vivo at 5 mg/kg against a lethal challenge of PR8 with
Mos99 NA (7:1 reassortant virus) (Figure S7), based on the
weight loss profiles (Figure 5A), survival analysis (Figure 5B),
and lung viral titer at day 3 post-infection (Figure 5C). We
also tested their prophylactic protection in vivo against
PR8 with Mos99 NA at lower antibody doses, namely, 1 and
0.3 mg/kg (Figures 5D, 5E, 5G, and 5H). Although all mice
that were prophylactic treated with 1 mg/kg of 3A10 or 1F04
survived, only 40% mice (2/5) with 1 mg/kg of 3C08 survived
(Figure 5G). In addition, none of the mice that were prophylac-
tic treated with 0.3 mg/kg of 3C08 survived, whereas the sur-
vival rates of mice with 0.3 mg/kg of 3A10 and 1F04 were 60%
(8/5) and 20% (1/5), respectively (Figure 5H). These results
indicated that the in vivo protection activity of 3C08, 3A10,
and 1F04 antibodies correlated with their viral growth inhibi-
tion activity in vitro, in which 3A10 was the strongest and
3C08 was the weakest (Figure 4A).

We further showed that all three NA antibodies could confer
therapeutic protection in vivo against PR8 with Mos99 NA
(Figures 5F and 5l) as well as prophylactic protection in vivo
against PR8 with an NA from a more recent H3N2 strain,
A/Singapore/INFIMH-16-0019/2016 (Sing16) (Figures 5J and
5K). Because 3C08 had minimal viral growth inhibition activity
in vitro but could confer in vivo protection (Figure 4A), our
data suggested that Fc effector functions were critical for its
in vivo protection activity. Consistently, 3C08, 3A10, and
1F04 could all elicit antibody-dependent cell-mediated cyto-
toxicity (ADCC) reporter assay activity in vitro (Figures 6A
and 6B).

To examine the importance of Fc effector functions, we
created a LALA-PG variant for each of the three antibodies
to eliminate their Fc effector functions.®® Although LALA-PG
variants of all three antibodies could confer prophylactic pro-
tection in vivo (Figures 6C and 6D), mice treated with 3C08
LALA-PG had significantly more weight loss than those with
3C08 wild type (WT) from day 3 post-infection onward (p
values < 0.05, two-tailed Student’s t test, Figures 5A, 6C,
and 6F). Consistently, the lung viral titer at day 3 post-infec-
tion was around one log higher in mice treated with
3C08 LALA-PG than those with 3C08 WT (p value = 0.015,
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Figure 5. In vivo protection activity of the three antibodies

(A-C) Female BALB/c mice at 6 weeks old were injected intraperitoneally with 5 mg/kg of the indicated antibody 2 h prior to challenge with 5 LDsq of a recombinant
virus that carried NA from H3N2 Mos99 with the other 7 segments from A/Puerto Rico/8/1934 (PR8). A representative experiment from two independent replicates
with similar results is shown.

(A) The mean percentage of body weight change post-infection is shown (n = 5). The humane endpoint, which was defined as a weight loss of 25% from initial
weight on day 0, is shown as a dotted line.

(B) Kaplan-Meier survival curves are shown (n = 5).

(C) Lung viral titers on day 3 after infection are shown (n = 3). Solid black lines indicate mean + SD. The dotted line represents the lower detection limit.
(D-I) Same as (A) and (B), except (D) and (G) 1 mg/kg of the indicated antibody was injected intraperitoneally 2 h prior to challenge, (E and H) 0.3 mg/kg of the

indicated antibody was injected intraperitoneally 2 h prior to challenge, and (F and I) 5 mg/kg of the indicated antibody was injected intraperitoneally 72 h after
challenge.

(legend continued on next page)
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two-tailed Student’s t test, Figures 5C, 6E, and 6G). In
contrast, such differences were much less apparent, albeit
statistically significant, for 1F04, and insignificant for 3A10.
Therefore, the importance of Fc effector functions in protec-
tion activity in vivo seemed to inversely correlate with viral
growth inhibition activity in vitro (Figure 4E).

DISCUSSION

Although it has been known for decades that NA antibodies are
protective,®**” NA immunity gained little attention until mid-
2010s.2°8 The classical antigenic regions of NA all reside in
the upper face of the head domain.' However, more recent
structural studies of NA antibodies demonstrate that the lateral
face of NA head domain can also be targeted by anti-
bodies, "% which align with the results from escape selection
experiments.*>“° Together with our identification of antibodies
recognizing the underside of NA head domain, it seems like
most surface of NA head domain can be targeted by antibodies.
Nevertheless, we acknowledge that these NA antibodies
with structural information available are from different sour-
ces—most are from infected patients'®'® or immunized
mice, '®'°41746 whereas 3C08, 3A10, and 1F04 in this study
are from a vaccinated individual. As we learn more about anti-
body epitopes on NA, future studies should explore the immuno-
dominance hierarchy of these epitopes, which will provide
important insights into NA antigenic drift and next-generation
vaccine design.

A major highlight of this study is that human antibodies to
the underside of NA head domain have diverse germline
gene usages. Therefore, these types of antibodies may be
relatively common, although its exact prevalence in the hu-
man population remains to be explored. In fact, a previous
study has identified another N2 antibody from human,
NDS.1, that purportedly targets the underside of NA head
domain.”” However, NDS.1 was only characterized by low-
resolution negative-stain EM analysis, which prevents its
epitope to be precisely defined. Antibody escape mutations
in N1 NA further suggest that human antibodies can target
the underside of NA head domain in other influenza sub-
types,®? although their structural mechanisms remain to be
explored. It is intriguing to see that antibody to the underside
of NA head domain, which is far from the active site, can
have reasonable viral growth inhibition activity and NA inhibi-
tion activity in ELLA, as exemplified by 3A10 and 1F04.
Similar observations have been made for antibodies to other
NA epitopes that are distal from the active site.'* 162022 Ag a
result, sterically hindering NA to access its natural substrates
is a shared mechanism among antibodies to diverse epitopes
on NA.

Another interesting observation in this study is that although
the NA inhibition activity of 3C08 plateaus at 40% in ELLA, it
can confer in vivo protection even without the Fc effector func-
tions. This indicates that partial NA inhibition is sufficient to pro-

¢ CellP’ress

vide Fc-independent protection in vivo. In contrast, 3C08 has no
detectable viral growth inhibition activity in vitro, showing the lim-
itation of using in vitro viral growth inhibition assay to assess NA
antibody activity. Given that ELLA is the standard assay for
measuring NA antibody titer,*® it will be important to understand
the relationship between NA inhibition activity in ELLA and in vivo
protective activity.

Identification of conserved epitopes is key to developing a
more broadly protective vaccine.”® For example, the CD4
binding site of human immunodeficiency virus type 1 (HIV-1)
envelope glycoprotein was structurally defined as a neutral-
izing epitope in 2007.°° This finding facilitates the develop-
ment of an HIV-1 vaccine candidate against the CD4 binding
site,”""°2 which has performed well in a phase 1 clinical trial
(NCT03547245).5° As for influenza virus, the highly conserved
HA stem was structurally defined as a neutralizing epitope in
2009.°* Subsequently, the HA stem became the major target
for the development of universal influenza vaccine candi-
dates,”>™®” which have shown promising results in two phase
1 clinical trials (NCT03300050 and NCT03814720).°%°° Simi-
larly, future immunogen design studies should explore
whether NA antibody response can be focused on cross-pro-
tective epitopes. Ultimately, we may be able to develop a
broadly protective vaccine that can induce cross-protective
polyclonal response to multiple conserved epitopes on both
HA and NA.

Limitations of the study

Although 3C08, 3A10, and 1F04 were isolated from the plasma-
blasts after vaccination, we cannot confidently conclude
whether they represented memory B cell response or de
novo B cell activation. This could potentially be addressed by
examining the memory B cell repertoire before vaccination.
However, such samples were not available for this study.
Nevertheless, the number of SHMs in the heavy-chain V genes
of 3C08, 3A10, and 1F04 (7.2%, 10.1%, and 7.5% at the nucle-
otide level, respectively) was not low,?° suggesting that these
antibodies were from memory B cell responses. Another limita-
tion of the study is the insufficient structural information to
investigate how non-epitope amino acid variants in NA could
affect the binding affinity of these NA antibodies. We postulate
that non-epitope amino acid variants can influence antibody
binding by modulating the backbone conformation of NA.
Consistently, our previous study has shown the backbone
conformation of NA has changed during the natural evolution
of human H3N2 virus.®? However, structural information of NA
is only available for a few human H3N2 strains, which pre-
vented us from performing detailed structural analysis of non-
epitope amino acid variants.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

(J and K) Same as (A) and (B), except a recombinant virus that carried NA from H3N2 A/Singapore/INFIMH-16-0019/2016 (Sing16) with the other seven segments
from A/Puerto Rico/8/1934 (PR8) was used. 2B04, which is a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike antibody,** was used as a

control.
See also Figure S7.
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Figure 6. Fc effector functions contribute to in vivo protection

(A and B) Antibody-dependent cellular cytotoxicity (ADCC) activity of the three antibodies was measured. FI6v3, which is an antibody to hemagglutinin (HA) and
has known ADCC reporter assay activity against H3N2,** was used as a positive control. IgG from human serum (Sigma, catalog #: 14506-50MG) was used as a
negative control. (A) Titration curve and (B) area under the curve (AUC) are shown.
(C-E) Same as Figures 5A-5C, except antibodies with LALA-PG mutations, which eliminate Fc effector functions,®® were used.
(F) p value of the difference in weight loss between mice treated with the indicated antibody and its corresponding LALA-PG mutant at each day post-infection is

computed by two-tailed Student’s t test.

(G) p value of the difference in lung viral titer at day 3 post-infection between mice treated with the indicated antibody and its corresponding LALA-PG mutant is

computed by two-tailed Student’s t test.
See also Figure S7.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

6x-His Tag Monoclonal Antibody (HIS.H8)
HRP Rat Anti-Mouse Ig, « Light Chain

Thermo Fisher Scientific
BD Biosciences

Cat# 14-6657-82
Cat# 559751

Chemicals, peptides, and recombinant proteins

Sodium chloride (NaCl)
Hydrochloric Acid, ACS, 12 M
Tris Base

Imidazole

Calcium Chloride, Dihydrate
Dpnl

Lipofectamine 2000

Cellfectin Il Reagent
TPCK-Trypsin

Zanamivir

Thrombin

Coating buffer
2’-(4-Methylumbelliferyl)-o.-D-N-
acetylneuraminic acid sodium salt hydrate
Fetuin

Lectin PNA-HRPO

Bovine Serum Albumin (BSA)

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific
Millipore

New England Biolabs
Thermo Fisher Scientific
Gibco

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

KPL

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific

Cat# S271-500
Cat# S25358
Cat# BP152-500
Cat# A10221
Cat# 208291-250GM
Cat# R0O176L
Cat# 11668-019
Cat# 10362-100
Cat# 20233
Cat# SML0492
Cat# 605157
Cat# 50-84-01
Cat# M8639

Cat# F3385
Cat# L7759
Cat# BP9706100

Tween 20 Fisher Scientific Cat# BP337-100
MES monohydrate Thermo Fisher Scientific Cat# A16104.22
o-Phenylenediamine dihydrochloride Sigma-Aldrich Cati# P8287
Critical commercial assays

PrimeSTAR Max DNA Polymerase Takara Cat# R045A
PureLink PCR Purification Kit Thermo Fisher Scientific Cat# K310002
QIlAprep Spin Miniprep Kit Qiagen Cat# 27106
PureLink HiPure Plasmid Miniprep Kit Thermo Fisher Scientific Cat# K210003
Monarch DNA Gel Extraction Kit New England Biolabs Cat# T1020L

Deposited data

NA-1F04 cryo-EM structure This study PDB: 8EZ7; EMD-28729
NA-3C08 cryo-EM structure This study PDB: 8EZ8; EMD-28730
NA-3A10 cryo-EM structure This study PDB: 8EZ3; EMD-28728
Experimental models: Cell lines

Sf9 cells ATCC CRL-1711; RRID: CVCL_0549
MDCK-SIAT1 cells Sigma-Aldrich Cat# 05071502-1VL
HEK 293T cells N/A N/A

Recombinant DNA

pHW2000-Mos99 H3N2 HA This study N/A

pHW2000-Mos99 H3N2 NA Lei et al.* N/A

pHW2000-Sing16 H3N2 NA This study N/A

WSN eight-plasmid reverse genetics Neumann et al.®’ N/A

PR8 eight-plasmid reverse genetics Neumann et al.®’ N/A

pFastBac-Bil69 H3N2 NA Lei et al.* N/A

pFastBac-SD93 H3N2 NA Lei et al.* N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pFastBac-Mos99 H3N2 NA Lei et al.* N/A

pFastBac-HK68 H3N2 NA This study N/A

pFastBac-Bil71 H3N2 NA This study N/A

pFastBac-Alb76 H3N2 NA This study N/A

pFastBac-Bk79 H3N2 NA This study N/A

pFastBac-Bei89 H3N2 NA This study N/A

pFastBac-Wy03 H3N2 NA This study N/A

pFastBac-Vic11 H3N2 NA This study N/A

pFastBac-Sing16 H3N2 NA This study N/A

pFastBac-Kan17 H3N2 NA This study N/A

pFastBac-HK19 H3N2 NA This study N/A

pFastBac-Can05 H2N2 NA This study N/A

pFastBac-NL99 H5N2 NA This study N/A

pFastBac-HK97 HON2 NA This study N/A

phCMV3-1F04 IgG heavy chain This study N/A

phCMV3-1F04 Fab heavy chain This study N/A

phCMV3-1F04 light chain This study N/A

phCMV3-3C08 IgG heavy chain This study N/A

phCMV3-3C08 Fab heavy chain This study N/A

phCMV3-3C08 light chain This study N/A

phCMV3-3A10 IgG heavy chain This study N/A

phCMV3-3A10 Fab heavy chain This study N/A

phCMV3-3A10 light chain This study N/A

Software and algorithms

Octet analysis software 9.0 Sartorius N/A

R https://www.r-project.org/ N/A

SAbPred Dunbar et al.®” https://opig.stats.ox.ac.uk/webapps/
sabdab-sabpred/sabpred

Phenix suite Adams et al.®® RRID: SCR_014224

Coot Emsley et al.® RRID: SCR_014222

cryoSPARC Punjani et al.® https://cryosparc.com; RRID:SCR_016501

UCSF Chimera Pettersen et al.®® http://plato.cgl.ucsf.edu/chimera;
RRID:SCR_004097

Other

Octet analysis software 9.0 Sartorius N/A

R1.2/1.3 400 mesh Au holey carbon grids Quantifoil Cat# 1210627

Octet Anti-Penta-HIS (HIS1K) Biosensors Sartorius Cat# 18-5120

Nunc MaxiSorp flat-bottom 96 well plate Thermo Fisher Scientific Cat# 44-2404-21

Microplate, 96 Well, PP, F-Bottom Grenier Cat# 655209

Sf-900 II SFM Thermo Fisher Scientific Cat# 10902088

DMEM medium Thermo Fisher Scientific Cat# 11995065

Opti-MEM | Reduced Serum Medium Thermo Fisher Scientific Cat# 31985070

GlutaMAX Supplement Thermo Fisher Scientific Cat# 35050061

NEAA mixture (100x) Lonza Cat# 13-114E

Trypsin-EDTA (0.25%), phenol red Thermo Fisher Scientific Cat# 25200056

Penicillin-Streptomycin Thermo Fisher Scientific Cat# 15140122

Fetal Bovine Serum (FBS) Thermo Fisher Scientific Cat# 16000044

Phosphate-buffered saline (PBS), 1X VWR Cat# 21-040-CM

NEB 5-alpha Competent E. coli New England Biolabs Cat# C2987H

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
MegaX DH10B T1R Electrocomp Cells Thermo Fisher Scientific Cat# C640003
NA protein sequences GISAID http://gisaid.org/
Ni Sepharose excel resin Cytiva Cat# 17371202
XK 16/100 Superdex 200 pg Cytiva Cat# 90100137

RESOURCE AVAILABILITY

Lead contact
Information and requests for resources should be directed to and will be fulfilled by the lead contact, Nicholas C. Wu (nicwu@
illinois.edu).

Materials availability
All plasmids generated in this study are available from the lead contact without restriction.

Data and code availability

® The cryoEM maps and fitted coordinates of Mos99 NA in complex with 3C08, 3A10, and 1F04 Fabs are deposited in the Elec-
tron Microscopy Data Bank and Protein Data Bank with accession codes EMD-28730/PDB 8EZ8, EMD-28728/PDB 8EZ3, and
EMD-28729/PDB 8EZ7, respectively.

® The heavy and light chain sequences for antibodies 3C08, 3A10, and 1F04 are deposited in GenBank with accession numbers
OR602615-OR602620.

® This paper does not report original code.

@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human materials

All studies were approved by the Institutional Review Board of Washington University in St. Louis. Written consent was obtained from
all enrolled participants, who had participated in the previous study.?* Peripheral blood samples were collected in ethylenediamine-
tetraacetic acid (EDTA) tubes, and peripheral blood mononuclear cells (PBMCs) were enriched by density gradient centrifugation
over Ficoll-Paque PLUS (Cytiva) or Lymphopure (BioLegend). The residual red blood cells were lysed with ammonium chloride lysis
buffer, and cells were immediately cryopreserved in 10% dimethyl sulfoxide in fetal bovine serum (FBS).

Cell Lines

HEK 293T cells (human embryonic kidney cells, female) were maintained in DMEM medium (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), 1x MEM non-essential amino acids (Thermo Fisher Scientific), and
100 U mL™" of Penicillin-Streptomycin (Thermo Fisher Scientific). MDCK-SIAT1 cells (Madin-Darby canine kidney cells with stable
expression of human 2,6-sialtransferase, female, Sigma-Aldrich) were maintained in DMEM medium supplemented with 10%
FBS, 1x MEM non-essential amino acids, and 100 U mL™ of Penicillin-Streptomycin. Sf9 cells (Spodoptera frugiperda ovarian cells,
female, ATCC) were maintained in Sf-900 Il SFM medium (Thermo Fisher Scientific).

Mice

The animal experiments were performed in accordance with protocols approved by Icahn School of Medicine at Mount Sinai Insti-
tutional Animal Care and Use Committee (IACUC). Six-week-old female BALB/c mice (Jackson Laboratory) were used for all animal
experiments.

Influenza virus

Recombinant influenza virus was generated based on the A/WSN/33 (WSN) or A/PR/8/34 (PR8) eight-plasmid reverse genetic sys-
tem.®' PR8 backbone was used to generate 7:1 reassortants, with the entire neuraminidase (NA) coding region being replaced by
those from H3N2 viruses.®” Transfection was performed in HEK 293T/MDCK-SIAT1 cells (Sigma-Aldrich, catalog number:
05071502-1VL) co-culture (ratio of 6:1) at 60% confluence using Lipofectamine 2000 (Life Technologies) according to the manufac-
turer’s instructions. At 24 h post-transfection, cells were washed twice with phosphate-buffered saline (PBS) and cell culture medium
was replaced with OPTI-MEM medium supplemented with 1 ng mL~" tosyl phenylalanyl chloromethyl ketone (TPCK)-trypsin. Virus
was harvested at 72 h post-transfection. For measuring virus titer by the TCIDsq (median tissue culture infectious dose) assay, MDCK-

Immunity 56, 2621-2634.e1-e6, November 14, 2023 e3



mailto:nicwu@illinois.edu
mailto:nicwu@illinois.edu
http://gisaid.org/

¢? CellPress Immunity

SIAT1 cells were washed twice with PBS prior to the addition of virus, and OPTI-MEM medium was supplemented with 1 ug mL~"
TPCK-trypsin. Cytopathic effect (CPE) was recorded on day 3 post-infection.

METHOD DETAILS

Cell sorting

Staining for sorting was performed using cryo-preserved PBMCs collected one week after vaccination from one of the participants.
The EasySep Human CD4 Positive Selection Kit Il (Stemcell) was used to deplete CD4* T cells. Negative fraction cells were stained for
30 min on ice with CD20-Pacific Blue (2H7, BioLegend, 1:400), IgA-FITC (M24A, Millipore, 1:500), CD38-BB700 (HIT2, BD Horizon,
1:500), CD19-PE (HIB19, BioLegend, 1:200), CXCR5-PE-Dazzle 594 (J252D4, BioLegend, 1:50), IgD-APC (IA6-2, BioLegend, 1:200),
CD4-Alexa700 (OKT4, BioLegend, 1:50), IgM-APC-Fire 750 (MHM-88, BioLegend, 1:100), and Zombie Aqua diluted in 2% FBS and
2 mM EDTA in PBS. Cells were washed twice with 2% FBS and 2 mM EDTA in PBS, and single IgM™ IgA™ plasmabilasts (live singlet
CD4~ CD19* CD20~ CD38" IgD'® IgM ™~ IgA~ CXCR5 ") were sorted using a FACSAria Il into 96-well plates containing 2 pL Lysis buffer
(Clontech) supplemented with 1 U uL™" RNase inhibitor (NEB), and immediately frozen on dry ice.

Expression and purification of Fab and IgG

Heavy and light chains of the antibodies were cloned into phCMV3 plasmids with a mouse immunoglobulin kappa signal peptide in
human IgG1 Fc or Fab format. Plasmids encoding the heavy and light chains of antibodies were transfected into Expi293F cells using
an ExpiFectamine 293 transfection kit (Gibco) in a 2:1 mass ratio for IgG or a 1:1 mass ratio for Fab following the manufacturer’s pro-
tocol. Supernatant was harvested 6 days post-transfection and centrifuged at 4000 x g for 30 min at 4°C to remove cells and debris.
The supernatant was subsequently clarified using a polyethersulfone membrane filter with a 0.22 pm pore size (Millipore). Antibodies
were first purified by affinity chromatography, either via the 5 mL HiTrap Protein G HP antibody purification columns (Cytiva) or
CaptureSelect CH1-XL beads (Thermo Scientific). Then, the antibodies were further purified by size exclusion chromatography using
a HiLoad 16/100 Superdex 200 prep grade column (Cytiva) in PBS. Antibodies were stored at 4°C.

Expression and purification of NA

The NA head domains, which contained residues 82 to 469 (N2 numbering), were fused to an N-terminal gp67 signal peptide,
Hisg-tag, a vasodilator-stimulated phosphoprotein (VASP) tetramerization domain, and a thrombin cleavage site.°® Recombinant
bacmid DNA that carried the NA ectodomain from the strain of interest was generated using the Bac-to-Bac system (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Baculovirus was generated by transfecting the purified bacmid DNA into
adherent Sf9 cells using Cellfectin reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. The baculovirus
was further amplified by passaging in adherent Sf9 cells at a multiplicity of infection (MOI) of 1. Recombinant NA head domains were
expressed by infecting 1 L of suspension Sf9 cells at an MOI of 1. On day 3 post-infection, Sf9 cells were pelleted by centrifugation at
4,000 xg for 25 min. Soluble recombinant NA was purified from the supernatant by affinity chromatography using Ni Sepharose excel
resin (Cytiva) and then size exclusion chromatography using a HiLoad 16/100 Superdex 200 prep grade column (Cytiva) in 20 mM
Tris-HCI pH 8.0, 100 mM NaCl, and 10 mM CacCl,.

ELISA

Assays were performed in MaxiSorp 96-well plates (Thermo Fisher) coated with 100 uL of Flucelvax Quadrivalent 2019/2020 sea-
sonal influenza virus vaccine (Seqirus, 1:100), recombinant HA, NA proteins, or bovine serum albumin at 1 pg mL™" in PBS, and plates
were incubated at 4°C overnight. Plates were then blocked with 10% FBS and 0.05% Tween 20 in PBS. Purified recombinant anti-
bodies were diluted to 1 ung mL™ in blocking buffer and added to the plates. Plates were incubated for 90 min at room temperature
and then washed 3 times with 0.05% Tween 20 in PBS. Secondary antibodies were diluted in blocking buffer before adding to the
wells and incubating for 60 min at room temperature. Horseradish peroxidase (HRP)-conjugated goat anti-human IgG (H+L) antibody
(Jackson ImmunoResearch, catalog #: 109-035-088, 1:2,500) was used to detect recombinant antibodies. Plates were washed three
times with 0.05% Tween 20 in PBS and three times with PBS before the addition of O-phenylenediamine dihydrochloride peroxidase
substrate (MilliporeSigma). Reactions were stopped by the addition of 1 M hydrochloric acid. Optical density was measured
at 490 nm.

Biolayer interferometry binding assay

Binding assays were performed by biolayer interferometry (BLI) using an Octet RED96e instrument (Sartorius). Briefly, Hisg-tagged
NA protein at 20 ug mL™ in 1x kinetics buffer (1x PBS, pH 7.4, and 0.002% Tween 20) was loaded onto nickel-nitrilotriacetic acid
(Ni-NTA) biosensors and incubated with 200 nM, 100 nM, 50 nM, and 25 nM of Fabs. The assay consisted of five steps: 1) baseline:
60 s with 1x kinetics buffer; 2) loading: 120 s with Hisg-tagged NA protein; 3) baseline: 60 s with 1x kinetics buffer; 4) association: 60 s
with Fabs; and 5) dissociation: 60 s with 1x kinetics buffer. For estimating the Kp, a 1:1 binding model was used. In cases where the
binding affinity was relatively weak (Kp > 100 nM), a 1:1 binding model did not fit well due to the contribution of non-specific binding to
the response curve. Subsequently, a 2:1 heterogeneous ligand model was used to improve the fitting. “No binding” was defined as
maximum response of less than 0.05 or 2:1 fitting mode with R? less than 0.98.
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Cryo-EM sample preparation, data collection, and data processing

The purified NA protein was mixed with each Fab and incubated on ice overnight before size exclusion chromatography. The peak
fraction of the Fab-NA complex was concentrated to around 1 mg mL™" for cryo-EM sample preparation. Cryo-EM grids were pre-
pared using a Vitrobot Mark IV machine. An aliquot of 3.5 uL sample was applied to a 300-mesh Quantifoil R1.2/1.3 Cu grid pre-
treated with glow-discharge. Excess liquid was blotted away using filter paper with blotting force -5 and blotting time 3 s. The
grid was plunge frozen in liquid ethane. Data collection was done with serialEM®® on a Titan Krios microscope equipped with
Gatan BioQuantum K3 imaging filter and camera. A 10 eV slit was used for the filter. Images were recorded at 130,000x magnification,
corresponding to a pixel size of 0.53 f&/pix at super-resolution mode of the camera. A defocus range of -0.8 um to -1.5 um was set. A
total dose of 50 e /A2 of each exposure was fractionated into 50 frames. The first two frames of the movie stack were excluded in
motion-correction. Cryo-EM data processing was performed on the fly with cryoSPARC Live,®® following regular single-particle
procedures.

Model building and refinement

For model building, we used ABodyBuilder-ML of the SAbPred web server® to generate an initial model for each Fab. This model,
together with the model of NA (PDB 7U4F),* was fitted into the cryo-EM density map using UCSF Chimera.®® The models were
manually adjusted in Coot®* and refined with Phenix real-space refinement program.®® This process was iterated for several cycles
until no significant improvement of the model was observed.

Sequence conservation analysis

A total of 66,562 full-length human H3N2 NA protein sequences from different subtypes were downloaded from the Global Initiative
for Sharing Avian Influenza Data (GISAID; https://gisaid.org).”® To avoid temporal sampling bias, we sampled at most 10 sequences
per year, which resulted in a total of 498 NA sequences. Sequence logos were generated by Weblogo.”' Sequence entropy was
calculated by Evol, a package in Prody.”? Sequence conservation score of a residue i was computed from its sequence entropy by:

(1 __entropy; — entropymin ) % 100

Sequence conservation score; =
entr OPYmax — entr OPY min

where entropynax and entropy,in represent the maximum and minimum entropy values across all residues, respectively. Thus, the
sequence conservation score was normalized to a range of 0 to 100, where more conserved residues would have a higher sequence
conservation score.

Enzyme-linked lectin assay (ELLA)

ELLA experiments were performed described.”® Briefly, each well of a 96-well microtiter plate (Thermo Fisher) was coated with
100 uL fetuin (Sigma) at 25 ug mL™" in coating buffer (KPL coating solution; SeraCare) at 4°C overnight. The next day, 50 uL antibodies
antibodies at the indicated concentrations in 2-(N-morpholino)ethanesulfonic acid (MES) at pH 6.5, 20 mM CaCl,, 1% bovine serum
albumin and 0.5% Tween 20 were mixed an equal volume of NA (0.032 ng/well). This mixture was added to the fetuin-coated plate
and incubated for 18 h at 37°C. The plate was then washed six times with PBS with 0.05% Tween 20. Subsequently, 100 uL of HRP-
conjugated peanut agglutinin lectin (PNA-HRPO, Sigma-Aldrich) in MES at pH 6.5 with CaCl, and 1% bovine serum albumin was
added and incubated for 2 h at room temperature in the dark. The plate was washed six times and developed with 3,3’5,5’-tetrame-
thylbenzidine (TMB) ELISA substrate (Sigma). Absorbance was read at 450 nm using a SpectraMax M2 microplate reader (Molecular
Devices). Data points were analyzed using Prism software and the 50% inhibition concentration (ICso) was defined as the concen-
tration at which 50% of the NA activity was inhibited compared to the negative control.

MUNANA assay

Our protocol was adopted from a previous study.’* Briefly, 120 ng of recombinant NA was incubated with the indicated antibody at
37°C for 1 hin a 96-well half area plate (Corning), then with 100 pM 2’-(4-methylumbelliferyl)-o-d-N-acetylneuraminic acid (MUNANA)
in PBS that contained 33 mM MES pH 6.5 and 4 mM CaCl, for an additional 1 h. After adding the stop solution (138 mM NaOH in
ethanol), the relative fluorescence unit (RFU) was measured by a BioTek Synergy HTX Multimode Reader (Agilent) with an excitation
at 360 nm and an emission at 460 nm. The RFU of each sample was normalized to that of the negative control with no antibody. The
normalized RFU was reported as the relative NA activity.

Virus growth inhibition assay

Madin-Darby canine kidney (MDCK) cells were seeded in a 96-well, flat-bottom cell culture plate (Thermo Fisher). The next
day, serially diluted antibodies or zanamivir were mixed with an equal volume of virus and incubated at 37°C for 1 h. The anti-
body/virus mixture was then incubated with the MDCK cells at 37°C after the cells were washed twice with PBS. After 1 h incubation,
the antibody/virus mixture was replaced with Minimum Essential Medium (MEM) supplemented with 25 mM of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1 ng mL™" of Tosyl phenylalanyl chloromethyl ketone (TPCK)-trypsin, and antibodies at the
same concentration as the initial incubation. The plate was incubated at 37°C for 72 h and the presence of virus was detected by
hemagglutination assay. The results were analyzed using Prism software.
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ADCC reporter bioassay

1.5 x 10* MDCK cells were seeded in white, flat bottom 96-well cell culture plates (Thermo Fisher) and incubated at 37°C overnight.
The next day, cells were washed three times with PBS and 100 L of recombinant influenza virus at 1.5 x 10° plaque forming units
(PFU) mL™" in MEM was added to each well. After incubating the plate for 24 h at 37°C, the media was removed and 25 pL of serially
diluted antibodies in 1:10 in Roswell Park Memorial Institute (RPMI) 1640 media (Thermo Fisher), 25 puL of effector cells (engineered
Jurkat cells stably expressing human FcyRllla V158 and NFAT-induced luciferase) and 25 pL of RPMI 1640 media were added. After
6 hincubation at 37°C, 75 uL of Bio-Glo luciferase (Promega) was added to each well. The plate was incubated for 10 min in the dark
and the luciferase induced luminescence measured with a BioTek Synergy HTX Multimode Reader (Agilent). Data were analyzed us-
ing Prism software and the area under the curve (AUC) values were determined.

Prophylactic and therapeutic protection experiments

Female BALB/c mice at 6 weeks old (n = 5 mice/group) were anesthetized with a ketamine/xylazine/water mixture and intranasally
infected with 5 x median lethal dose (LDsg) of recombinant N2/Mos99 virus or N2/Sing16 (7:1 on backbone from A/Puerto Rico/8/
1934). Mice were given the indicated antibody at a dose of 5 mg/kg intraperitoneally at 2 h before infection (prophylaxis) or 72 h after
infection (therapeutics). Weight loss was monitored daily for 14 days. The humane endpoint was defined as a weight loss of 25% from
initial weight on day 0. Of note, while our BALB/c mice were not modified to facilitate interaction with human IgG1, human IgG1 could
interact with mouse Fc gamma receptors.”®’® To determine the lung viral titers, lungs of infected mice were harvested and homog-
enized in 1 mL of MEM with 10% bovine serum albumin using a PowerLyzer 24 Homogenizer (Qiagen). Subsequently, virus titers were
measured by TCIDsg (median tissue culture infectious dose) assay. The results were analyzed using Prism software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Standard deviation for Kp estimation was computed by Octet analysis software 9.0. Wilcoxon rank sum test and Student’s t-test were
performed in R.
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