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Structurally convergent antibodies derived
from different vaccine strategies target the
influenza virus HA anchor epitope with a
subset of V3 and Vi3 genes
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HIN1 influenza viruses are responsible for both seasonal and pandemic influ-
enza. The continual antigenic shift and drift of these viruses highlight the
urgent need for a universal influenza vaccine to elicit broadly neutralizing
antibodies (bnAbs). Identification and characterization of bnAbs elicited in
natural infection and immunization to influenza virus hemagglutinin (HA) can
provide insights for development of a universal influenza vaccine. Here, we
structurally and biophysically characterize four antibodies that bind to a
conserved region on the HA membrane-proximal region known as the anchor
epitope. Despite some diversity in their Vy and Vi genes, the antibodies
interact with the HA through germline-encoded residues in HCDR2 and
LCDR3. Somatic mutations on HCDR3 also contribute hydrophobic interac-
tions with the conserved HA epitope. This convergent binding mode provides
extensive neutralization breadth against HIN1 viruses and suggests possible
countermeasures against HIN1 viruses.

Influenza viruses have been circulating among humans for centuries.
Apart from pandemics, current seasonal influenza A viruses result in
seasonal infection in over 10% of the human population and up to
650,000 deaths per year'. Currently, vaccines to prevent seasonal
influenza virus infection must be annually updated due to antigenic
drift, which enables viruses to escape from antibodies induced by
previous vaccination or infection”. Furthermore, sporadic outbreaks of
avian-origin H5N1, H7N9, and HIONS8 viruses have caused serious
concerns about future pandemics along with significant economic

impact due to extensive infection in poultry, other birds, and
mammals®>”’. Moreover, inter-species transmission of influenza viruses
from birds and mammals to humans can potentially lead to a new
pandemic virus®. Therefore, a universal influenza vaccine capable of
eliciting protective antibodies against divergent influenza viruses is an
unmet need.

Hemagglutinin (HA), the major surface protein of the virus, is
expressed as a homotrimer on the influenza virus and is a primary
target of neutralizing antibodies. Based on antigenic diversity,
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influenza A viruses have been classified into 18 or 19 HA subtypes (H1-
H19) that can be partitioned into group 1 and group 2°°. The HA is
responsible for viral entry and is composed of a globular head and a
stem domain'. The HA head domain contains the receptor binding site
(RBS) that interacts - for most subtypes - with sialoside receptors on
host cells and is highly diverse among subtypes; however, the stem
domain is relatively conserved and houses the machinery for virus-
host membrane fusion'*", As a result, antibodies that bind to the head
domain are usually strain-specific and highly susceptible to antigenic
drift, while those that bind to the stem domain have greater cross-
reactivity.

Over the past decade, influenza vaccine development has aimed
to elicit broadly neutralizing antibodies (bnAbs) that can protect from
different subtypes of viruses. These bnAbs can be induced by different
vaccine strategies'®”°. Beginning around 2009, several human bnAbs
to influenza virus were characterized and identified”-*. Most of these
bnAbs recognized the conserved stem domain and were able to neu-
tralize or protect against different subtypes mainly in one of or occa-
sionally in the two HA groups, such as the prototypic group 1 HA-
specific bnAb CR6261%, group 2-specific bnAb CR8020%, and group 1
and 2 bnAbs CR9114 and FI6v3***. To overcome the group- and
subtype-specific barrier on the stem domain, cross-reactive bnAbs to
the stem domain often share similar genetic elements and critical
binding motifs. The germline-encoded Vy1-69 bnAbs, targeting the HA
stem predominantly using their heavy chain and a critical hydrophobic
IF motif from HCDR2 capable of binding subtypes from group 1 and
groupl/group 2, respectively (e.g. CR6261 and CR9114), and are the
predominant bnAbs to the HA stem isolated from multiple donors
(multidonors)*****?_ Aside from Vy1-69 bnAbs, germline antibodies
Vu6-1/Dy3-3, Vyl-18/D3-9, Vyy1-18 with a QXXV motif or Dy3-9 LXYFXWL
in HCDR3, have exhibited molecular signatures for recognition of HAs
across the two groups®~°,

To achieve elicitation of such bnAbs through vaccination, several
approaches have been pioneered, such as heterologous strain boost
vaccine strategies® >, expansion of the breadth of antibody response
by immunization with a different subtype'®, chimeric HAs (cHAs)"*°
comprising a conserved HA stem and exotic HA heads, and headless
HAs that lack the HA head and are engineered to be stable trimers'**,

In this work, we analyzed antibodies that were elicited with dif-
ferent vaccine strategies from different individuals from previous
studies®**’. We selected four antibodies that bound to the membrane-
proximal anchor region, which is lower down the stem compared to
the central stem epitope’®. Compared to multi-donor class bnAbs that
use the same genetic elements for recognizing their epitopes, these
antibodies have some diversity, albeit somewhat restricted, in
their heavy (Vy3-23, Vi33-30, and V33-48) and light (V3-11 and Vy3-15)
chains and with different V(D)) recombination in heavy chain
complementarity-determining region 3 (HCDR3) and in light chain
complementarity-determining region 3 (LCDR3). Furthermore, these
antibodies have a wide spectrum of binding and neutralizing activities
to the HIN1 subtype. Hence, it is important to understand how variant
antibody types target key conserved epitopes in order to drive rational
vaccine design. Overall, these structures provide further insight into
the binding and interaction of anchor antibodies to influenza A
virus HAs.

Results

Identification of four anchor antibodies derived from different
Vi germline genes

Four antibodies, 047-09_ 4F04, 241 2F04, 346-54, and SFV009_3GO01,
were elicited after vaccination either with monovalent or quadrivalent
seasonal inactivated viruses (MIV, QIV) or chimeric group 1 HA (cHA)
vaccines in different individuals’***¢=® (Fig. 1a). To identify the epi-
topes and binding mode of anchor antibodies, we selected four anti-
bodies encoded by distinct germline genes and one with the same

germline as the previously published 222-1C06 anchor antibody* for
comparison. All bind to the membrane-proximal anchor region on HA.
Despite their restricted binding site, different Vi3 genes (Vy3-23, Vi3-
30, Vu3-30-3, and V3-48) encode the heavy chain and are strictly
paired with a restricted subset of Vi3 genes (Vi 3-11 and Vi 3-15)
(Fig. 1a). These data indicate that antibodies targeting the anchor
epitope are all encoded by subsets of Vy3 and V3 genes to date,
although the V3 gene family is the largest, accounting for half of all Vi
genes with the greatest degree of inter-family diversity. We compared
these four antibodies with antibody 222-1C06, which was isolated from
a participant in a phase I clinical trial of a group 1 chimeric HA (cHA)
vaccine'®”, as its cryo-EM structure was solved at 3.4 A in a previous
study®®. Despite some diversity in V3 and Vi3 gene usage, binding
analysis by biolayer interferometry (BLI) of these five anchor anti-
bodies demonstrated that they were broadly reactive to HIN1 HAs
isolated from humans between 1934 and 2019, including HAs from the
2009 pandemic strain and the 2019 seasonal influenza virus vaccine
strain (Fig. 1b). These anchor antibodies elicited from different vaccine
strategies also exhibited neutralization in an in vitro micro-
neutralization assay against these diverse HIN1 viruses (Fig. 1c). The
neutralization ability varied among different H1 strains due to some
minor variation in the epitope residues (Fig. 1d), especially for viruses
isolated before 1977, which generally exhibited lower potency. For pre-
and post-pandemic (2009) HIN1 viruses, all anchor antibodies pos-
sessed levels of neutralization (0.1-1 ug/ml) comparable to that of FI6v3
(a central stem antibody) (Fig. 1c). However, anchor antibodies rarely
exhibit cross-reactive binding with other HA subtypes, except for 222-
1C06, which also binds and neutralizes H2 and H5 HAs*®.

To elucidate how these antibodies bind to the anchor epitope on
the HA membrane-proximal region and to analyze the precise struc-
tural features of the interactions, we determined x-ray structures of
047-09_4F04, 241.2F04, and 346-54 and a cryo-EM structure of
SFV009_3GO01 in complex with the H1 HA of the A/California/04/2009
(CA04) virus (Supplementary Tables 1 and 2) at resolutions ranging
from 2.4 to 3.2 A. The four antibodies bind with a highly conserved
angle of approach and the mode of binding to the anchor epitope is
similar to that previously described for anchor antibodies® (Fig. 2a).

Structural characterization of 047-09_4F04 Fab in complex with
A/California/04/09 (CA04) H1 HA

The heavy chain of the 047-09_4F04 antibody is encoded by germlines
Vu3-48, Dy6-19, and Jy4 and paired with a light chain encoded by
Vi3-15 and Ji4 (n.b. all Fab sequences are in Kabat numbering). VD]
recombination, exonuclease trimming, and 11-residue N-additions
generate a HCDR3 of 15 residues (Fig. 3a, Supplementary Figs. 1 and 2).
However, outside of the N-additions, the Vi gene has only 7 somatic
hypermutations (SHM) with ~95% residues identical to the Vy3-48
germline-encoded sequence (Supplementary Figs. 1 and 2). The 047-
09_4F04 Fab contacts the anchor region of CAO4 HA via all six CDRs, as
well as LFR2 (Fig. 2b). The total buried surface (BSA) on 047-09 4F04 is
1300 A2 with 941 A2 provided from the heavy chain and 359 A2 from
the light chain (Supplementary Fig. 3a). The total BSA on the HA is
1253 A2 (Fig. 2b). From the 7 SHM residues in the Vi, gene, five are from
HCDR1 and HCDR2 (Supplementary Fig. 2a). None of the SHM residues
in HCDRI directly interact with the HA in the anchor region and only
one residue (Y32) from HCDR1 interacts with the HA. However, the BSA
on HCDR2 and HCDR3 is 391 A2 and 528 A2 (Supplementary Fig. 3a),
which account for 42% and 56% of total BSA in the heavy chain, indi-
cating dominance of the HCDR2 and HCDR3 interactions. Indeed,
alanine scanning shows L55A in HCDR2 reduces binding to CAO4 HA
(Supplementary Fig. 4). SHM residue L55 contributes 160 A2 (41% of
total BSA of HCDR2) and mainly contacts the lower hydrophobic
pocket composed from P9 from HA1 and Y141 and 1173 from HA2
(Fig. 3a). In addition, the sidechain hydroxyl group of SHM residue S56
makes hydrogen bonds with Gly10 in HA1 and E139 in HA2 and creates

Nature Communications | (2025)16:1268


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56496-4

a
Heavy chain Light chain
Antibody Vaccine Vu gene Dn gene Ju gene Vk gene Jk gene
047-09_4F04 2009 MIV Vu3-48 Du6-19 Juéd Vk3-15 Jkd
241_2F04 2014 QlvV Vu3-23 Dn5-18 Jud Vk3-15 Jkb
346-54 cHA Vh3-30-3 Dn3-16 Jub Vk3-11 Ji4
SFV009_ 3G01 2009 MIV Vu3-30 Dn3-16 Ju5 Vk3-11 Jk5
222-1C06 cHA VH3-48 Dx3-10 Jud Vk3-15 Jkd
b
047-09_4F04 241_2F04 346-54 222-1C06 SFV009_3G01
20 — 1934
= — 1977
E 15 — 1995
[ — 1999
(7]
§_1'° 2006
205 — 2009
© — 2015
0.0 T T T T T T T T T T T T T T T T T T T T — 2019
360 460 560 660 360 460 560 660 360 460 560 660 360 460 560 660 360 460 560 660
Time (s)
c o 1934 d HA1 HA2
corooIREIRE caoveertenRRRSNRIRBIBEBRIEIREN
102 = » O 1943 < DTCIGIPSIQS EGGWTGIHHQNEQGSGYKIGNCFEFYHKNYV
A P I
E 101+ 5 1005 T ettt e I
£ b C>v v ® O 1995
ES o A A o N T T T, M. e I
F.o v PRI F# o 2006 v :
Q100 . © -  ~5 oA i i i e s i i s i e e e sV e s e e
a \vA (87 [m] [m]
QP 4 & N s T Ve I
J 2 Z O o0 2015 L...V v I
10 T T T T T T O
N
v?& q?& & ,\(.96 Q,OQ Q\é‘b ® 2019 L S Vo e e e e I
O N ) v Y
Y v v oL
d g

Fig. 1| Characterization of binding and neutralization of 047-09_4F04,
241_2F04, 346-54, SFV009_3GO01 and 222-1C06 to a panel of HIN1 HA proteins
and viruses spanning 90 years. a Antibody information. V(D)) gene usage of heavy
and light chains in 047-09_4F04, 241 2F04, 346-54, SFV009_3GO01, and 222-1C06.
2009 MIV: monovalent 2009 pandemic HIN1 inactivated influenza vaccine; 2014
QIV: 2014-2015 quadrivalent inactivated influenza vaccine; cHA: cH8/1 and cH5/1
influenza A group 1 chimeric vaccine. b Binding of 047-09_4F04, 241 2F04, 346-54,
SFV009_3GO01, and 222-1C06 to HIN1 HAs from 1934 to 2019 using biolayer inter-
ferometry (BLI). The y-axis represents the response. ¢ Neutralization using an

in vitro microneutralization assay of each antibody to representative HIN1 viruses
from 1934 to 2019. FI6V3, which binds the central stem of group 1 and group 2 HAs,
was used as a positive control. Average ICsq values of each antibody to HIN1 viruses
were plotted as a single symbol. d Sequence variation in anchor epitopes among
human HINI viruses used in binding and neutralization assays after alignment with
PR8 (1934) and indicated with a letter if a residue differs from PR8 and with a dot (.)
for conserved residues. Anchor epitope residues are shown for the HA1 and

HA2 subunits of the HA.

a serine hydrogen bond network (S5;XS53XXSse) with two germline-
encoded residues, S52 and S53 (Fig. 3a). When S52, S53, and S56 are
substituted with alanine, the binding affinity was drastically reduced
(Supplementary Fig. 4), indicating a role for these serine residues in
binding of 047-09_4F04 Fab to HA. In HCDR3, four residues from the
Dy6-19 germline (GooYSS;00p) along with two residues (FygocF100q) that
are junction-encoded (57% of total BSA of HCDR3) target the upper
pocket of the anchor epitope and make hydrophobic interactions and
sidechain hydrogen bonds with 1326 and 1329 from HA1 and E11, W14,
H25, Y34, and N135 from HA2 (Fig. 3a and Supplementary Fig. 8d).
Structural analysis reveals that the germline-encoded Y100 directly
inserts into a gap between the cleavage loop at the C-terminus of HA1
and the fusion peptide of HA2 and hydrogen bonds with E11, which
stabilizes the HCDR3 conformation and allows F100c to insert into the
upper hydrophobic pocket (Fig. 3a). The structural data are consistent
with the alanine scanning results showing that binding is dramatically
reduced when Tyr100 is replaced with Ala (Supplementary Fig. 4).
The light chain of 047-09 4F04 antibody is encoded by V(3-15 and
Ji4, with 98.6% identity to germline and only three SHMs (Fig. 4a and
Supplementary Figs. 1 and 5a). The BSA on LCDR3 is 222 A2, which
accounts for 59% of the total BSA in the light chain (Supplementary

Fig. 3a). Y92, the only SHM in LCDR3, hydrogen bonds with G16 in the
fusion peptide (Fig. 4b). In addition, most of the residues involved in
the interaction between light chain CDR loops and HA are germline-
encoded (Supplementary Fig. 5a). This observation further highlights
the importance of germline-encoded residues in the light chain for
binding to HA.

Structural characterization of 241 2F04 Fab in complex with A/
California/04/09 (CA04) H1 HA

Antibody 241 _2F04 was isolated from an individual vaccinated with the
2014 quadrivalent seasonal inactivated vaccine (Fig. 1a). The heavy
chain of 241 2F04 is encoded by germline V,;3-23, Dy5-18, and Jy4 and
paired with a light chain encoded by V3-15 and Ji5 (Fig. 1a). The
identity of the Vy gene to the inferred germline gene is 96%, with 8
SHM residues (Supplementary Figs. 1 and 2). Among the 15 residues in
HCDR3, two appear to be from SHM, and 9 from N-additions (Fig. 3b).
241 2F04 interacts with anchor region of CAO4 HA via HCDR2 and
HCDR3 from the heavy chain and LCDR1 and LCDR3 from the light
chain (Fig. 2b, Supplementary Figs. 2b and 5a). The total BSA on
241 2F04 is 946 A2, with 756 A2 from the heavy chain and 190 A2 from
the light chain (Supplementary Fig. 3b). The total BSA on HA is 920 A2,
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047-09_4F04
BSA: 1253

241_2F04
BSA: 920

346-54
BSA: 963

SFV009_3G01
BSA: 849

241_2F04

Fig. 2| The anchor epitope on HIN1 HA. An HA protomer is shown as a molecular
surface with white for HA1 and gray for HA2 and antibody Fabs in different colors.
a Alignment of 047-09_4F04, 241-2F04, 346-54, SFV009_3GO01, 222-1C06, FISW84,
and 204-1B06 HA-Fab complexes illustrating the conserved mode of binding to the
anchor epitope at the base of the HA. Epitopes of 047-09_4F04, 241 2F04, 346-54,
and SFV009_3GO01 are shown in different colors. The Buried Surface Area (BSA) in
A2 on the HAs by the antibodies are presented below each structure. b Structural

characterization of each Fab in complex with A/California/04/2009 (CA04) HA. The
Fab is represented by the interacting complementarity-determining regions (CDRs)
and framework region (FR) in tubes with stick sidechains from heavy and light
chains. The interacting CDRs and FR from the heavy and light chain are shown in
teal and lavender for 40709 _4F04, pink and salmon for 241-2F04, deep olive and
orange for 346-54, and sky blue and wheat for SFV009_3GO1. CDR loops and FR
involved in HA contacts are labeled.

which is smaller than 047-09_4F04 (Fig. 2a). Thus, the binding of
241 2F04 to HA is again dominated by the heavy chain. Moreover,
HCDR2 contributes slightly more BSA than HCDR3 (Supplementary
Fig. 3b). Residues from the V,;3-23 germline also form a serine hydro-
gen bond network (Ss,XSs3XXSse), similar to 047-09 _4F04 where S56
in HCDR2 arises from the germline gene. SHM residue 155 contributes

156 A2 BSA (38% of total BSA of HCDR2) and interacts with the lower
hydrophobic pocket (Supplementary Figs. 3b and 8d). The contribu-
tion of BSA and interaction to HA from I55 in 241 2F04 is nearly the
same as L55 in 047-09 4F04, which is also somatically mutated from
the inferred germline gene and the binding substantially diminished
when substituted with alanine (Supplementary Fig. 4). In HCDR3, the
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D, gene: D, 5-18 Serine network: SsXSsXXSs
Compatible Dy genes: Dy 5-5°01

and Dy 3-16°03
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Vi gene: VH3-30
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and V, 3-30°01
Dy, gene: DH3-16
Compatible Dy genes:
D,3-16*02 and D,3-16°03

somatically mutated 1100a and W100b (132 A2 and 180 A2 BSA, 90% of
total BSA of HCDR3) target the upper and middle hydrophobic pock-
ets, which are comprised of T12 and C16 from HA1 and W14, H25, Y34,
and C137 from HA2 (Fig. 3b, Supplementary Fig. 3b and 8d). Alanine
scanning also demonstrates that hydrophobic residues, 1100a and
WI100b, are important for the interaction with CAO4 HA (Supplemen-
tary Fig. 4).

Fig. 3 | Germline gene usage in the heavy chain and structural characterization
of anchor antibodies in complex with CAO4 HA. Germline gene-encoded
nucleotides and amino acids are shown in black, and N-additions in junction-
encoded residues are in blue. Nucleotides removed by exonuclease are indicated
with a line across the letter. Kabat numbering is used for Fabs throughout this
paper. For clarity, HA and Fab residues are colored with black and red numbers,
respectively. Gene compatibility for heavy and light chain were analyzed by their
nucleotide sequences in IgBlast. The CAO4 HA is shown as a molecular surface with
white for HA1 and gray for HA2. The fusion peptide at the N-term of HA2 and the
cleavage peptide at the C-term of HA1 are depicted in yellow and green, respec-
tively. Residues involved in side-chain and backbone interactions between HA and
Fab CDRs and FR are shown as sticks and labeled. Hydrogen bonds and salt bridges
are indicated with black dashes. Germline gene utilization and lengths of HCDR2
and HCDR3 loops are depicted for each Fab. a Germline genes Vy;3-48, D,;6-19, and
Ju4 are used in HCDR3 in 047-09_4F04. Residues involved in the interaction
between heavy chain and HA in 047-09_4F04-HA complex are shown. The com-
patible alleles for Vy;3-48*04 and D;;6-19 are presented. b Germline genes Vy3-23,
Dy5-18, and J,14 are used in HCDR3 in 241 2F04. Residues involved in the interaction
between heavy chain and HA in 241 2FO04-HA complex are shown. The compatible
alleles for Vi;3-23*01 and Dy5-18 are shown. ¢ Germline V3-30-3, Dy3-16, and Ji5
gene-encoded nucleotides and N-additions for HCDR3. Residues involved in the
interaction between heavy chain and HA in 346-54-HA complex are indicated. The
compatible alleles for Vi;3-30-3*01 and Dy;3-16 are presented. d Germline V,;3-30,
Dy3-16, and Ji4 gene-encoded nucleotides for HCDR3. Residues involved in the
interaction between heavy chain and HA in SFV009_3GO1-HA complex are pre-
sented. The compatible gene alleles for Vi;3-30 and D316 are shown.

The light chain of 241 2F04 antibody is from V\3-15 and JS, with
98% identity to germline and only two SHMs (Fig. 4a and Supple-
mentary Figs. 1 and 5a). The light chain interacts with the HA anchor
region through LCDR1 and LCDR3. The BSA on LCDR3 is 176 A2 (Sup-
plementary Fig. 3b), which accounts for 92% of total light-chain BSA,
indicating most interactions between the light chain and HA are from
LCDR3. Compared to Y92 from SHM in 047-09 4F04, the germline-
encoded N92 in 241 2F04 makes a backbone hydrogen bond with S32
from HA2 (Fig. 4b). Of note, all light chain contact residues are enco-
ded by the Vi3-15 germline (Supplementary Fig. 5a).

Structural characterization of 346-54 Fab in complex with
A/California/04/09 (CAO4) H1 HA

Apart from the anchor antibodies that were elicited by seasonal
influenza vaccination, 346-54 was isolated from the influenza A group 1
cHA vaccine clinical trial (Fig. 1a), where the chimeric HA consists of
head domains from H5, and H8 atop a constant stem domain from H1.
The heavy chain is putatively derived from the recombination of V,;3-
30-3, Dy3-16, and Ji5 germline genes to generate a 15-residue HCDR3
and paired with a light chain derived from Vi3-11 (Fig. 3¢, Supple-
mentary Figs. 2 and 5b). Among the four anchor antibodies, 346-54
contains the most SHM residues (11 residues in Vy), with 93% identity
to Vy3-30-3 germline sequence (Supplementary Figs. 1and 2). The 346-
54 antibody contacts the anchor region of CAO4 HA via HCDR2 and
HCDR3 from the heavy chain and LCDR1, LCDR3, and LFR3 from the
light chain (Fig. 3¢, Supplementary Figs. 2 and 5b). The total BSA on
346-54 and HA are 968 A2 and 963 A2 (Fig. 2a and Supplementary
Fig. 3c). The germline-encoded D53 in HCDR2, unlike the S53 in the
serine hydrogen bond networks in 047-09 4F04 and 241 2F04, does
not make a direct hydrogen bond with HA (Fig. 3c); thus, the serine
hydrogen bond network is decreased with only S56 making hydrogen
bonds in HCDR2. Instead of hydrophobic residues L55 and 155 in 0647-
09 4F04 and 241 2F04 (41% and 38% A2 of total BSA of HCDR2), G55
contributes only 53 A2 BSA (19% of total BSA of HCDR2) and does not
make hydrophobic interactions with the lower hydrophobic pocket
(Fig. 3c). These findings are consistent with alanine scanning (Sup-
plementary Fig. 4) and provide insights into the importance of differ-
ent SHM residues in HCDR2 that show some variation in anchor
epitope recognition. HCDR3, like 241 2F04, binds to the upper and
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Fig. 4 | Germline gene usage in the light chain and structural characterization
of anchor antibodies in complex with CAO4 HA. The annotation for the HA and
CDR sequences follows Fig. 3. Germline gene utilization and lengths of the LCDR1
and LCDR3 loop are depicted for each Fab. a Germline gene VK3-15 contributes to
LCDR3 in 047-09 4F04 and 241 2F04, while VK3-11 encodes LCDR3 in 346-54 and

241_2F04

LCDR1

V, gene: V,3-15

FN92 - compatible Vi genes:

$32 V3-15*02 and V3D-15*01
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Q27 P95a P95

SFV009_3GO01. Jy4 gene-encoded nucleotides are used for 047-09_4F04 and 346-54,
whereas Jx5 gene-encoded nucleotides are used for 241 2F04 and SFV009_3GO1.
b Structural characterization of Fab-HA complexes. Binding interactions to HA
through LCDRI1 and LCDR3 residues from the light chain are shown.
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middle pockets mainly via hydrophobic interactions from hydro-
phobic residues, Y100, P100a, and P100b (82% of total BSA of HCDR3)
from N-addition junction-encoded residues (Fig. 3c).

The light chain of the 346-54 antibody is encoded by Vi3-11 and
Jx4, with 94% identity to germline and 7 SHM residues (Fig. 4a and
Supplementary Fig. 1), four of which are in LCDR loops (Supplemen-
tary Fig. 5b). The light chain interaction involves LCDR1, LCDR2, LFR3,
and LCDR3 (Fig. 2b). LCDR3 contributes 222 A2 (67% of total BSA in the
light chain), with a similar binding mode to 047-09 4F04 and 241 2F04
(Supplementary Fig. 3¢ and Fig. 3).

Structural characterization of SFV009_3GO01 Fab in complex
with A/California/04/09 (CA0O4) H1 HA
The fourth antibody, SFV009_3GO01, encoded by V43-30 and V\3-11,
was isolated from a subject vaccinated with the 2009 monovalent
seasonal influenza vaccine (Figs. 1a and 3d). Germline genes Vy3-30,
Dy3-16, and )4 were used to generate HCDR3. In the cryo-EM struc-
ture, the antibody interacts with CAO4 H1 HA via HCDR2, HCDR3,
LCDR1, LCDR2, and LCDR3 (Fig. 2b). The total BSA on SFV009_3G01
(905 A2) is comparable to 346-54 (938 A2), with 587 and 318 A2 con-
tributed from the heavy chain and light chain, respectively (Supple-
mentary Fig. 3 d). The total BSA on HA is 849 A2 (Fig. 2a). Compared to
346-54 with SHM residue G55, T55 in HCDR2 like L/I55 in 047-09_4F04,
222-1C06, and 241_2F04 makes hydrophobic interactions with residues
in the lower pocket (Fig. 3d and Supplementary Fig. 8d). This finding
further demonstrates the preference for hydrophobic residues at
residue 55. Furthermore, N-addition residues P99 and P100 along with
D-gene-encoded W100b, which contribute 199 A2 BSA in HCDR3
(~73% BSA in HCDR3) (Supplementary Fig. 3d), mainly contact
hydrophobic residues in the upper and middle hydrophobic pockets in
the anchor epitope (Fig. 3d and Supplementary Fig. 8d).
SFV009_3GO01 is encoded by Vi3-11 and Jx5 generates LCDR3
(Supplementary Figs. 1 and 5b). Like the other antibodies, LCDR3 in
SFV009_3G01 accounts for the majority of the light-chain binding with
a similar binding mode to the HA as the other antibodies (Supple-
mentary Fig. 3d). Although the Vi gene usage is the same as 346-54, the
germline-encoded Y32 in LCDRI, instead of S32 in 346-54, makes a
sidechain hydrogen bond with T15 and hydrophobic interaction with
Y34 in HA2 (Fig. 3d). Overall, the sequence in the light chain in
SFV009_3GOL1 is akin to 346-54 but the binding involves more hydro-
phobic interactions.

Critical NWPP motif in LCDR3

These antibodies all bind to the anchor region via a similar restricted
mode that seems to be primarily dictated by LCDR3. This finding
suggests that only a few germline Vi and Jx genes can be engaged for
anchor antibodies. The similarity of LCDR3 in each anchor antibody to
its germline gene ranges from 93 to 99% (Supplementary Fig. 1).
Despite some variation in V gene usage, all anchor antibodies dis-
covered in a previous study®****° have a consistent 10-residue LCDR3
and contain an Ng3WPPys, motif, suggesting their importance (Sup-
plementary Figs. 1 and 5). Analysis of germline gene usage in LCDR3
among these five antibodies with crystal or cryo-EM structures and
available DNA sequences, the NWP are germline-encoded and P95a in
047-09 4F04 and 222-1C06 appears to arise from direct joining of
Vi3-11 or Vi3-15 with Ji4 or )¢5 (Fig. 4 and Supplementary Fig. 5a, b).
Furthermore, this motif binds to the same position on HA via a
W-shape conformation in all anchor antibodies, including FISW84 and
204-1B06 (Fig. 5a). P95a has little or no BSA on the HA, but P95 and
P95a adopt cis peptide conformations and stabilize the particular
conformation of LCDR3 in the NWPP region (Fig. 5a). This NWP motif
with germline-encoded Y98 from HCDR2 in 222-1C06 that mediates
the binding to conserved f-strands in HA was also demonstrated
previously**. When we substituted residues in NWPP with alanine, the
binding affinity was either dramatically reduced or abolished (Fig. 5f).

To decipher why A95a could cause such a dramatic effect on binding to
HA, we determined an apo crystal structure with A95a in 241 2F04
(241 .2F04-A95a). After superimposition of 241 2F04-A95a onto
241 2F04-HA complex, we observed a substantial movement in the
NWPP region, with W94 flipping ~ 90° as the cis conformation at A95a
was now abolished (Fig. 5b). The flipped W94 would then be close to
HCDR3 likely perturbing the conformation of HCDR3, which resulted
in a slight reduction in protein stability in a thermal shift assay (Fig. 5Sb
and e). In addition, we found when we modeled this movement with
the HA that it would cause a molecular clash between W94 of 241 2F04-
A95a and Q27 of HA (Fig. 5¢). When we also compared the structure of
the 241 2F04-HA complex with that of 241 2F04-Apo (unliganded Fab),
we found that the conformation of NWPP motif is nearly identical and
HCDR3 is similar (Fig. 5d). These observations further emphasize the
importance of the conformation and residues in the NWPP motif in
antibody binding to the HA anchor region.

Role of hydrophobic residues in anchor antibody CDR loops
The light chain CDR3 seems to be a dominant factor in determining the
binding mode of anchor antibodies due to the conserved NWPP motif
in the 10-residue LCDR3. However, the heavy chain CDR3 dominates in
terms of BSA (270-528 A2 for HCDR3 vs 171-222 A2 for LCDR3, Sup-
plementary Fig. 3). The HCDR3 sequence in these anchor antibodies is
quite diverse and ranges in length from 13-15 residues (Fig. 3) The
diversity of D-gene usage and VD) recombination in HCDR3 therefore
results in different residues being involved in the interaction with the
upper and middle anchor region (Fig. 3 and Supplementary Fig. 8).Ina
previous study, two D gene-encoded motifs translated from different
open reading frames of Dy3-9 in $9-3-37 (LGYFDWL motif) and 31.b.09
(ILTG motif) antibodies still recognized the same central stem pocket
on HA stem®’. Here, our structures reveal that different and similar Dy
genes can be used in these antibodies. Although 241 2F04 and 346-54
have different HCDR3 sequences (Supplementary Fig. 2), the binding
of HCDR3 to HA is primarily through hydrophobic interactions from
different SHMs or N-addition junction-encoded residues, resulting in
similar binding modes (Fig. 6a, b). 1100a and W100b in 241 2F04 and
Y100, P100a, and P100b in 346-54 occupy similar upper and middle
hydrophobic pockets in the anchor epitope (Fig. 6b). Notably, HCDR3
of 222-1C06, utilizing the Dy3-10 gene, contacts HA with the same
HCDRS3 region via W99 and P100 and shares a similar binding con-
formation as 241 2F04 and 346-54 (Supplementary Fig. 6a, c). When
binding to HA, however, HCDR3 of 047-07_4F04 adopts a similar
overall HCDR3 conformation around positions 100a and 100b as
241 2F04 and 346-54, but these residues are now S100a and S100b
(Fig. 6b). However, the two N-addition junction-encoded residues,
F100c and F100d (see also Fig. 3a), make hydrophobic interactions
with 1325 and 1326 from the C-term cleavage loop of HA1 and W14 from
the fusion peptide in HA2 (Fig. 3a, b). In SFV009_3GO01, P99, P100, and
WI100b adopt a different conformation in CDR3 but also access the
upper and middle pockets.

Moreover, we further analyzed other anchor antibodies,
FISW84, published in 2018, and 204-1B06, published more
recently®”*°, Both antibodies bind to the upper or middle pockets via
a single hydrophobic residue (Supplementary Fig. 6c). To evaluate
the importance of these hydrophobic residues for HCDR3 binding to
these pockets, we performed the alanine scanning on these residues.
The binding affinity was reduced when hydrophobic residues in CDR
H3 were substituted with the smaller aliphatic alanine in 047-
09_4F04 and 241_2F04 (Fig. 6¢). Moreover, alanine substitutions in
HCDR3 more dramatically affected the binding to HA in 346-54 and
eliminate binding in SFV009_3GO01 and 222-1C06 (Fig. 6¢, Supple-
mentary Figs. 4 and 6). These observations show that the upper and
middle pockets are the main targets for HCDR3 in anchor antibodies
and that hydrophobic residues are important for engaging those
pockets.
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Fig. 5 | Critical NWPP recognition motif in LCDR3 in anchor antibodies. a Left.
LCDR3 from 241 2F04 is used as an example. The rigid conformation of the proline-
proline cis conformation is indicated as gray dashes. Right. Superimposition of
LCDR3 from each anchor antibody. LCDR3 is depicted as a backbone cartoon with
sidechains as sticks with light blue for 047-09_4F04, pink for 241 2F04, orange for
346-54, wheat for SFV009_3GO1, purple for 222-1C06 (PDB: 7T3D), green for
FISW84 (PDB: 6HJP), and cyan for 1BO6 (PDB: 8D21). b Structural effect of alanine
substitution of P95a in LCDR3. 241 2F04-A95a is shown as dark green and WT as
pink. The overall conformation of LCDR3 in 241 2F04-A95a was superimposed onto
the 241 2F04-CA04 complex. The curved arrow indicates the change in the back-
bone conformation that affects the conformation of W94. ¢ Comparison of the

distance between W94 in 241 2F04-HA and Q27 in HA2. The distance was measured
by PyMol. The 241 2F04-A95a Fab structure (green) was superimposed onto

241 2F04-HA complex (pink) to determine distances. The yellow dashed circle
represents as potential clash. d Superimposition of 241 2F04-HA with 241-Apo. The
241-Apo Fab is shown in yellow. e Thermal stability assay of 241 2F04-WT and

241 2F04-A95a Fabs by differential scanning calorimetry (DSC). f Alanine scanning
of critical residues in LCDR3. The binding affinity of each mutant to CAO4 HA was
measured by BLI. +++++, Kp <1nM; ++++, Kp =1-10 nM; +++ Kp =10-100 nM; ++,
Kp=100-1000 nM; +, Kp =>1000 nM; -, No binding. These data are related to
Supplementary Fig. 4. Sensorgrams for binding are shown in Supplementary

Figs. 11-14.

Aside from these hydrophobic residues in HCDR3, hydrophobic
residues in the light chain are also important for binding. As discussed
in the previous section, residues in the NWPP motif in HCDR3 are
critical for binding. However, the hydrophobic interactions extend
from LCDR3 W94, P95, P95a, and L/I 96 to HCDR2 conserved residue
Y58 along with Y50 from 047-09_4F04, H50 from 241 2F04, F50 from
346-54, and V50 from SFV009_3GOL. Inter- and intra-CDR hydrophobic
and aromatic interactions, including pi-pi interactions between Y/H/
F50 and W94, seem to stabilize the CDRs and define the mode of
recognition to HA (Fig. 6a). In addition, HCDR2 Y58 and LCDR3 W94
form an aromatic pocket with W100b from HCDR3 in 3GOl, further
rigidifying the conformation among HCDR2, HCDR3, and LCDR3.
These interactions also include P100e and P100f from HCDR3 and Y91
from LCDR3 in 047-09_4F04, creating further inter-CDR interactions
(Fig. 6a). Furthermore, 222-1C06, FISW84, and 204-1B06 also have
equivalent interactions with aromatic residues at HCDR2 residues 50
and 58 for 222-1C06, FISW84 and residues 47 and 58 for 204-1B06 that

make hydrophobic and aromatic interactions with LCDR3 (Supple-
mentary Fig. 6b).

Functional complementation of V3-11 and V3-15 with a subset
of Vi;3 heavy chains

The crystal structures of anchor Fab-HA complexes in our study reveal
a similar binding mode of the light chain among all antibodies. The
constrained binding mode in the light chain appears to limit the heavy
chain to V3-23, V43-30, and V,3-48 germline-encoded heavy chains.
The similarity of the gene sequence between V\3-11 and V\3-15 is very
high, with only five residues that differ within their CDR loops and nine
total (Supplementary Fig. 5c). We therefore further tested for func-
tional complementation by exchanging the light chain amongst these
antibodies resulting in five different pairings (346-54Vy with 047-
09 4FOVy, 047-07 4F04Vy, with 346-54Vy, 241 2F04V,; with 346-54V,
SFV009_3GO01Vy with 047-09_4F04Vy, and 222-1C06Vy, with 346-54Vy).
All pairings were successfully expressed and retained binding to CA04
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Fig. 6 | Comparison of hydrophobic interaction in HCDR2, HCDR3, and LCDR3
among 047-09_4F04, 241 2F04, 346-54, and SFV009_3GO01 in complex with

CA04 H1 HA. CA04 HA is shown with white for HAI and gray for HA2. a Residues
involved in hydrophobic interactions from the CDR loops are represented in sticks
and labeled. A pi-pi interaction is shown as blue dashes. b Key residues involved in
the interaction between HCDR3 and upper and middle hydrophobic pockets in HA
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are indicated as sticks on CDR backbone tubes. ¢ Binding affinity of each Fab with
alanine substitutions for residues interacting with upper hydrophobic pocket in
HA. +++++, Kp <1nM; ++++, Kp = 1-10 nM; +++ Kp = 10-100 nM; ++, Kp = 100-

1000 nM; +, Kp =>1000 nM; -, No binding; gray background, residues not involved
in HA interaction. These data are related to Supplementary Fig. 4. Sensorgrams for
binding are shown in Supplementary Figs. 11-14.

H1 HA, albeit with different binding kinetics, except for 222-1C06Vy
with 346-54V with no binding (Supplementary Fig. 7). However, 222-
1C06Vy with 346-54V showed weak binding to A/Michigan/45/2015 H1
HA (Supplementary Fig. 7). Overall, these results indicate that anchor
antibodies with V,;3-23, V,13-30, V,3-30-3, and Vu3-48 heavy chains
seem to be compatible with Vi3-11 or Vi3-15 light chains.

Epitope analysis of anchor antibodies

The central stem epitope, mainly comprised of residues 36-43 and 316-
320 in HA1 and helix A in HA2, is the major target for the most bnAbs,
such as CR9114, to the HA stem (Supplementary Fig. 8a). The anchor
epitope is lower down the HA stem closer to the membrane and only
one residue overlaps between the CR9114 and 047-09_4F04 epitopes:
fusion peptide residue V18 in HA2. However, the epitope of group 2
specific antibody, CR8020, which recognizes the lower stem and one
side of the central stem, has several residues that overlap with the
anchor epitope including residues 25-36 in the B-strand in HA2 and two
residues at C-terminal helix in HA1 (Supplementary Fig. 8b, c). Epitope
alignment from each anchor antibody reveals that these antibodies
bind to a similar region (Fig. 2a). Despite some overlap, most of the
epitope is unique to anchor antibodies (Fig. 2a and Supplementary

Fig. 8c). To evaluate the functional consequences of mutation of cri-
tical binding residues in HA2 for anchor antibodies, we performed
alanine scanning for corresponding residues within HCDR2, HCDR3,
and LCDR3 contacts (Fig. 7a). We selected W14, H25, and 1133, which
provide most of the hydrophobic interactions with HCDR3 in the
upper and middle hydrophobic pockets, and Y141, which makes a
major hydrophobic contact with L/I55 in HCDR2 in 047-07_4F04 and
241 2F04 in the lower hydrophobic pocket (Fig. 3a and b). Alanine
substitutions were also made at Q27, S32, and Y34, which contribute to
several backbones and side-chain hydrogen bonds with LCDR3. The
anchor antibodies lost major contact with the HA when W14 and Y34
were substituted with alanine (14A, 34A) (Fig. 7a). Moreover, 25A
mutants dramatically reduced or abrogated the binding with 241 2F04,
346-54, SFV009_3GO01, and 222-1C06 since W14, H25, and Y34 form
major hydrophobic contacts with HCDR3 in the upper and middle
pockets. 25A was not as critical for interaction with S100a and S100b in
047-09_4F04 (Fig. 7a). The binding was also affected for all antibodies
when 1133 was substituted with A133, which is involved in the hydro-
phobic interaction between HA and antibodies in the middle pocket.
These substitutions appear to disrupt the hydrophobic interaction in
the upper and middle pockets with HCDR3. The A32 mutant, a major
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Fig. 7 | Differences in anchor epitope residues and genetic barrier between H1
and H3. a The anchor epitope on CAO4 HIN1 HA is shown as a blue outline on the
HA molecular surface. HA residues for mutational substitution are labeled. Binding
affinity of 047-09_4F04, 241 2F04, and 346-54 to each mutant was measured using
biolayer interferometry (BLI) and depicted in different colors. In the binding assay,
a Kd value > 200 nM indicates that only a very weak signal was detected at 250 nM
concentration. b Binding Kd of each anchor antibody to HA mutants using BLI.

Binding was measured for Fabs to each mutant at 250 nM. Residues that differ

between A/California/04/2009 HIN1 (PDB: 4M4Y) and A/Hong Kong/1/1968 H3N2
(PDB: 4FNK) HA on the epitope of anchor antibodies were analyzed. N.B. represent
no binding. Sensorgrams for binding are shown in Supplementary Fig. 15, 16.

¢ Structural analysis of genetic differences in the middle and lower hydrophobic
pockets between H1 and H3 HA. H25, Y34, and K139 were introduced into Apo-
CAO04 HIN1 HA (PDB: 4M4Y) using foldX, and the 047-09_4F04-H1 and 346-54-H1
complex was superimposed with Apo-CA04 H1_R25_Q34 and Apo-CA04_H1 K139. A
possible salt bridge between K139 and D53 in 346-54 is indicated by black dashes.
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residue making several hydrogen bonds with LCDR3, had a moderate
effect on 047-09 4F04, 346-54, and SFV009 3GOl1, whereas the
mutation substantially affects binding with 241 2F04 and 222-1C06.
Residue Q27 also forms hydrogen bonds with Y58 from HCDR2 and
W94 from LCDR3. When substituted with alanine, 27A severely affec-
ted the binding of all antibodies (Fig. 7a). These findings suggest that
the main- and side-chain hydrogen bonds formed between Q27 and
$32 and LCDR3 are critical. Alanine scanning of H1 HA at these contact
residues revealed the possibility of escape mutations, although these
residues are highly conserved in HIN1 HAs isolated from humans
between 1918-2023 (Supplementary Fig. 9a).

Despite similarity (~50% overall identity) in the anchor epitope
residues between HIN1 and H3N2 HA (Supplementary Fig. 9), none of
the anchor antibodies were able to acquire cross-reactivity to group 2
HA. We further analyzed the genetic barriers for recognition of the
anchor epitope between HIN1 and H3N2 HA via measuring binding
after substitution of different residues from A/Hong Kong/1/1968
H3N2 (HK68) HA into CAO4 HIN1 HA. We chose five residues involved
in most interactions between the anchor antibodies and HA. The
introduction of H25R into H1 HA reduced binding in all antibodies
except 047-09 4F04. Mutations, Y34Q and Y140Il, also decreased
binding in all antibodies, generally to a greater extent (Fig. 7b). Since
the H25R and Y34Q mutations are in the upper and middle hydro-
phobic pockets, the hydrophobic interactions between HA and HCDR3
are compromised (Fig. 7b). This result is also consistent with alanine
scanning, suggesting that residues 25 and 34 are crucial residues for
interaction between anchor antibodies and HA. When introducing
S32T to H1 HA, threonine substantially affects the binding of 241 2F04,
346-54, SFV009_3G01, and 222-1C06 compared to 047-09 4F04
(Fig. 7b). E139 is a critical epitope residue for anchor antibodies
binding with H1 HA and makes hydrogen bonds with serine residues in
HCDR2, especially in 047-09_4F04 and 241_2F04 (Fig. 3a and b). E139K
reverses the charge at this position and would abolish the interaction
and, therefore, affect binding in 047-09_4F04 and 241_2F04 (Fig. 7c).In
particular, hydrophobic interactions of SHM L/I55 in HCDR2 in 047-
09_4F04 and 241_2F04 with the lower pocket would be diminished by
the longer E193K extending into the hydrophobic pocket (Fig. 7c).
Notably, in 346-54, K193 can be accommodated since there is no
hydrophobic interaction between G55 and the lower pocket (Fig. 3c).
D53 could then potentially form a salt bridge with K193 in 346-54 as
visualized by modeling with FoldX*! (Fig. 7c). Thus, there are genetic
barriers for the anchor antibodies isolated to date to cross-react
between H1 and H3 subtypes.

Discussion

In the past decade, the concept of influenza vaccine development has
changed from creating vaccines as quickly as possible, including
mRNA delivery, to reproducible bnAb elicitation'®***>, The bnAbs
induced and observed in multiple individuals after vaccination are
represented in multidonor antibody classes and are considered
immunological solutions to more universal vaccine development
against influenza viruses****. Multidonor class antibodies recognize a
similar epitope region on HA using similar binding modes and similar
genetic recombination and maturation pathways®®*‘. Over the last
decade, several HA stem-binding bnAbs have been found that share
similar genetic elements and have been identified in multiple donors,
such as Vyl-69, Vyl-18, Vi46-1, and Vi3-30, as well as Dy3-97+3346-50,
These stem-specific bnAbs are also protective against zoonotic H5N1
and H7N9 in animal studies®?. In this study, our analysis provides
further insight into the structural basis for antibodies recognizing the
HA membrane-proximal anchor region through similar binding
modes, although from different VD) gene recombinations. In contrast
to multidonor stem-binding bnAbs, which mostly share a comparable
binding mode for HCDR3, these anchor antibodies target the anchor
epitope primarily through several other features: a germline-encoded

Y98 from HCDR2, a conserved NWPP motif from LCDR3, intra-
aromatic interaction between HCDR2, HCDR3, and LCDR3, and tar-
geting upper and middle pockets of the anchor epitope via hydro-
phobic residues at the tip of HCDR3%***°*°, Thus, the structurally
convergent features derived from different Vy (Vy3-23, V13-30, Vy3-
30-3, and Vy3-48) and Vi (V3-11 and V3-15) germlines appear to be a
critical factor in antibody targeting of this conserved epitope, as
demonstrated also by antibodies to SARS-CoV-2 (YYDRXG in HCDR3)*
and HIV (antibodies targeting CD4 binding site)”. Notably, 346-54,
isolated from a chimeric HA vaccine trial’, has more variation in
HCDR2 but still retains a similar binding mode, and displays neu-
tralizing breadth and potency that rivals FI6v3 in HIN1 viruses®, sug-
gesting some amino acid tolerance in this convergent antibody
structure. In light of the flexible angle that HA can adopt relative to the
viral surface, the approach of anchor antibodies to the HA anchor
epitope might then be more accessible when the HA is tilted relative to
the membrane****,

Given the central stem region is a subdominant target for broadly
neutralizing antibodies, several mutations have arisen from selective
pressure by antibodies against this epitope, resulting in the stem
region being capable of escaping bnAbs***®. Recently, a vaccine
strategy that uses H2 and H5 as immunogens to induce anchor-specific
memory B cells capable of neutralizing group 1 H1, H2, and H5 has been
demonstrated®. Furthermore, the neutralization ability of anchor
antibodies against a wide variety of HIN1 strains might provide a
solution for seasonal and future HIN1 pandemics. Sequence analysis of
anchor epitope residues in HIN1 and H3N2 revealed that these regions
are highly conserved in each subtype. In addition, alanine scanning
also indicated several residues were critical in the anchor epitope; the
frequency of mutations in these residues was very low from 1918 to
2023 (Supplementary Fig. 9). Despite this relative conservation, resi-
due substitutions from H3 into H1 HA abrogated binding among four
anchor antibodies. Whether cross-reactive anchor bnAbs against
group 2 viruses can be identified remains an open question, particu-
larly whether they will also exhibit the same immunoglobulin gene use
bias. Notwithstanding, convergent solutions to anchor antibodies with
low levels of SHM have the potential to be robustly elicited through
next-generation vaccine strategies in different individuals.

Methods

HA expression and purification

HAs for biolayer interferometry (BLI) analysis and structure determi-
nation were produced in insect cell expression systems following a
previous protocol®. Each HA gene was incorporated into expression
vector pFastbac-1 with an N-terminal gp67 signal peptide and a
C-terminal trimerization followed by a thrombin cleavage and 6X his-
tag. After the sequence was confirmed, the recombinant baculoviruses
were generated using a bac-to-bac baculovirus system in Sf9 cells
(Thermo Fisher Scientific). HA proteins were expressed in High Five
cells with a multiplicity of infection (MOI) of 5-10 for each recombinant
virus and harvested from supernatant after 72 hours. The harvested
supernatant was further clarified by centrifugation. Soluble HA pro-
teins were purified by metal-affinity chromatography using Ni** resin
and buffer-exchanged into 1X Tris-buffered saline (TBS, pH 8). The HA
was treated with trypsin in a final ratio of 1:1000 (wt/wt) to produce
uniformly cleaved HA1/HA2. The cleaved HA was further purified by
size exclusion chromatography (SEC) using a Hiload 16/90 Superdex
200 column (GE Healthcare) for crystallization trials. The HA used for
cryoEM was expressed using the expi293F expression system. Briefly,
The HA (A/California/04/2009 with E47K stabilizing mutation in HA2)
gene in pcDNA3.4 with C-terminal foldon trimerization domain and
6xHis tag was transfected in 300 mL expi293F culture. After 5 days, the
supernatant was harvested, clarified, and run over the HisTrap column.
The HA was trypsinized to cleave HAO into HA1/HA2 and purified by
SEC as described above.
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Antibody Fab expression and purification

The sequences of anchor antibodies that are listed in Supplementary
Fig. 1 and selected in this study were isolated from prior studies of
participants immunized with 2009 monovalent inactivated pandemic
influenza vaccine (MIV), 2004-2015 quadrivalent inactivated influenza
vaccine (QIV) or chimeric cH8/1 and cH5/1 influenza A group 1 cHA
vaccine'®’*°, The sequences were used to express and purify recom-
binant antibody Fabs. The light and heavy chain variable domains of
each Fab were synthesized and incorporated into a phCMV vector with
human kappa C; and Cy 1 regions, respectively. Fabs were expressed
by transient co-transfection with heavy and light chain expression
vectors into ExpoCHO cells (Thermo Fisher Scientific) at 37 °C with 8%
CO, for one week. Recombinant Fabs were harvested from culture
supernatant by affinity chromatography using CH1-XL beads followed
by SEC using a Hiload 16/90 Superdex 200 column. Fractions con-
taining purified Fab were concentrated and exchanged into pH 8.0 TBS
buffer.

Crystallization, data collection, and structure determination
To obtain HA-Fab structures, complexes were generated by mixing Fab
in a 3-fold molar ratio with HA protomer (i.e. 3 Fabs per HA trimer) and
incubated overnight at 4 °C. The HA-Fab complex was further purified
by SEC using Superdex 200 10/300 column. The purified complex was
subsequently diluted to ~-8 mg/ml in pH 8.0 TBS buffer. The initial
crystallization conditions for each Fab-HA complex were obtained
from screening on our robotic high-throughput CrystalMation system
(Rigaku) at The Scripps Research Institute using the JCSG Core Suite
(QIAGEN) as precipitant. Crystallization screening was set up by sitting
drop vapor diffusion method containing 0.1 pl of protein and 0.1 pl of
reservoir solution. The optimized crystallization conditions were:
0.2 M sodium citrate pH 5.4, 18% PEG3350 for the 047-09-4F04-HA
complex; 0.2 M sodium acetate pH 6.2, 20% PEG3350 for the 241-2F04-
HA complex; and 0.2 M lithium sulfate pH 6.2, 16% PEG3350 for the
346-54-HA complex. Crystals were harvested after two weeks and then
soaked in a reservoir solution with 12-18% (v/v) ethylene glycol as
cryoprotectant. The harvested crystals were flash-cooled and stored in
liquid nitrogen until data collection. Diffraction data for each HA-Fab
complex were collected at synchrotron radiation beamlines specified
on the crystal data statistics table (Supplementary Table 1). The dif-
fraction data were processed with HKL2000°. The initial phases for
the HA-Fab complex were solved by molecular replacement using
Phaser with the models generated by Repertoire Builder (https://
sysimm.org/rep_builder/) for each Fab and CAO4 HA (4M4Y) as HA
model®. Model building and refinement were completed in Coot
and PHENIX®*®, respectively. Buried and accessible surface areas
were calculated with PISA®*. Molecular surface contact areas were
computed using the Molecular Surface package®. X-ray and cryo-
EM data processing and refinement statistics are in Supplementary
Tables 1 and 2.

Cryo-EM sample preparation

HA-Fab complexes were prepared by mixing Fab in a 3:1 molar ratio
with HA (i.e. 3 Fabs per HA trimer) and incubated overnight at 4 °C.
0.1% w/v octyl-beta-glucoside detergent was added to the
complex to aid in particle tumbling. The final concentration of the
sample was 0.7 mg/mL on the grid. A Vitrobot Mark IV system was
used to prepare cryoEM grids. The settings were as follows: tem-
perature inside the chamber was 25°C, the humidity was 100%,
blotting force was 1, wait time was 5 s, and blotting time was varied
within a 3.5 to 5.5 s range. 3 pL of the sample was added to plasma
cleaned 1.2/1.3 copper Quantifoil 300 mesh grid. The plasma
cleaning step was performed in the Solarus 950 plasma system
(Gatan) with Ar/O, gas mix for 25s. The sample was blotted off for
4s and the grids were plunge-frozen into liquid-nitrogen-cooled
liquid ethane.

Cryo-EM data collection, processing, and model building

Cryo grids of A/California/04/2009 (CA04)- SFV009_3GO01 complexes
were imaged at 190,000x nominal magnification using a Falcon 4i
camera on a Glacios microscope at 200 kV. Automated image collec-
tion was performed using EPU from ThermoFisher. Images were
aligned, dose-weighted, and Contrast Transfer Function (CTF)-cor-
rected in the CryoSPARC Live™ software platform, with automated
image collection also performed using Smart EPU software (Thermo-
Fisher). Data processing for all three datasets was carried out in
CryoSPARC v4.1.2°°. Blob particle picking was performed on all
micrographs with a minimum particle diameter of 100 A and a max-
imum of 200 A. Particles extracted at 512 pixels box size were used to
perform 2D classification, which were then used to generate a 3D
reference model from ab initio refinement, followed by heterogeneous
refinement to obtain one good class that was further non-uniform (NU)
heterogeneous refined. Gold-Standard Fourier Shell Correlation
(GSFSC) resolution was calculated to be 2.9 A. The resolution values
are possibly overestimated due to some orientation bias and particle
heterogeneity (Supplementary Fig. 10). Initial coordinates of
SFV009_3G01 were generated using ABodyBuilder2®” and for the HA
model we used the PDB 7T3D as initial template®®. We docked the
models into the cryoEM density map in UCSF ChimeraX®®. The struc-
ture model was built iteratively with COOT followed by real-space
refinement in PHENIX package®’. The Kabat numbering system’® was
used for mAb and the H3 numbering scheme for HA.

Binding ability and affinity measurement

The binding of each Fab to HA was evaluated with BLI using an Octet
Red instrument. For binding assays, Fabs were used at 20 pg/ml in 1x
kinetics buffer (1x PBS, pH 7.4, 0.01% BSA, and 0.002% Tween 20) and
loaded onto F2G biosensors and incubated with HA in 1x kinetics
buffer. For the binding affinity assay, HA at 20 pg/ml in 1x kinetics
buffer was loaded onto nickel-nitrilotriacetic acid (Ni-NTA) biosensors
and measured with Fabs at 2-fold serial dilution starting from 250 nM.
Experiments were performed at 22°C and data were fit with a 1:1
binding model.

Micro-neutralization assay

Madin-Darby canine kidney cells with the cDNA of human 2,6-sial-
transferase (SIATI-MDCK) were seeded onto 96-well plates with 1x10°
cells/ml in each well. After cell seeding, plates were incubated over-
night at 37°C in 5% CO,. Cells were washed with Phosphate-buffered
saline (PBS) twice, and the medium was replaced with 100 pL an
improved reduced-serum minimal essential medium (OptiMEM) con-
taining 1 pg/ml tosylamido-2-phenylethyl chloromethyl ketone (TPCK-
treated) trypsin. 50 pg of each antibody was serially diluted threefold
in 50 Tissue Culture Infectious Dose (TCIDsp) virus diluent. The mix-
tures were then transferred to 96-well plates. The assay for each anti-
body was performed in triplicate and incubated with cells at 37°C for
72hours in a 5% CO, incubator. CellTiter-Glo 2.0 luminescent cell
viability reagent (Promega) was then added to each well based on the
manufacturer’s instructions. Luminescence was measured on a TECAN
plate reader, and half maximal effective concentration (ECso) values
were calculated with GraphPad Prism 10 (n=3 for each condition).
HINI viruses used in this assay were: A/Puerto Rico/8/1934 (PRS8), A/
Marton/1943, A/Beijing/262/1995, A/USSR/90/1977, A/Solomon
Islands/3/2006, A/California/04/2009 (CAO4), A/Michigan/45/2015,
and A/Hawaii/70/2019.

Thermal stability assay

The wild type and mutant Fabs for this assay were expressed in Expi-
CHO cells (Thermo Fisher Scientific). Samples were diluted into TBS
with the final concentration at 300ug in the reaction. TBS without
protein was used as a control. The sensor was washed twice with buffer
before proceeding to the next sample. The reaction was set up from
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20°C and heated up to 100 °C in a scan rate of 90 °C/hr. The data were
analyzed with buffer correction, normalization, and baseline subtrac-
tion by Origin 7.0 software.

Immunoglobulin heavy and light chain sequences analysis
Germline gene usage, complementarity-determining regions (CDRs)
analysis, VD) gene rearrangement, and sequence identity to its germ-
line for each anchor antibody were analyzed in IgBLAST” and inter-
national ImMunoGeneTics information system (IMGT)”>. Kabat
numbering of each Fab was carried out using abYsis”.

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

Data availability

All data are presented in the paper. The X-ray coordinates, structure
statistics, and cryoEM model have been deposited in the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank
under accession codes 9DRU for CAO4 H1 HA in complex with 047-
09_4F04, 9DS1 for CAO4 H1 HA in complex with 241 2F04, 9DS2 for
CAO04 H1 HA in complex with 346-54, 9DS3 for Apo-241_2F04, 9DSC for
Apo-241 2F04-A95a, and 9DMO for CAO9 H1 HA in complex with
SFV009_3GO0l1. The cryoEM structure and corresponding data have
been deposited to the Electron Microscopy DataBank under accession
EMD-46994. All other studies are included in the main text and/or S/
Appendix. Source data are provided with this paper.
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