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Abstract

Broadly neutralizing antibodies are critical for protection against both drifted and shifted influenza
viruses. Here, we reveal first exposure to the 2009 pandemic H1N1 influenza virus recalls memory
B cells that are specific to the conserved receptor-binding site (RBS) or lateral patch epitopes

of the hemagglutinin (HA) head domain. Monoclonal antibodies (mAbs) generated against these
epitopes are broadly neutralizing against HIN1 viruses spanning 40 years of viral evolution and
provide potent protection in vivo. Lateral patch-targeting antibodies demonstrated near universal
binding to H1 viruses and RBS-binding antibodies commonly cross-reacted with H3N2 viruses
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and influenza B viruses. Lateral patch-targeting mAbs were restricted to expressing the variable
heavy chain gene VH3-23 with or without the variable kappa chain gene VK1-33 and often
possessed a Y-x-R motif within the heavy chain complementarity determining region 3 to make
key contacts with HA. Moreover, lateral patch antibodies that utilized both VH3-23 and VK1-33
maintained neutralizing capability with recent pH1NL1 strains that acquired mutations near the
lateral patch. RBS-binding mAbs used a diverse repertoire, but targeted the RBS epitope similarly
and made extensive contacts with the major antigenic site Sh. Together, our data indicate RBS- and
lateral patch-targeting clones are abundant within the human memory B cell pool and universal
vaccine strategies should aim to drive antibodies against both conserved head and stalk epitopes.

One Sentence Summary:

Structural and experimental determination reveals broadly neutralizing antibodies targeting
conserved epitopes on the HA head of HIN1 viruses.

Introduction:

Hemagglutinin (HA) is the major surface antigen of influenza viruses and is composed

of two major domains: the head and the stalk. Seasonal influenza virus vaccines largely
induce potently neutralizing antibodies against the immunodominant variable epitopes of the
head domain, which provide narrow protection against only a few strains. Influenza viruses
rapidly mutate to evade antibodies targeting the major antigenic sites of the HA head,
necessitating constant reformulation of the seasonal influenza virus vaccine. Therefore, new
vaccine strategies that elicit potent broadly neutralizing antibodies are desperately needed to
provide universal protection against influenza viruses.

Broadly neutralizing antibodies against conserved epitopes on the HA stalk have been well
characterized, but little is known about the structure, repertoire, and viral binding features of
broadly neutralizing antibodies against the HA head. Two conserved HA head epitopes have
been identified on H1 influenza viruses: the receptor-binding site (RBS (1, 2)) and the lateral
patch (3). RBS-binding antibodies exhibit broad cross-reactivity amongst HIN1 viruses and
can occasionally cross-react with H3N2 viruses (1, 2). Although only one definitive lateral
patch-binding antibody has been identified (3), antibodies binding within this region are
susceptible to recent mutations in the major antigenic site, Sa (3-5). However, it is not
known which factors limit or promote the recall of memory B cells (MBCs) targeting the
lateral patch and RBS. Moreover, very little is known about lateral patch-binding antibodies,
including their relative abundance, repertoire, and binding features, and whether all lateral
patch-binding antibodies have lost binding to recent antigenically drifted variants of the
2009 pandemic HIN1 virus (pH1NZ).

By comprehensively analyzing the specificities of B cells targeting the HA head after
vaccination, we determined first exposure to pHN1 preferentially recalls MBCs targeting
the conserved RBS and lateral patch epitopes, suggesting pre-existing immunity against the
variable epitopes of the HA head limits the recall of MBCs against conserved head epitopes.
Antibodies elicited against these epitopes are broadly neutralizing against antigenically
drifted and shifted HIN1 viruses, and even against a recent HIN1 strain that has mutated
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near the lateral patch. This study highlights the structural and repertoire features of RBS-
and lateral patch-binding monoclonal antibodies (mAbs) and reveals a public binding motif
shared across lateral patch-binding mAbs.

Results:

First exposure to pH1N1 virus exposure robustly induced antibodies against conserved
head epitopes.

The head domain of HA is more variable and mutates more frequently than the stalk domain
(Fig. 1A, fig. S1A) (6, 7). Five major antigenic sites of the HA head have been observed
(Cal, Ca2, Ch, Sa, Sh) and exhibit strong overlap with the variable regions of the HA head
(Fig. 1A). However, two epitopes of the HA head, the RBS and the lateral patch, encompass
more conserved regions of the HA head, although mAbs binding the RBS (CH65 (2)) and
the lateral patch (Fab6649 (3)) exhibit some overlap with the major antigenic sites (Fig. 1A,
fig. S1B).

Immunization with the 2009 pH1N1 monovalent virus vaccine (MIV) robustly induced
plasmablasts (PBs) targeting conserved epitopes of the HA stalk (8). However, we identified
that head-binding mAbs were the dominant product of PBs induced by the 2009 MIV and
seasonal influenza virus vaccination, with over 50% of mAbs generated from PBs binding
the HA head, as determined by their ability to inhibit hemagglutination (HAI*; fig. S1C and
D). Strikingly, 50% of head binding mAbs induced by the MIV targeted either the RBS or
lateral patch in comparison to 25% of head binding mAbs induced by seasonal vaccination
(Fig. 1B). Lateral patch-targeting PBs were particularly boosted, comprising 35% of all
HAI* mAbs isolated from the 2009 MIV relative to only 5% of all HAI* mAbs isolated
from the 2010 trivalent influenza virus vaccine (TIV) and 2014 quadrivalent influenza virus
vaccine (QIV) cohorts (Fig. 1B).

On average, individuals who received the MIV had a greater proportion of HAI* mAbs
binding either the RBS or lateral patch compared to individuals who received either the 2010
TIV or the 2014 QIV (P=0.0061; Fig. 1C). Notably, only 2 individuals in the 2010 TIV
cohort (33.3%) and 1 individual in the 2014 QIV cohort (16.7%) induced mAbs against

the RBS and the lateral patch, relative to 8 out of 9 individuals in the 2009 MIV cohort
(88.9%, Fig. 1C). Moreover, all head antibodies isolated from participant 240 in the 2014
QIV cohort targeted either the RBS or lateral patch (hollow circle; Fig. 1C) and accounted
for all the RBS-binding mAbs recorded from individuals that received a seasonal vaccine
(table S1). The 2014 QIV may have been the first time that participant 240 had been exposed
to the newly circulating pH1N1 virus, as this individual had no record of prior influenza
virus vaccinations (table S1). We cannot rule out that this individual had been naturally
infected with pH1N1. However, all isolated HAI* PBs cross-reacted with pre-pH1N1 viruses
and targeted the RBS and lateral patch, similar to PBs induced by 2009 MIV (fig. S1E).
Therefore, participant 240 likely had low pre-existing immunity against the pH1N1 virus,
which led to the recall of MBCs targeting conserved epitopes of the HA head. The only
participant in the 2009 MIV cohort that did not mount an antibody response against the

RBS or lateral patch was SFVV020, who was born in 1945 and 64 years old at the time of
vaccination (table S1). Drifted viral variants of the 1918 H1IN1 were the only circulating
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influenza A viruses during SFV020’s childhood, and therefore, vaccination of participant
SFV020 recalled MBCs targeting variable epitopes of the H1 head that were likely similar
to those during this individual’s childhood, as the 2009 pH1N1 virus and 1918 H1N1 were
antigenically similar (9, 10).

Using A-1 mutants, in which an individual major antigenic site was replaced with the
corresponding epitope from H5 or H13 (11), we identified mAbs binding each major
antigenic site, with most antibodies targeting Cal, Cb, and Sb (Fig. S1F and G). Notably,
the 64-year-old SFV020 was the only participant to mount a response against Ca2 (fig. S1F
and G), further suggesting this individual could recall MBCs targeting variable epitopes
of the HA head. Moreover, 8 mAbs had ablated binding to multiple A-1 mutants, with
50% susceptible to mutations in the Cal and Sb (fig. S1H). Together, these data reveal
that first exposure to pH1N1 preferentially induces antibodies against conserved epitopes
of the HA head. These data also indicate that, in the absence of pre-existing immunity
against variable epitopes of the HA head of pH1N1, individuals can recall MBCs targeting
conserved epitopes of the HA head, as was the case for those in the 2009 MIV cohort and
participant 240.

Structural basis for lateral patch-binding mAbs

We identified 10 distinct antibody clones targeting the lateral patch from 7 individuals using
negative stain electron microscopy (EM; fig. S2A and table S2). Of the individual clones
targeting the lateral patch, all mAbs utilized variable heavy (VH) and kappa (VK) genes
VH3-23 or VK1-33, with four clones utilizing both VH3-23 and VK1-33 (Fig. 2A to

C; table S2). However, lateral patch-binding mAbs used a variety of heavy chain diversity
(DH), heavy chain joining (JH), and kappa chain joining (JK) genes, with a preference

for JH4 and JK4 (fig. S2B to D). These data indicate that B cells targeting the lateral

patch utilize a highly-restricted VH and VK gene repertoire. To understand the nature of
lateral patch-binding antibodies that utilized both VH3-23 and VK1-33, we determined

the structure of 045-09 2B05 binding to the pH1N1 A/California/04/2009 HA by cryo-EM
(table S3). 2D class averages of the complex exhibited diverse views with visible secondary
structure and 3 fragment antigen binding regions (Fabs) bound per HA trimer (fig. S2E).
Iterative classification and refinement in 3D resulted in a final map at 3.2 A resolution (Fig.
2D), with the highest resolution features corresponding to the paratope:epitope region and
the interior of the HA head (fig. S2F to G, table S2). The dominant contacts of 045-09
2B05 occurred in the heavy chain complementarity determining region 3 (H-CDR3), where
residue Y100b interacted with the hydrophobic groove between the HA B-sheets and Q100a
and R100d formed salt bridges with K174 and E122 on the HA head, respectively (Fig. 2E).
We also observed a salt bridge formed between R30 of K-CDR1 and D171 on the HA head
(Fig. 2E). Crucially, 045-09 2B05 binds the HA head through multiple hydrophobic and
electrostatic interactions spanning the lateral patch epitope.

Because of the critical role of Y100b and R100d within the H-CDR3 of 045-09 2B05, we
assessed whether these two residues were common among additional lateral patch-targeting
mAbs. Of the 10 clones evaluated, we identified 5 distinct clones possessed a Y-x-R/H motif
and another 3 clones possessed a Y-R motif within the H-CDR3 (fig. S2H). Notably, the
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Y-x-R/H and Y-R motifs were generated as a result of junctional diversity via non-templated
DNA additions, suggesting B cells with these specific H-CDR3 motifs were preferentially
selected to bind to the lateral patch. Additionally, a recent report also identified a broadly
neutralizing mAb targeting the side of the HA head that utilized VH3-23/VVK1-33 and
possessed a Y-x-R motif within the H-CDR3 (12), suggesting the Y-x-R motif is a common
feature of lateral patch-binding antibodies across individuals and is a public binding motif.

To understand how influenza viruses can escape lateral patch mAbs that utilize the VH3-23/
VK1-33 pairing, we generated virus escape mutants using two lateral patch mAbs, 047-09
4G02 and 045-09 2B05. 047-09 4G02 resulted in mutations R120S and A259T, which are
parallel on the B-sheets of the lateral patch epitope and lie next to the major antigenic sites
Cal and Cb (Fig. 2F). Notably, only the A259T mutation is found in recent circulating
pH1N1 viruses, and is suggested to improve HA stability, rather than be an antibody escape
mutant (13). However, the specific isolation of A259T from virus grown in the presence

of 047-09 4G02, but not parallel mock-treated virus, suggests that mutant selection driven
lateral patch-binding antibodies could have led to this mutation being fixed into circulating
pH1N1 viruses. 045-09 2B05 resulted in the mutation E119D, which sits between Cal

and Cb (Fig. 2F). Although residue E119 does not directly contact 045-09 2B05, it

resides within the H-CDR3 footprint, and mutation to Asp could potentially destabilize

the epitope:paratope interaction (Fig. 2G). Together, these data indicate that mutations in
residues next to antigenic sites Cal and Cb escape restriction from VH3-23/VK1-33 lateral
patch-binding mAbs.

RBS-binding mAbs derive from a diverse repertoire but possess a similar binding footprint

We identified 10 distinct RBS-targeting clones from 6 individuals using negative stain

EM (fig. S3A and table S4). Unlike mAbs targeting the lateral patch, RBS-binding mAbs
used a diverse range of V(D)J genes across both the heavy and light chains (Fig. 3A and

B; fig. S3B and C). However, we observed three repertoire trends: RBS-binding mAbs
frequently utilized VH4-59 (Fig. 3A), a lambda light chain (Fig. 3B), and 5 out of 10 clones
used JH6 (Fig. 3C), which often recombines to encode for the critical dipeptide residues
responsible for sialic acid-mimicking contacts of RBS-binding mAbs (2, 14). However,
not all RBS-binding mAbs utilized JH6; mAbs utilizing JH4 also demonstrated H-CDR3
dipeptides similar to those in JH6-utilizing mAbs (fig. S3D and E). Our data show mAbs
against the RBS utilize H-CDR3s with similar lengths as mAbs targeting the lateral patch
or other head epitopes (fig. S3F). Furthermore, no apparent differences were observed in
the light chain CDR3 (L-CDR3) length and the H-CDR3 and L-CDR3 isoelectric points of
mADs targeting distinct head epitopes (fig. S3G to I).

To better understand how influenza viruses can evade RBS-targeting mAbs, we generated
viral escape mutants for 5 distinct non-clonal RBS-binding mAbs. All escaped viruses
mutated at residues A189 and S193 in the major antigenic site Sb (Fig. 3D). Residues A189
and S193 sit adjacent on the 190-helix of the Sb epitope and protrude out from HA (Fig.
3D). Notably, structures of RBS-binding mAbs, particularly the light chain, have extensive
interactions with the 190-helix of the Sb epitope (2, 14, 15), and mAb CH65 selects for

a G189D mutation with the pre-pH1IN1 virus A/Solomon Islands/03/2006 (14). Through
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molecular analysis, we found G189D and G189V escape mutations would result in steric
clashes with W90 and D95 of the L-CDR3 of CH65 (Fig. 3E to G), likely destabilizing mAb
binding. Together, these data indicate HIN1 viruses evade RBS-targeting mAbs by mutating
in the antigenic site Sh.

Binding breadth and affinity of mAbs targeting the RBS and lateral patch

We next evaluated the viral binding breadth of HAI™ mAbs induced by the 2009 M1V and
mAbs targeting the lateral patch, RBS, or other head epitopes. HAI* mAbs induced by the
MIV bound more HIN1 strains than mAbs induced by seasonal influenza virus vaccines
(P=0.0003, Fig. 4A, fig. S4A) due to RBS- and lateral patch-binding mAbs exhibiting
broad viral binding breadth with pre- and post-pH1N1 seasonal H1 viruses (Fig. 4B; fig.
S4B). Lateral patch-binding mAbs exhibited the broadest viral binding breath with nearly
100% of mAbs binding the 1918 H1 and 1977-2009 H1N1 viruses (< 0.0001, fig. S4B).
Viral binding breadth of RBS- and lateral patch-binding mAbs varied by clone, but lateral
patch mAbs were consistently broadly reactive across HIN1 subtypes (fig. S4C). In contrast,
RBS-binding clones varied greatly by their ability to bind to distinct HIN1 viruses (fig.
S4C). Consistent with this notion, the lateral patch viral escape mutant residues were highly
conserved whereas the RBS generated viral escape mutant residues were poorly conserved
(fig. S4D). Together, these observations indicate that the lateral patch is generally more
conserved than the RBS across H1N1 viruses or, alternatively, that the lateral patch has less
antibody mediated pressure than the RBS epitope and mutates less frequently as a result.
Nearly all lateral patch- and RBS-binding mAbs cross-reacted with a swine HLN2 virus (A/
swine/Mexico/AVX8/2011 (16); £< 0.0001, Fig. 4C), suggesting MBCs against the lateral
patch and RBS could be robustly recalled upon swine H1 virus spillovers into humans.
Despite having less binding breadth amongst HLN1 viruses than lateral patch-binding mAbs,
RBS-binding mAbs were more likely to cross-react with H3N2 and influenza B viruses than
mAbs targeting the lateral patch (P= 0.0078) or other head epitopes (P= 0.0002, Fig. 4D
and E). Moreover, 4 distinct RBS-binding clones were isolated from participant 240, with

3 clones demonstrating broad breadth to HIN1 and H3N2 (fig. S4E). These data indicate
that lateral patch-binding mAbs demonstrate the greatest viral binding breadth amongst H1
viruses, whereas RBS mAbs have greater potential for cross-reactivity with other influenza
A virus subtypes and influenza B viruses.

Head binding mAbs induced by the 2009 M1V had weaker affinity for A/California/7/2009
virus than head mAbs induced by seasonal vaccination (P= 0.0032, fig. S4F). Because
mAbs were generated from acutely activated PBs, MBCs recalled from prior exposures
constitute the PB response to vaccination and represent the immune history of B cells
against particular epitopes. MIV-induced head mAbs had nearly twice as many mutations as
mAbs induced by seasonal vaccination (P < 0.0001, fig. S4G), suggesting the PBs isolated
after seasonal vaccination are derived from MBCs that were more recently generated in
response to pH1N1. Moreover, nearly 50% of MIV-induced mAbs had higher or equal
affinity for an H1N1 strain circulating in childhood (table S5) relative to pH1N1 compared
to only 29% of seasonal vaccine-induced mAbs (£ = 0.0465, Fig. 4F). We did not observe a
statistical difference in the relative affinity of mAbs targeting the RBS, lateral patch, or other
head epitopes (fig. S4H). MAbs targeting the lateral patch tended to have a median of 27
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mutations, compared to only 17 and 16 mutations for mAbs binding the RBS and other head
epitopes, respectively (P=0.0008 and £< 0.0001, fig. S41), indicating extensive affinity
maturation of lateral patch-binding B cells. The number of mutations varied by distinct
RBS clones (fig. S4J), suggesting that these clones undergo differential affinity maturation
pathways, which could lead to distinct viral binding patterns. Furthermore, 88% of mAbs
against the lateral patch and 65% of mAbs against the RBS had higher or equal affinity

for a viral strain circulating during the individuals’ childhoods, compared to only 17% of
mAbs targeting other head epitopes that reacted with the childhood strain (£ < 0.0001, Fig.
4G; fig. S4K), demonstrating that RBS- and lateral patch-binding antibodies likely derive
from B cells primed early in life. However, affinity for pH1N1 and a childhood strain varied
across and within clonal expansion (fig. S4K), further indicating B cells targeting distinct
HA head epitopes undergo differential affinity maturation paths. Together, our data show
that first exposure to pH1N1 harnessed immune history to recall MBCs from childhood that
demonstrate broad viral binding against the HA head.

RBS- and lateral patch-targeting mAbs are broadly neutralizing

Head binding mAbs induced by the MIV neutralized more H1N1 strains than head binding
mAbs induced by seasonal vaccination (P < 0.0001, Fig. 5A), which was likely the result
of increased neutralizing breadth of mAbs targeting the RBS or lateral patch, including
mADbs within and across clonal expansions (P < 0.0001, Fig. 5B to D and fig. S5A). MAbs
targeting distinct immunodominant epitopes exhibited differential neutralizing breadth,
with mAbs against Cal being more strain-specific and mAbs against Sb having greater
neutralizing breadth (£=0.0003, fig. S5B and C). To assess neutralization potency, we
performed HAI assays to specifically measure inhibition of HA binding to sialic acid, the
HA receptor, and microneutralization (MN) assays that measure the ability of an antibody
to inhibit infection of a cell, which includes inhibition of receptor binding, membrane
fusion, and viral egress. MIV-induced and seasonal vaccine-induced mAbs generally had
similar neutralization potency against the pH1N1 virus strain (fig. S6A and B), although
seasonal vaccine-induced mAbs tended to be more potent by HAI. MADbs targeting the
RBS or lateral patch were less potent against A/California/7/2009 by HAI relative to

mAbs targeting other head epitopes (RBS, 2= 0.0032; lateral patch, < 0.0001, Fig.

5E). Only mAbs targeting the lateral patch were less potently neutralizing by MN assays
relative to mAbs targeting other head epitopes (P = 0.0038, Fig. 5F). Moreover, mAbs
binding any head epitope were 10-fold more potent than mAbs targeting the HA stalk (P

< 0.0001, fig. S6C), indicating the potent neutralizing potential of all head binding mAbs,
independent of precise epitope targeting. MN potency across lateral patch-binding clones
was consistent, whereas RBS-binding clones varied dramatically in their neutralization
potency, suggesting each RBS-binding clone and individual clonal members target the
epitope slightly different (fig. S6D). MAbs targeting distinct immunodominant epitopes
demonstrated different neutralization potency by HAI assay, with mAbs targeting Cal and
Sb demonstrating the highest potency by HAI, likely because these epitopes are close to the
RBS (fig. S6E). However, no difference in MN potency was observed for mAbs targeting
distinct immunodominant epitopes (fig. S6F). We found that the affinity of mAbs against
AJCalifornia/7/2009 strongly correlated with MN potency (£ < 0.0001, fig. S6G). However,
mAb HAI breadth inversely correlated with MN potency (P = 0.0066, fig. S6H), suggesting
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that as mAbs increase neutralization breadth, they reduce neutralization potency. Together,
these data indicate mAbs targeting the RBS or lateral patch are broadly neutralizing against
H1NL1 viruses.

RBS- and lateral patch-binding antibodies are potently protective in vivo

We next determined whether mAbs targeting distinct head epitopes provided differential
protection in vivo using a lethal influenza virus infection mouse model. We prophylactically
treated mice intraperitoneally with mAb cocktails (5 mAbs per cocktail) 2 hours prior

to intranasal infection with a lethal dose of the mouse-adapted A/Netherlands/602/2009
H1N1 virus. The cocktail included mAbs targeting either the RBS, lateral patch, or

other head epitopes (table S6; fig. S7A), which are more representative of the total

antibody response against these epitopes. Notably, mAbs included within each cocktail
demonstrated similar neutralization potency to the mouse-adapted A/Netherlands/602/2009
and A/California/7/2009 (fig. S7B). Mice receiving the 5 mg/kg dose were 100% protected
from weight loss and death, regardless of mAb cocktail (fig. S7C and D). Furthermore,
mice at the 1 mg/kg dose exhibited some weight loss (Fig. 6A), with mice receiving the
other head epitope cocktail exhibiting the most weight loss (fig. S7E), although no mice
succumbed to infection (Fig. 6B). All mice in the 0.2 mg/kg treatment groups lost weight,
and 50-70% of mice succumbed to the infection, regardless of mAb cocktail specificity
(Fig. 6C and D). As antibodies against the RBS and lateral patch do not compete for
binding on the HA trimer by negative stain EM (Fig. 6E), these data suggest that RBS- and
lateral patch-binding antibodies could synergize with each other to provide potent protection
against distinct H1-expressing viruses.

Certain lateral patch-targeting mAbs can still bind a natural escape mutant

In 2013, pH1NL1 viruses acquired S165N and K166Q mutations in the Sa major antigenic
site (4). The seasonal influenza virus vaccine was updated in 2017 to include A/
Michigan/45/2015, an H1N1 strain that possesses N165 and Q166. Notably, the lateral
patch-binding mAb, Fab6649, was unable to bind and neutralize A/Michigan/45/2015 (3),
suggesting this mutation arose due to the selective pressure by antibodies against this epitope
(4). From our cohorts, only 39% of lateral patch-targeting mAbs bound A/Michigan/45/2015
(Fig. 7A). Although A/Michigan/45/2015 binding ability varied greatly between and within
clones, the only clonal expansion with all members binding A/Michigan/45/2015 expressed
VH3-23 and VK1-33 (clone 1; fig. SBA). Moreover, A/Michigan/45/2015 acquired the
same A259T mutation that arose for the 047-09 4G02 escape mutant virus. However,
A259T alone likely does not explain the loss of lateral patch-binding mAbs, as 047-09 4G02
(clone 1) can still bind and neutralize A/Michigan/45/2015 (fig. SBA). MAbs that could still
bind A/Michigan/45/2015 had reduced binding affinity (P=0.0137) and MN potency (P=
0.0420) for A/Michigan/45/2015 relative to A/California/7/2009 (Fig. 7B and C). Fab6649
directly bound the mutated residues of A/Michigan/45/2015 (Fig. 7D), limiting its ability

to bind to post-2013 pH1N1 viruses (3). However, 045-09 2B05 bound residues below the
S165N and K166Q mutations (Fig. 7D) and still bound and neutralized A/Michigan/45/2015
to a similar degree as A/California/7/2009 (Fig. 7E). Moreover, the HA binding contacts of
045-09 2B05 were generally more conserved than the binding contacts of Fab6649, as two
out of three contacts made by 045-09 2B05 were 100% conserved, in contrast to only one
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out of seven contacts of Fab6649 (fig. S8B). In addition to 045-09 2B05, all mAbs utilizing
VH3-23 and VK1-33 were still capable of binding and neutralizing A/Michigan/45/2015
(fig. S8C). Alignment of the VH3-23/VK1-33 expressing antibody sequences revealed that
all antibodies possessed the Y-x-R motif within the H-CDR3 (fig. S8D and E), indicating
lateral patch-binding antibodies with this motif are capable of binding recent HIN1 viruses.
We next generated chimeric mAbs that utilized the heavy or light chain of 045-09 2B05
and the heavy or light chain of mAbs that did not utilize both VH3-23 and VK1-33 to
investigate whether the heavy and light chains of 045-09 2B05 could complement mAbs
with other repertoire features and allow for binding to this drifted variant. Only natively
paired heavy and light chains could bind to A/California/7/2009 (fig. S8F), suggesting that
the identified lateral patch-binding clones were specifically selected against this epitope and
these antibody chains are not interchangeable for epitope binding. However, as the heavy
and light chains of these chimeric mAbs affinity matured independently, they may not bind
HA as well as heavy and light chains that have naturally affinity matured together.

To understand the structural basis of lateral patch-targeting mAbs binding to A/
Michigan/45/2015, we evaluated the antibody footprint and angle of approach of 6 lateral
patch-binding mAbs. Notably, the footprints of all mAbs assayed were largely overlapping
(Fig. 7E). Similar to Fab6649, S165N and K166Q mutations fell directly within the footprint
of SFV015 2F02, which was incapable of binding and neutralizing A/Michigan/45/2015
(Fig. 7E and fig. S8G). Additionally, Fab6649 and SFVV015 2F02 largely overlapped in the
angle of approach (Fig. 7F), suggesting these two antibodies are targeting the lateral patch in
a similar manner. The S165N and K166Q mutations were located on the edge of the binding
footprint of mAbs capable of binding and neutralizing A/Michigan/45/2015 (Fig. 7E and fig.
S8G). Furthermore, both the binding footprints and the angles of approach of 045-09 2B05,
047-09 4B06, and 047-09 4G02, which all utilize VH3-23/VK1-33, were more proximal
to the RBS of the corresponding HA protomer relative to Fab6649, limiting the overlap with
S165 and K166 (Fig. 7E and F and S8G. These data suggest the binding footprint and angle
of approach may allow some lateral patch-binding antibodies to overcome mutations within
the Sa epitope.

Discussion

In this study, we report that first exposure to pH1N1 recalls MBCs against conserved
epitopes of the HA head, whereas repeated exposure to pH1N1 elicits MBCs against the
variable major antigenic sites of the HA head. As individuals in 2009 MIV cohort had little
to no pre-existing immunity against pH1N1, MBCs targeting conserved epitopes of both

the HA head and stalk were preferentially recalled in response to this threat to provide
robust and broad protection. Prior studies have shown first exposure to pH1N1 virus (8,
17-19), H1IN1 infection (20), and avian H5N1 and H7N9 virus vaccination (21-24) robustly
recruited MBCs targeting conserved epitopes of the HA stalk. As the stalk is capable

of escaping broadly neutralizing antibodies (25, 26), further investigation into whether
vaccination with other viruses induces cross-reactive antibodies targeting conserved epitopes
of the HA head is warranted. A recent study demonstrated that H5 vaccination could induce
a polyclonal antibody response against RBS and lateral patch epitopes of the H5 head (27),
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although whether these antibodies can cross-react with other influenza virus subtypes has
not been determined.

Despite the robust recall of MBCs targeting the lateral patch and RBS, naive B cells against
variable epitopes were likely recruited into germinal centers following first exposure to the
pH1N1 to diversify the humoral immune response, as observed with seasonal influenza virus
vaccinations (28). Consistent with this, our studies indicated an increase in pH1N1-specific
mADs in the seasonal vaccine cohorts and the identification of mAbs binding specific
variable epitopes of the HA head. These data also indicate that pre-existing immunity
against the variable major antigenic sites of the HA head may limit the activation and
recruitment of B cells targeting conserved epitopes of the HA head and stalk domains. The
preferential recruitment of B cells against variable epitopes may be due to serum antibodies
masking conserved HA head epitopes (29, 30) or reduced epitope immunogenicity of
conserved HA head epitopes, as previously observed for the HA stalk (31, 32). Moreover,
influenza virus vaccine-induced plasma cells within the bone marrow are short-lived (33),
consistent with continued susceptibility to influenza virus infections, despite the generation
of antibodies against conserved epitopes. Therefore, new vaccine formulations that robustly
induce B cells, both into the memory B cell pool and bone marrow resident plasma cells,
against the conserved epitopes of the HA head and stalk are urgently needed to provide
broad and durable humoral immunity.

Antibodies binding the RBS and lateral patch were likely induced in response to the
antigenically distinct pH1IN1 exposure due to their broad viral binding and neutralization
breadth. The repertoire features of RBS-binding mAbs identified in our study are similar

to those described previously (14), suggesting a similar vaccine strategy could be utilized
to induce antibodies against the RBS in most people with pre-existing immunity against
H1N1 viruses. Although RBS-binding mAbs were inconsistently neutralizing against drifted
seasonal H1N1 strains, similar to other RBS directed mAbs CH65 and C05 (1, 2), a
previous report found RBS-binding B cell clones expand their breadth as they are exposed
to more influenza viruses (34, 35), which could explain the differences in RBS antibody
neutralizing potential. Mutations in the RBS region, including the K133a insertion and
G158N/N159G mutations within the 150-loop in 1918- and 2009-pandemic H1N1 strains,
may also contribute to the binding and neutralizing differences to seasonal HIN1 strains
observed with RBS antibodies (2, 35-37). Moreover, reports have indicated that head-
binding antibodies induced by egg-grown vaccines exhibit better binding to avian-adapted
H1 viruses than human-adapted H1 viruses (38, 39). Depending on an individual’s natural
exposure history to human H1 viruses and H1 viruses grown in eggs for vaccination, it is of
interest to understand whether these differences in viral exposure account for differences in
viral binding strength and HAI potency of mAbs to historical and recent HLN1 viruses.

We also observed many RBS-binding mAbs cross-reacted with H3 and influenza B viruses,
suggesting the key residues involved in mAb binding to the H1 RBS were similar to those
residues within the H3 and influenza B virus RBS epitopes. These data suggest RBS-binding
B cells could affinity mature against not only HIN1 but also H3N2 and influenza B viruses
and could provide near universal protection against influenza viruses. However, whether
RBS antibodies are induced to high enough concentrations to protect against other influenza
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virus subtypes and influenza B virus is yet to be determined. Additionally, the need for
extensive affinity-maturation against many influenza viruses may limit the induction of RBS
antibodies with potent and broadly neutralizing potential.

Lateral patch-targeting mAbs are mostly restricted to VH3-23 or VK1-33 and feature a
crucial, conserved Y-x-R or Y-R motif within the H-CDR3. KPF1, a potent H1 head-binding
mADb binding the lateral patch, also utilizes VH3-23/VVK1-33 and similarly possesses a
Y-x-R motif within the H-CDR3 (12). It is unclear as to why there is an enrichment for
antibodies utilizing VH3-23 and VK1-33, as the main contacts of 045-09 2B05 were within
the junctional diversity of the H-CDR3 and a mutation within the K-CDR1. The selection

of VH3-23 and VK1-33 may be associated with CDR compatibilities, as heavy and light
chains are frequently co-selected to create a functional binding site (40). A recent study
identified that VK gene usage altered H-CDR3 loop confirmations for a public clonotype
against the SARS-CoV-2 receptor-binding domain (41). A similar complementation between
heavy chain and light chains may be necessary for lateral patch epitope binding. However,
further structural analysis of lateral patch-binding mAbs are needed to understand why
antibodies with these two variable gene are preferentially selected against the lateral patch.
Despite this, our data identify B cells utilizing VH3-23/VK1-33 and possessing a Y-x-R
motif as public antibody clonotypes, as mAbs with these features were identified in 3
individuals from our study and 1 individual in Nogales et al. (12). The lateral patch-binding
mAbs identified within our study do not share the key features of Fab6649 (3), as Fab6649
does not use VH3-23 or VK1-33 and does not possess the Y-x-R or Y-R motifs within the
H-CDR3. Moreover, all the mADbs utilizing VH3-23/VVK1-33 could still bind and neutralize
A/Michigan/45/2015. These data indicate that the lateral patch is an important vaccine target
to drive potent broadly neutralizing antibodies against, and that VH3-23/VK1-33 utilizing
antibodies are a good indicator of B cells targeting this epitope.

There are several limitations to our study. Although our study identified that first exposure
to pH1N1 was able to robustly induce antibodies against the lateral patch and RBS in the
context of monoclonal B cells, it is unknown whether the plasmablast response accurately
represents the long-term antibody response following vaccination. As influenza virus
vaccination recruits both MBCs and naive B cells into the germinal center response (28),
the antibody landscape likely shifts overtime to include antibodies against the new variable
epitopes of the H1 head. Consistent with this, participants in the repeated exposure cohorts
preferentially induced a plasmablast response against the variable epitopes of pH1N1 head
domain. We identified multiple antibody classes targeting the lateral patch with variations
in antibody footprints and angles of approach, binding motif properties, and neutralization
properties, several of which still targeted recent pH1N1 viruses. However, our study only
generated the structure and viral escape mutants for one class of antibodies targeting the
lateral patch. It is of continued interest to understand the structural similarities of distinct
antibody classes binding the lateral patch, including Fab6649 (3), and how these have
potentially driven pH1N1 viral evolution.

Although conserved stalk epitopes are the primary targets of many candidate universal
influenza vaccines, a concentrated antibody response against stalk epitopes could lead to
viral escape at these sites (25, 26). A combined epitope approach is necessary to generate a
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more robust vaccine that can safeguard against viral resistance. Several investigative vaccine
platforms have the potential to robustly induce RBS- and lateral patch-targeting antibodies.
Platforms that are engineered to remove or mask the major antigenic sites while preserving
conserved epitopes have the potential to divert the antibody response against conserved
epitopes of the HA stalk and head domain, including the newly identified head-interface
binding antibodies (42-44), as opposed to variable epitopes of the HA head. Notably, a
phase 1 clinical trial of a chimeric HA vaccine that swapped the head domain of H1 for

that of exotic avian influenza virus subtypes (H5 or H8), was able to overcome pre-existing
immunity against the HA head to induce antibodies against conserved epitopes of the HA
stalk and the head-interface epitope (45). A variation of the chimeric HA approach is

the development of mosaic HA antigens that replace the major antigenic sites with those
from avian influenza viruses. Pre-clinical studies have shown mosaic HAs are capable

of inducing antibodies that provide broad protection against divergent influenza viruses

(46, 47). Additionally, several platforms have “masked” major antigenic sites using glycan
shields (42) or PEGylation (48) to drive antibody responses against conserved epitopes of
HA, and these approaches could be modified to drive antibodies specifically to the RBS and
lateral patch epitopes. Furthermore, heterotypic nanoparticles that display HA head domains
from multiple H1 strains were shown to induce broadly neutralizing HAI* antibodies (49).
These vaccination platforms should be investigated to determine if pre-existing immunity in
humans can be harnessed to robustly recall MBCs targeting the RBS and lateral patch.

In summary, our study identifies that, in the absence of pre-existing immunity against

the variable epitopes of the HA head domain, individuals can preferentially recall MBCs
against broadly neutralizing epitopes of the HA head including the lateral patch and RBS.
To date, our study provides the most comprehensive analysis of antibodies targeting the
lateral patch, revealing that lateral patch antibodies utilize a restricted repertoire and are
broadly neutralizing across H1-expressing viruses. Furthermore, our study shows the VH3—
23/VK1-33 class of lateral patch-binding antibodies can still neutralize a recent pH1N1
virus, which was believed to have mutated to circumvent antibodies targeting this epitope.
Altogether, our study provides a framework for next-generation vaccines to circumvent
antibodies against variable epitopes of the HA head and robustly induce potently protective
broadly neutralizing antibodies against the lateral patch and RBS

Materials and Methods

Study design

We initiated this study to compare the specificities of vaccine-induced plasmablast responses
upon first and repeated vaccination with the pH1N1 virus. For the first pH1N1 exposure
cohort, participants were recruited to receive the 2009 MIV. For the repeated pH1N1 cohort,
participants that had previously received the 2009 MIV were recruited in 2010 to receive

the 2010 TIV. An additional repeated exposure cohort was recruited in 2014 to receive the
2014 QIV. Plasmablasts were single-cell sorted from peripheral blood mononuclear cells
(PBMCs) between days 5 and 7 post-vaccination and mAbs were generated to determine
specificity. Several participants in the 2009 MIV cohort were recruited back 14 days and

6 months following vaccination to determine pH1N1 specific MBC responses, as HA™ B
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cells were single-cell sorted and mAbs were generated to determine epitope specificity.
Because these three groups were vaccinated in different years with the vaccine available
each year, this study was unblinded and not randomized. We enrolled any healthy adult

18 years or older that had not received an influenza virus vaccine that year. We generated
and characterized mAbs from 9 participants in the 2009 MIV cohort, 6 participants in the
2010 TIV cohort, and 7 participants in the 2014 QIV cohort. The number of participants
recruited each year was limited by the number of participants we could vaccinate before the
vaccine expired. We characterized all HA head-specific mAbs that could be isolated from
participants within the limits of the labor-intensive process of making mAbs.

All studies were performed with the approval of the University of Chicago and Emory
University institutional review boards. The 2009 MIV vaccine participants were recruited
at the University of Chicago and Emory University (8); the 2010 TIV and 2014 QIV
vaccine participants were recruited at the University of Chicago (8, 50). Informed consent
was obtained after the research applications and possible consequences of the studies were
disclosed to study participants.

All experiments were done in accordance with the University of Chicago Institutional
Animal Care and Use Committee and in adherence to the N/H Guide for the Care and Use
of Laboratory Animals. Six- to eight-week-old female BALB/c mice were used for infection
studies, as the virus was titrated in mice of the same strain, age, and sex. Ten mice were
used per group, and a power analysis was used to determine the number of mice needed

per experiment. All mice from two independent were included in the data analysis until the
point of euthanasia, which resulted from a 25% weight loss from initial starting weight or
upon competition of the experiment (14 days). Mice were provided a standard diet chow and
water and were housed in the ABSL-2 (animal biosafety level-2) facility within the Carlson
Animal Research Facility at the University of Chicago.

Human embryo kidney (HEK) 293T cells (Thermo Fisher Scientific) were maintained at
37°C with 5% CO, in Advanced Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 2% ultralow IgG fetal bovine serum (FBS; Gibco), 1% L-glutamine
(Gibco), 1% antibiotic-antimycotic (Gibco). Madin-Darby Canine Kidney (MDCK) cells
(American Type Culture Collection) were maintained in culture at at 37°C with 5% CO,
in DMEM (Gibco) supplemented with 10% FBS (Gibco), 1% L-glutamine (Gibco), 1%
penicillin/streptomycin (Gibco).

Viruses and recombinant proteins

Influenza viruses used in all assays were grown in-house in specific pathogen free (SPF)
eggs, harvested, purified, and titered (51). The A/swine/Mexico/AVX8/2011 H1N2 virus
(16) was provided by Ignacio Mena and Adolfo Garcia-Sastre at Icahn School of Medicine
at Mount Sinai. Recombinant HA used for enzyme-linked immunosorbent assays (ELISAS)
were obtained from BEI Resources or provided by the Krammer laboratory at Icahn School
of Medicine at Mount Sinai. All HA residue numbering is based on FluDB H3 numbering
and annotated HA figures were produced using Pymol (Schrddinger). Recombinant HA
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(A/California/04/2009, with stabilizing mutations E47K or E47G in HA2 (15)) used for
negative stain and cryo-EM were produced in-house or kindly provided by Nicholas Wu and
lan Wilson at The Scripps Research Institute.

Monoclonal antibodies

Monoclonal antibodies were generated as previously described (52-54). Peripheral blood
was obtained from each participant approximately 7 or 28+ after vaccination. For

the 2014 QIV cohort, IgG™ and IgA* PBs were sorted as part of another study

(50). Lymphocytes were isolated and enriched for B cells using RosetteSep (StemCell
Technologies). Total PBs (CD3~CD19*CD27MCD38M: 2009 MIV and 2010 TIV: fig.
S9A), IgG* PBs (CD3~CD19*IgM~CD27MCD38Ni1gG*IgA~; 2014 QIV; fig. S9B), or IgA*
PBs (CD3"CD19*IgM~CD27NCD38N1gG-IgA*; 2014 QIV cohort; fig. S9B), or HA* bait-
sorted MBCs (CD3~CD19*CD27+*CD389/*HA*: fig. SIC) were single-cell sorted into
96-well plates. Immunoglobulin heavy and light chain genes were amplified by reverse
transcriptase polymerase chain reaction (RT-PCR), sequenced, cloned into human 1gG1,
human kappa chain, or human lambda expression vectors. Primer sequences used for initial
amplification of antibody sequences and for cloning PCR steps are listed in table 1 of a
previously published protocol from our group (52, 54). Plasmids for the heavy and light
chains of a corresponding mAb, 9 ug each, were mixed with 100 pg of polyethyleneimine
(PEI; Sigma-Aldrich) and were co-transfected into confluent HEK 293T cells for 12 to

18 hours, after which media was changed to Protein-Free Hybridoma Medium (PFMH-II;
Gibco). Secreted mAbs were purified from the supernatant using protein A agarose beads
(Pierce). For chimeric mAb generation, the heavy and light chains for various lateral
patch-binding mAbs were co-transfected and purified as described above. Expression of
chimeric mAbs was comparable to natively paired mAbs. For Fab generation, heavy chain
sequences were cloned into a Fab vector and co-transfected with the corresponding light
chain. Fabs were purified using Ni-NTA beads (Qiagen). For mAbs generated from the
2014 QIV cohort, mAb names include the original isotype of the sorted PB, and all mAbs
were expressed as human 1gG1. B cell clones were determined by aligning all the V/(D)J
sequences sharing identical progenitor sequences, as predicted by IgBLAST using Vgenes.
Repertoire analysis was performed using mini-prepped sequences that were analyzed using
IgBLAST and Clustal Omega (European Bioinformatics Institute).

Antigen-Specific ELISA

High protein-binding microtiter plates (Costar) were coated with 8 hemagglutination units
(HAU) of virus in carbonate buffer or with recombinant HA at 1 pg/ml in phosphate-
buffered saline (PBS) overnight at 4°C. Plates were washed with PBS/0.05% Tween

and blocked with PBS containing 20% fetal bovine serum (FBS) for 1 hour at 37°C.
Antibodies were then serially diluted 1:3 starting at 10 ug/ml and incubated for 1.5 hour
at 37°C. Horseradish peroxidase (HRP)-conjugated goat anti-human 1gG antibody diluted
1:1000 (Jackson ImmunoResearch) was used to detect binding of mAbs, and plates were
subsequently developed with Super Aquablue ELISA substrate (eBiosciences). Absorbance
was measured at 405 nm on a microplate spectrophotometer (BioRad). To standardize the
assays, control antibodies with known binding characteristics were included on each plate,
and the plates were developed when the absorbance of the control reached 3.0 optical
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density (OD) units. All experiments were performed in duplicate and replicated 2—3 times.
Affinity measurements, as represented as Ky at a molar concentration (M), were calculated
using Prism 9 (Graphpad) by performing a non-linear regression. Area under the curve
(AUC) values were calculated using Prism 9 (Graphpad).

Negative stain EM

Cryo-EM

Immune complexes were prepared by incubating Fab with HA (A/California/04/2009 with
E47K or E47G stabilizing mutations) at greater than 3:1 molar ratio for 2 hours at

room temperature (RT). Samples were deposited at ~10ug/ml on glow-discharged, carbon-
coated 400 mesh copper grids (Electron Microscopy Sciences) and stained with 2% w/v
uranyl formate. Samples were imaged at 73,000x magnification, 200kV, on a Talos 200C
microscope equipped with a Falcon Il direct electron detector and a CETA 4k camera (FEI).
Micrographs were collected with Leginon, single particles were processed with Appion

and Relion, footprints were mapped with University of California, San Francisco (UCSF)
Chimera, and figures were made with UCSF Chimera (55-58).

Immune complexes were prepared as described in “Negative stain EM.” Samples diluted to
750ug/ml with 5uM final concentration of Lauryl Maltose Neopentyl Glycol (Anatrace)
were deposited on glow-discharged 1.2/1.3 quantifoil 400 grids (Electron Microscopy
Sciences) and plunge frozen in liquid ethane using a Vitrobot (FEI). Samples were imaged
at 29,000x magnification, 300kV, on a Titan Krios microscope (FEI) in counting mode
equipped with a Gatan K2 summit detector. 1298 micrographs were collected at a defocus
range of —0.8 to —2 um using Leginon (55), with a total exposure time of 9.25s and a

total dose of 49.27e/A2. Micrograph frames were aligned using MotionCor2 (59). Using
CryoSPARC2 (60), data were subject to CTF Estimation (Gctf BETA), a subset of single
particles were manually picked and used as templates, particles were picked using the
template picker, particles were cleaned using 2D classification, and particles were refined
using heterogenous, homogenous, and non-uniform refinements. The final map consisted of
27,888 particles and refined to 3.22A with 3-fold imposed symmetry. Figures were made
with UCSF Chimera (58).

Model building and refinement

ROSIE (The Rosetta Online Server that Includes Everyone (61)) was used to generate a
predicted model of the variable regions of 045-09 2B05 mAb. This predicted model was
docked together with the model of A/California/04/2009 HA with E47G HA2 (Protein
Database (PDB): 4md4y) into the cryo-EM map. These combined models were used as an
initial model for iterative manual adjustment using COOT and refinement using Rosetta. The
model was numbered based on the H3 numbering scheme for HA and the Kabat numbering
scheme for Fab. The final model and map were evaluated using MolProbity, EMRinger, and
the PDB validation server (62-65).
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Structural analysis

Atomic distance and steric clash analyses were performed using tools embedded in UCSF
Chimera (58).

Microneutralization and Hemagglutination Inhibition Assays (HAI)

Microneutralization assay for mAb characterization was carried out as previously described
(66, 67). The day before the experiment, 25,000 MDCK cells were added to each well

of a 96-well plate. Serial two-fold dilutions of mAb were mixed with an equal volume

of 100 50% tissue culture infectious doses (TCIDsg) of virus for 1 hour and added to
MDCK cells for 1 hour at 37°C. The mixture was removed, and cells were cultured

for 20 hours at 37°C with 1X minimum essential medium (MEM) supplemented with 1
pg/ml tosyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin and appropriate mAb
concentration. Cells were washed twice with PBS, fixed with 80% ice cold acetone at -20°C
for at least 1 hour, washed 3 times with PBS, blocked for 30 minutes with 3% BSA-PBS,
and then treated for 30 minutes with 2% H,0O5. Cells were incubated with a mouse anti-NP
antibody (1:1000; Millipore) in 3% BSA-PBS for 1 hour at RT, followed by goat anti-mouse
IgG-HRP (1:1000; Southern Biotech) in 3% BSA-PBS for 1 hour at RT. The plates were
developed with Super Aquablue ELISA substrate, and absorbance was measured at 405 nm
until virus only controls reached an OD of 1. The signal from uninfected wells was averaged
to represent 100% inhibition. The signal from infected wells without mAb was averaged

to represent 0% inhibition. Duplication wells were used to calculate the mean and SD of
neutralization, and inhibitory concentration 50 (1Csg) was determined by a sigmoidal dose
response curve. The inhibition ratio (%) was calculated as below: ((OD Pos. Control - OD
Sample) / (OD Pos. Control — OD Neg. Control)) * 100. The final 1Cgy was determined
using Prism 9 (GraphPad). All experiments were performed in duplicate twice.

For HAI assays, viruses were diluted to 8 HAU/50 pl. 25 pl was combined with an

equal volume of mAb (starting concentration 30 pg/ml), serially diluted 1:2 in PBS in
duplicate, and subsequently incubated at RT for 1 hour. 50 ul of 0.5% turkey red blood
cells (Lampire Biological) were added to each well and incubated for 45 minutes at RT.
Minimum inhibitory concentrations were determined based on the final dilution of mAb
for which hemagglutination inhibition was observed. All experiments were performed in
duplicate twice.

Virus Escape Mutant Generation

Virus escape mutants were generated as previously described (68). Ten TCIDgqy of A/
Netherlands/602/2009 virus was incubated with 1:5 1Cgq of mAb for 1 hour. Virus/mAb
mixtures were added to 500,000 MDCK cells for 1 hour. Cells were washed with PBS

and plated with 2ml Ultra MDCK media (Lonza) supplemented with 1 ug/ml TPCK-treated
trypsin and corresponding mAb concentrations. After two days, supernatants were collected,
and HA assays were performed to determine viral growth. Wells with virus were incubated
with 2x increase of mAb for one hour before addition to MDCK cells. Virus grown in the
absence of mAb was included for all mAbs to control for passage-associated mutations.

The virus was grown with increasing concentration of mAb until 64-128x 1Csq of mAb

was achieved, typically 10-16 passages. After an escape mutant was generated, supernatants
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were collected, viral RNA was collected and purified using QlAamp Viral RNA Mini Kit
(Qiagen), cDNA was generated using SuperScript 111 (Invitrogen), HA sequences were
amplified using A/Netherlands/602/2009 specific HA primers, and sequenced by Sanger
sequencing. Sequences were analyzed using Librator (in-house software) and Clustal Omega
(European Bioinformatics Institute). Mutations were visualized on A/California/4/2009 HA
(PDB: 4jtv) using Pymol (Schrddinger).

HA conservation modeling

To avoid potential bias from highly imbalanced sample years (more than 90% of publicly
available H1 sequences are from the last 10 years), we built a representative dataset of HIN1
viruses (table S5). In this dataset, for each year, only the most representative sequence (most
identical to the consensus sequence of the year) was selected and was used to calculate
conservation scores for all residues on this dataset. We quantified the peptide variations for
residues on HA proteins of H1 sequences by adopting an entropy function (69).

N
Sops = = Z pilogap,
n=1
N
p, = count,/ Z count,
n=1

p, denotes the frequency of the n-th amino acid of this residue, N denotes the total number of
all possible amino acids (N = 20), and count, denotes the total number of the »n-th amino acid
of this residue. The theoretical maximum value of S,,, is 10g2(20) ~ 4.32, which indicates
the most variable; and the minimal value of .S,,, is 0, which indicates the most conserved.
We then normalized all entropy scores into [0,1] by dividing all entropy scores by the
theoretical maximum value (in practices, we set it to 4.32). All residues were divided into 6
groups with different variation rates: 0, (0,0.2], (0.2,0.4], (0.4,0.6], (0.6,0.8] and (0.8,1]. As
shown in Figure 1, we assigned gradient colors for those 6 groups to visualize single residue
conservation on the structure of strain A/California/04/2009 HA (PDB ID: 4jtv). Ratio of
minor amino acid, which represents variability of a given residue of HA (where 0 indicates
100% conservation and 1 indicates 0% conservation), was calculated based on the sequences
of viruses listed in table S7.

A-1 Major Antigenic Site Staining

A-1 mutant HAs were generated by substituting the major antigenic sites of A/
Michigan/45/2015 H1N1 with those of A/Vietnam/1203/2004 H5 or A/black headed gull/
Sweden/1/1999 H13 using reverse genetics, as previously described (11). A-1 mutant HAs
HEK?293T cells were plated into a 96-well plate and transfected the following day with 100
ng A-1 mutant HA plasmid and TransIT-LT1 (MirusBio) for 24 hours. Cells were fixed with
methanol overnight at —20°C. Cells were washed 3x with PBS and blocked with 5% milk
powder in PBS. Full-length mAbs were diluted 5-20 ug/ml in blocking buffer and added
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to PBS-washed cells for 2 hours. Cells were washed 3x with PBS and stained with a goat
anti-human 1gG AF488 (Invitrogen) for 1 hour. Cells were washed 3x with PBS and imaged
with an EVOS inverted fluorescence microscope (AMG).

In vivo challenge infections

MADb cocktails (Table S6) were passively transferred into 6- to 8-week-old female BALB/c
mice (Jackson Laboratories) by intraperitoneal injection of 0.2, 1, and 5 mg/kg mAb
cocktail. Negative control mice received 5 mg/kg of the anthrax-specific mAb 003-15D03
by intraperitoneal injection as an isotype control. Two hours post-mAb injection, mice
were anesthetized with isoflurane and intranasally challenged with 10 LDsg of mouse-
adapted A/Netherlands/602/2009 HIN1 virus. As a read out, survival and weight loss were
monitored 1-2 times daily for two weeks. Mice were euthanized upon 25% weight loss. All
experiments were done in accordance with the University of Chicago Institutional Animal
Care and Use Committee.

Statistical analysis

All statistical analyses were performed using Prism software (Graphpad Version 9.0).
Sample sizes (n) for the number of mAbs tested are indicated in corresponding figures, and
number of biological repeats for experiments and specific tests for statistical significance
used are indicated in the corresponding figure legends. P values less than or equal to 0.05
were considered significant. * £<0.05, ** P<0.01, *** £<0.001, **** £< 0.0001.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: First exposure to pH1N1 induces antibodies against the RBS and lateral patch epitopes of
the HA head.

(A) The conservation of H1 over 102 years of HLN1 evolution with the major antigenic
sites highlighted and the RBS epitope outlined in pink and lateral patch epitopes outlined

in dashed red line projected onto the structure of A/California/04/2009 (side and top views;
PDB:4jtv). (B) The proportion of HAI* mAbs induced by the 2009 MIV or seasonal
influenza virus vaccines (2010 TIV and 2014 QIV) binding the RBS, lateral patch, or other
head epitopes. (C) The proportion of RBS- and lateral patch-binding mAbs out of all HAI*
mADbs per individual isolated from the 2009 M1V, 2010 TIV, and 2014 QIV vaccine cohorts.
Each symbol represents one participant. The hollow symbol represents participant 240.
Statistical significance was determined using Chi-square test (B) and an unpaired two-sided
non-parametric Mann-Whitney Test (C). Bar in (C) represents the median. Numbers in
center of pie graphs represent number of individual mAbs analyzed.
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Fig. 2: Lateral patch-binding antibodies utilize a restricted repertoire.
(A to C) The repertoire of unique B cell clones targeting the lateral patch including VH gene

usage (A), VK gene usage (B), and proportion of clones utilizing VH3-23 or VK1-33 (C).
Numbers in center of pie graphs represents number of distinct clones analyzed. (D and E)
Cryo-EM structure of 045-09 2B05 in complex with A/California/7/2009 HA. Side and top
views of 045-09 2B05 binding HA (D) and zoomed in view of paratope:epitope interactions
(E). Dashed lines represent contacts between 045-09 2B05 and HA. (F and G) Virus escape
mutants for 045-09 2B05 and 047-09 4G02 were generated using A/Netherlands/602/2009
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H1NL1. (F) Location of mutations (arrows) driven by 045-09 2B05 (blue; E119D) and 047—
09 4G02 (red; R120S and A259T) shown on A/California/04/2009 HA (PDB: 4jtv). (G) The
location of E119 (arrow) within the 045-09 2B05 and HA paratope:epitope interactions.
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Fig. 3: RBS-binding antibodies utilize a diverse repertoire and are susceptible to mutations in Sh.
(A-C) Repertoire of unique B cell clones targeting the RBS including VH gene usage

(A), VK or VL gene usage (B), and JH gene usage (C). Numbers in center of pie graphs
represents number of distinct clones analyzed. (D) Location of virus escape mutations

at A189 (blue; A189D or A189V) and S193 (purple; S193R or S193N) shown on A/
California/04/2009 HA (PDB: 4jtv) for SFVV018 2D01, SFV009 2G01, 240 IgA 1A03, 029—
09 3A02, and 240 IgG 1A06, generated using A/Netherlands/602/2009 HIN1. The RBS

is shown with a pink dashed circle. (E to G) CH65 binding to WT G189 (E), and steric
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clashes between L-CDR3 and HA resulting from G189D (F) and G189V (G) mutations in
AJ/Solomon Islands/3/2006 HA (PDB:5ugy).
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Fig. 4: Recalled RBS- and lateral patch-binding B cells are broadly reactive and were likely
initially induced during childhood.

(A-B) HAI" mAbs induced by the 2009 MIV or seasonal vaccines (2010 TIV and 2014 QIV;
A) or binding distinct head epitopes (B) were tested for binding to seasonal and pandemic
H1N1 strains. Data are shown as percent of mAbs binding to different numbers of strains.
(C to E) Proportion of mAbs targeting the RBS, lateral patch, or other head epitopes binding
a swine H1IN2 virus (C), H3N2 viruses (D), or influenza B viruses (E). (F and G) Percent
of MIV- or seasonal vaccine-induced HAI™ mAbs (F) and RBS, lateral patch, and other

head epitopes binding mAbs (G) with equal or greater binding affinity to childhood strains
relative to A/California/7/2009. Statistical significance was determined using Chi-square
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tests (A and B) and Fisher’s exact tests (C-G). Numbers in center of pie graphs (A, B, F, and
G) represent number of individual mAbs analyzed. All mAbs were tested in duplicate and
each ELISA was performed twice.
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Fig. 5: Recalled RBS- and lateral patch-binding B cells are broadly neutralizing against HIN1

strains.

(A) Number of HIN1 strains inhibited by HAI* mAbs induced by the 2009 MIV or seasonal
vaccines (2010 TIV and 2014 QIV). (B) Number of H1N1 strains inhibited in an HAI
assay by mAbs targeting the RBS, lateral patch, or other head epitopes. (C and D) Heat
maps of HAI activity of RBS (C) and lateral patch (D) binding antibodies. MADb names
of non-black colors represent mAbs within a clone. (E) HAI potency of mAbs targeting
the RBS, lateral patch, or other head epitopes against A/California/7/2009 strain. (F) MN
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potency of mAbs targeting the RBS, lateral patch, and other head antibodies against A/
California/7/2009. Statistical significance was determined by an unpaired two-sided non-
parametric Mann-Whitney test (A) and unpaired two-sided non-parametric Kruskal-Wallis
test (B, E, and F). Bars (A, B, E, and F) represent the median. Each symbol (A, B, E, and F)
represents a distinct mAb. All mAbs were tested in duplicate and each HAI and MN assay
was performed twice.
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Fig. 6: MADbs targeting the lateral patch and RBS are potently protective in vivo.
(A to D) Epitope mAb cocktails (5 mAbs per cocktail) were administered prophylactically

by intraperitoneal injection, and mice were infected 2 hours later with 10 LD50 of A/
Netherlands/602/2009 H1N1 virus intranasally. Weight loss (A) and survival (B) were
measured for mice treated with 1 mg/kg of mAb cocktails. Weight loss (C) and survival

(D) were measured for mice treated with 0.2 mg/kg of mAb cocktails (E) 2D class averages
of a RBS clone (SFVV009 2G01,; red) and lateral patch clone (045-09 2B05; blue) binding
the same HA. Data in A and C are the mean + standard deviation (n=10 mice per group),
and data from A-D are pooled from two independent experiments. Dashed lines in A and C
represent the humane end point of 25% weight loss.
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Fig. 7: VH3-23/VK1-33 lateral patch-binding antibodies can bind and neutralize a natural
escape mutant.

(A) Proportion of lateral patch-targeting mAbs binding A/Michigan/45/2015. (B and C)
Binding strength as represented as area under the curve (AUC) from virus-specific ELISAs
(B) and MN potency (C) of A/Michigan/45/2015 binding lateral patch-targeting mAbs
against A/California/7/2009 and A/Michigan/45/2015 viruses. (D) Binding contacts of 045—
09 2B05 (blue) and Fab6649 (cyan) relative to the S165N and K166Q mutations (outlined
in black) found in A/Michigan/45/2015 projected on A/California/04/2009 (PDB: 4jtv).
(E) Footprints of 6 lateral patch-binding antibodies in reference to the S165N and K166Q
mutations (black) and their respective MN potencies against A/California/7/2009 and A/
Michigan/45/2015 viruses. (F) Side and top view of negative stain EM reconstructions

of lateral patch-targeting mAbs binding HA relative to Fab6649 (based on PDB: 5w6g).
Statistical significance was determined by a paired two-sided non-parametric Wilcoxon
matched-pairs signed rank tests (B-C). Dashed lines in B, C, and E represent the limit of
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detection (LOD). Each line in B, C, and E connects a single mAb (paired symbols) binding
to each virus. All mAbs were tested in duplicate and each ELISA and MN was performed
twice.
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