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SUMMARY

Vaccines to generate durable humoral immunity
against antigenically evolving pathogens such as
the influenza virus must elicit antibodies that recog-
nize conserved epitopes. Analysis of single memory
B cells from immunized human donors has led us
to characterize a previously unrecognized epitope
of influenza hemagglutinin (HA) that is immunogenic
in humans and conserved among influenza sub-
types. Structures show that an unrelated antibody
from a participant in an experimental infection proto-
col recognized the epitope as well. IgGs specific for
this antigenic determinant do not block viral infection
in vitro, but passive administration to mice affords
robust IgG subtype-dependent protection against
influenza infection. The epitope, occluded in the
pre-fusion form of HA, is at the contact surface be-
tween HA head domains; reversible molecular
‘‘breathing’’ of the HA trimer can expose the interface
to antibody and B cells. Antigens that present this
broadly immunogenic HA epitope may be good can-
didates for inclusion in ‘‘universal’’ flu vaccines.

INTRODUCTION

Contemporary studies of immunity to the influenza virus aim to

devise vaccination strategies that confer long-lasting immunity

despite rapid evolution in circulating influenza subtypes. Identifi-

cation of human antibodies (Abs) that neutralize a broad range

of influenza isolates and structural characterization of their

epitopes have raised the possibility of ‘‘universal’’ influenza vac-
1124 Cell 177, 1124–1135, May 16, 2019 ª 2019 Elsevier Inc.
cines that could replace the annually updated immunogens in

current seasonal immunizations (Krammer and Palese, 2015).

The challenges inherent in finding such an influenza vaccine

are essentially those faced generally by vaccines designed to

elicit broadly protective immunity to antigenically complex

viruses: which conserved viral epitopes are sufficiently immuno-

genic to elicit, with regularity, broadly protective immunity and by

which vaccine immunogen and immunization regimen?

The influenza virus evolves in response to pressure from the

herd immunity of human populations, resulting in evolution of

viral antigens that promote transmission by reducing the efficacy

of existing immunity (Cobey and Hensley, 2017). Introduction of

novel strains of influenza A from birds or pigs (‘‘antigenic shift’’)

initiates a cycle of antibody generation and consequent viral

escape (‘‘antigenic drift’’), primarily throughmutations of the viral

hemagglutinin (HA). Since 1918, four principal antigenic shifts

have occurred: the 1918 H1N1 virus, the 1957 H2N2 virus, the

1968 H3N2 virus, and the ‘‘new pandemic’’ H1N1 in 2009 (Knos-

sow and Skehel, 2006; Dawood et al., 2009).

Influenza vaccination programs now require yearly evaluations

of strains deemed likely to circulate during the coming flu sea-

son. Since the early 1900s, annual HA variation in H1 and H3

subtypes has followed a punctuated evolutionary trajectory,

with jumps in ‘‘antigenic cluster’’ every few years (Fonville

et al., 2014; Smith et al., 2004). Strong selective pressure from

widespread immunity in the human population thus appears to

require more than one seasonal cycle to fix the mutations that

produce a new cluster, even though, in some cases, only one

or a few altered amino acid residues appear to have determined

the jump (Koel et al., 2013).

In contrast to the variability of most HA epitopes, two

conserved structures on influenza HA, the receptor binding site

(RBS) and the so-called ‘‘stem’’ region, have been shown to be

targets for broadly protective Abs that recognize diverse
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influenza strains, both within a subtype and (in some cases)

across subtypes. Abs that recognize these sites on both group

1 and group 2 subtypes are rare, although a handful of examples

have been reported for both RBS and stem Abs.

The stem is the least variable surface on the HA trimer, except

for the sialic acid contact residues within the RBS. Conservation

of the stem structure may be due to functional constraints

because this part of the HA molecule takes on two different

conformational states: pre- and post-fusion. Variation at most

positions in the stem is consistent with viral replicative fitness

(Doud and Bloom, 2016; Thyagarajan and Bloom, 2014),

although single substitutions at those positions generated rela-

tively modest resistance in the one strain studied in most detail

(Doud and Bloom, 2016; Doud et al., 2018). Conservation in

circulating strains is probably also due to lack of evolutionary

pressure from human B cell immunity during the H1 and H3 pan-

demics (Knossow and Skehel, 2006). This isolation from immune

selection may reflect both occlusion of the stem on virions or

reduced immunogenicity because of the polyreactivity of a num-

ber of stem-directed human Abs (Andrews et al., 2015). Abs to

the HA stem are often encoded by a relatively restricted set of

VH gene segments and often have stereotyped contacts with a

dominant stem epitope. The mechanism of protection by stem-

directed Abs in mice appears not to be neutralization but, rather,

an activity (presumably antibody-dependent cellular cytotoxicity

[ADCC] or antibody-dependent cellular phagocytosis [ADCP])

that depends on immunoglobulin G (IgG) subtype and requires

functional Fcg receptors (FcgRs) (Corti et al., 2011; DiLillo

et al., 2014).

Humoral responses to the head regions of the HA trimer are

more robust than those to the less immunogenic HA stem. We

recently showed that a small but significant fraction (z14%) of

HA-specific memory B (Bmem) cells from healthy human donors

expressed B cell antigen receptors (BCRs) that recognized the

HA trimers of both H3 and H1 influenza viruses; most these

BCRs (76%) were specific for epitopes present on the HA head

(McCarthy et al., 2018). RBS-specific Bmem cells were recov-

ered from all donors, and a large RBS-binding Bmem clonal line-

age expressed BCRs with close structural analogy to an inde-

pendently recovered RBS antibody (McCarthy et al., 2018). In

contrast to our expectations, however, only a minority (z16%)

of these group 1 and group 2 cross-reactive Bmem cells recog-

nized RBS epitopes (McCarthy et al., 2018). The recovery of

numerous crossreactive Bmem cells recognizing non-RBS HA

head epitopes prompted a systematic search for hitherto un-

characterized HA head epitopes that might prove to be useful

as immunogen components of broadly protective influenza

vaccines.

In the present study, we have identified, with human Abs from

unrelated donors, a previously undetected, conserved, and

immunogenic HA epitope. Structures of the Abs bound to mono-

meric HA heads show that the epitope lies at the interface be-

tween two heads on an intact HA trimer. This surface, ordinarily

occluded on native HA at neutral pH, is nonetheless recognized

by genetically diverse human IgG Abs elicited readily by immuni-

zation and infection. The Abs do not inhibit viral infectivity in vitro

but provide robust protection against lethal challenge when

passively transferred into mice. Protection depends on IgG sub-
class, with IgG2c antibody farmore effective thanmatched IgG1.

The Abs avidly bind bead-immobilized HA, as determined by

binding assays, but their failure to neutralize infectivity in vitro

suggests more limited occupancy on virions, consistent with

virion binding measurements. We conclude that we have found

a new class of influenza HA epitopes that, despite restricted

availability to antibody, become sufficiently exposed to mediate

antibody-dependent protection, perhaps when HA appears on

the surface of infected cells. This class of epitopes represents

an immunogenic and conserved determinant that may

contribute to broadly protective humoral responses to influenza

virus.

RESULTS

Identification of Cross-Group HA Head Antibodies
We determined the specificity and avidity of BCRs on 1,838

circulating human Bmem cells from four unrelated donors (S1,

S5, S8, and S9) before and 7 days after immunization with

TIV2015–2016 (Table S1). We sorted influenza HA-specific

Bmem cells from peripheral blood mononuclear cells (PBMCs)

using a mixture of phycoerythrin (PE)-labeled recombinant HAs

matching those included in the TIV2015–2016 vaccine (Fig-

ure S1A), expanded them in single-cell feeder layer cultures

(‘‘Nojima cultures’’), and determined the specificity and cross-

reactivity of culture supernatant IgGs produced by the progeny

of each of the single B cells (Figure S1B; Kuraoka et al., 2016;

McCarthy et al., 2018).

Among these clonal IgGs, we searched for those that bound

both group 1 and group 2 HA heads but did not inhibit binding

of four recombinant Abs (rAbs) to known HA head and stem epi-

topes. We initially identified, from a 21- to 25-year-old male

donor (S5), a three-member clonal lineage, S5-C1 (Figure 1A; Ta-

ble S2), isolated from circulating Bmem cells before (S5V1-15)

and after (S5V2-29 and S5V2-52) TIV2015–2016 vaccination.

S5-C1-lineage BCRs were encoded by IGHV4-61/IGHD2-21/

IGHJ2 and IGK1-39/IGKJ2 rearrangements (Table S2). They

had long heavy chain complementarity-determining region 3

(HCDR3, 22 amino acids) and short LCDR3 (5 amino acids),

and all carried VH and VL point mutations (17–27 and 11–15 nt

changes for VH and VL gene segments, respectively). These

three antibodies (as culture supernatant IgGs or recombinant

IgGs) showed reactivity to both group 1 and group 2 rHAs (Fig-

ure 1B) but no competitive inhibition against HAmAbs that define

HA head (6649, HC19, and HC45; Bizebard et al., 1995; Fleury

et al., 1999; Raymond et al., 2018) and stem (FI6; Corti et al.,

2011) epitopes (Figures 1C, S2A, and S2B). Failure of cross-inhi-

bition suggested that members of this clone bind a crossreactive

HA epitope distinct from those recognized by the competing Ab

standards.

We then identified candidate Abs that bound the same S5-C1

epitope by screening for competition with S5V2-29 all single-cell

Nojima culture supernatants from all four donors containing HA-

reactive clonal IgGs (n = 449). Of these, 90, 92, and 24 bound HA

H1 CA-09, HA H3 IVR175, or both HAs, respectively. In addition

to the three-member S5-C1 lineage, eight more (5.3% of total)

also inhibited Ab S5V2-29 binding to H1 CA-09 or H1 IVR175

by more than 75% (Figure 1D). This additional group of eight
Cell 177, 1124–1135, May 16, 2019 1125



Figure 1. Broadly Reactive S5-C1 Lineage and Isolation from Unrelated Donors of BCRs that Inhibit S5V2-29

(A) Phylogenetic tree of the S5-C1 lineage, inferred using Cloanalyst (Kepler, 2013).

(B) Median fluorescence intensity (MFI) values of culture supernatant IgGs from a multiplex bead assay for the indicated antigens, colored according to the key.

See STAR Methods for abbreviations of HAs.

(C) Inhibition of HA-binding IgG standards by S5V2-29 rAb, assessed in amultiplex bead assay as described in STARMethods. The following combinations of HA-

specific standard mAbs and HAs were used in this assay: Ab6649 (Raymond et al., 2018) with HA H1 CA-09, HC19 (Bizebard et al., 1995), HC45 (Fleury et al.,

(legend continued on next page)
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comprised four clonal IgGs from donor S1 and four from donor

S8 (Figure 1D) but none from donor S9. Two of the eight inhibited

binding of S5V2-29 to both H1 and H3 HAs (Figure 1D). The ca-

pacity of each clonal IgG to inhibit S5V2-29 correlated with its

avidity for each HA type (Figure 1E). We confirmed inhibition by

all eight using Fab fragments (Figure S3).

In additional screenings, we determined that the H2214 BCR,

recovered from a donor infected with H3 WI-05 and specific for

an unidentified epitope shared on group 1 and 2 HAs (McCarthy

et al., 2018; Moody et al., 2011), competed with Ab S5V2-29 but

not with any member of the standard mAb panel (Figure 1F).

Fabs of S5V2-29 and H2214 competed with each other for bind-

ing to monomeric HA heads (Figure S2C).

The 12 clonal BCRs/Abs that inhibited S5V2-29 binding came

from four of five unrelated human donors, three following vacci-

nation and one after experimental infection; they were encoded

by diverse combinations of V, D, and J gene segments. The nine

unique clones or singletons were encoded by eight different VH

gene segments (Table S2). HCDR3 variability was also substan-

tial, with variedDH and JH use andHCDR3 lengths ranging from 9

to 25 amino acids. Similarly, this group of BCRs/Abs used eight

different Vk gene segments. The numbers of nucleotide substitu-

tions in VH (10–36) and in VL (4–24) gene segments (Table S2) are

strong evidence that these plasmacyte (H2214) and Bmem (all

others) V(D)J sequences came from pre-existing Bmem cells re-

activated by vaccination or infection.

Structures
We determined X-ray crystal structures of the S5V2-29 Fab

bound with the HA head domain from A/Texas/50/2012 (H3N2)

(H3 TX-12) and of the H2214 Fab bound with the HA head

domain from A/Aichi/2/1968(X-31) (H3N2) (H3 X31-68) (Fig-

ures 2A and 2B). Both engage a common surface along one

side of the HA head, at the interface between two heads in an

HA trimer. In the stable prefusion structure, this occluded

epitope would be inaccessible to an antibody or to a BCR on

the surface of a B cell (Figures 2B and 2C).

S5V2-29 and H2214 face HA in opposite orientations so that

the heavy chain of the former contacts the more recessed side

of the HA head and the heavy chain of the latter the more

exposed side (Figure 2). TheHCDR3of each is kinked to produce

a blunt HA binding interface that involves both heavy- and light-

chain CDRs. The contacts with HA fall largely within two seg-
1999), FI6v3 (Corti et al., 2011), and S5V2-29 with H3 X31-68. The y axis indicates t

mean MFI in the presence of a control IgG, H33Lg1 (Takahashi et al., 1998).

(D) S5V2-29 competition. All 449 clonal IgGs from the HA-reactive Bmem cell cultu

09 or HA H3 IVR175. Donor S1, triangles; donor S5, circles; donor S8, squares; d

determined as the meanMFI of culture supernatants that contained either no H1 C

with H1 CA-09 or H3 IVR175, respectively. Dotted lines indicate MFI values cor

individual sample.

(E) MFI values of culture supernatant IgGs from a multiplex bead assay for the indi

H1N1 A/Florida/2/1993; 3: H1N1 A/Solomon Islands/03/2006; 4: H1N1 A/reassort

2009; 6: H5N1 A/Vietnam/1203/2004; 7: H3N2 A/Aichi/2/1968 (X31-68); 8: head o

H3N2 A/Switzerland/9715293/2013, NIB-88; 11: H4N8 A/America black duck/New

15: B/Brisbane/60/2008.

(F) Inhibition of HA-binding IgG standards by H2214 rAb, assessed in a multiplex

Error bars (C and F) indicate geometric SDs; representative data from two indep

See also Figures S1, S2, and S3, and Tables S1 and S2.
ments of the polypeptide chain (Figure S4). One covers residues

between 91 and 106 and the other residues between 219 and

230. There are only limited contacts with poorly conserved resi-

dues but numerous sequence-independent hydrogen bonds

with main-chain amide and carbonyl groups. Both Abs coordi-

nate Pro221 in a hydrophobic cleft at the junction between heavy

and light chains. Pro at this position is conserved among sea-

sonal H3N2 and H1N1 viruses and across most HA serotypes.

Functionally equivalent salt bridges with conserved Arg229 link

it to the S5V2-29 heavy chain residue Glu103, the H2214 heavy

chain residue Asp112, and the carbonyl of His111 (Figure S4).

HA and Virion Binding, Breadth, and Lack
of Polyreactivity
We used a combination of assays to examine binding of S5V2-

29, S1V2-58, S8V2-18, S8V2-37, and H2214 with HAs of diverse

subtypes, including representatives of groups 1 (H1, H2, H5, and

H9) and 2 (H3, H4, H7, and H14). We used an ELISA to measure

binding of these five antibodies, as IgGs, with trimeric HA ecto-

domains and to determine whether the occluded epitope at the

head-head interface is exposed on these divergent HAs (Fig-

ure 3A; Data S1A). All but S8V2-18 bound a 1968 H3 HA in this

assay; all but S8V2-37 bound H1 strains SI-06 and X181-09;

only S5V2-29 and S1V2-58 bound H7; and only S8V2-18 bound

H5. Collectively, the numbers of distinct A strain HAs bound

(KD % 100 nM) by individual rAbs to the S5-C1 epitope ranged

from half (S8V2-37, 4 of 9) to two-thirds (H2214 and S8V2-18)

to nearly all (S5V2-29 and S1V2-58, 8 of 9) (Figure 3A). For

comparison, the FI6v3 control bound to eight of the nine A strain

HAs (8 of 9). Neither FI6v3 nor antibodies to the S5-C1 epitope

recognized a B strain HA (Figure 3A). This substantial conserva-

tion of the S5-C1 epitope by diverse group 1 and group 2 HAs is

illustrated in Figure 3B. Cross-serotype and cross-HA group

breadth is likely related to conservation within the S5-C1 epitope

(Figure 3C). These antibodies share contacts with conserved

residues, those that are conservatively substituted, or with

main-chain atoms (Figures 3C and S4).

We extended this analysis of breadth by determining binding

of the five antibodies to surface-expressed HA on cells (Data

S1B). The expressed HAs included representatives of the

same subtypes for which we had prepared recombinant trimers

(Figure 3A; Data S1A). Staining largely followed the same pattern

of binding as the one we found by ELISA.
heMFI percentage ofmaximal binding, determined for each standard Ab as the

res were tested for their capacity to inhibit binding of S5V2-29 rAb to HAH1CA-

onor S9, crosses. The y axis indicates the MFI percentage of maximal binding,

A-09-binding IgGs (n = 335) or no H3 IVR175-binding IgGs (n = 333), in screens

responding to 75% and 90% inhibition, respectively. Each dot represents an

cated HAs, colored according to the key. 1: H1N1 A/Massachusetts/1/1990; 2:

ant/NYMC X-181 (California/07/20093NYMCX-157); 5: H1N1 A/California/04/

f H3N2 A/Johannesburg/33/1994; 9: head of H3N2 A/Wisconsin/67/2005; 10:

Brunswick/00464/2010; 13: B/Phuket/3073/2013; 14: B/Malaysia/2506/2004;

bead assay as described in (C).

endent assays are shown.
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Figure 2. Structures of Fabs S5V2-29 and

H2214 Bound with H3 HA Heads

(A) Structure of Fab S5V2-29 (heavy chain, blue;

light chain, cyan) bound with the HA head from H3

TX-12 (red).

(B) The S5V2-29 epitope (blue) on the red HA1

protomer is occluded at the head interface of theHA

trimer (PDB: 2VIU). The HA trimers are shown at the

same scale and orientation as the HA head. Each

protomer is colored differently, with HA1 subunits in

the darker color and HA2 subunits in the lighter

color. The red subunit RBS is shown in green for

reference. The HA trimer on the right has been

rotated by 90� about the vertical axis; one promoter

has been moved aside to show the interface

epitope.

(C) Structure of Fab H2214 (heavy chain, orange;

light chain, yellow) bound with the HA head from H3

X31-68 (red).

(D) The epitope of H2214 is shown in orange on an

HA trimer colored as in (B).

See also Figure S4.
For S5V2-29 and H2214, we determined equilibrium KD values

for Fabs with monomer heads by biolayer interferometry (BLI)

(Table S3). Fabs of the Abs bound with high affinity to HA heads

from multiple group 2 subtypes, including seasonal H3s, an H4,

and an H14. Both antibodies bound to five of the seven historical

H3 HAs. The two that were not bound were from vaccine strains

that differed at key positions in the epitope from most of the

circulating isolates from the same year, suggesting that the

mutation probably arose during passaging in eggs (Table S3).

S5V2-29 also bound an H7 HA head and all of the four historical

H1 isolates tested. Fab H2214 failed to bind HA heads even

though its IgG bound many of the corresponding HA trimers in

ELISA and cell surface staining assays. Inspection of a modeled

H2214:H1 HA complex, based on the H2214:H3 head crystal

structure, suggests that our head construct for H1 HAs may

have compromised one edge of the H2214 epitope. The dimeric

antibody used in the ELISA experiments would also have

compensated in avidity for a weaker Fab:monomeric head inter-

action than for some of the other antibodies.

Mutations in two egg-passaged H3 isolates disrupted the

binding of S5V2-29 and H2214 (Table S3). We screened, by a

multiplex bead assay, the other S5V2-29-competing antibodies

for binding to H3 HA trimers having either the wild-type

sequence or the culture-acquired mutations (Figure S5).

Although most of these antibodies were affected similarly by

the mutations, S1V2-51 bound with reduced but measurable af-

finity to HA from A/Texas/1/1977(H3N2), and S8V2-37 bound to

HA from A/Leningrad/360/1986(H3N2). These results show that,

for this epitope, a mutation that escapes binding by a particular
1128 Cell 177, 1124–1135, May 16, 2019
antibodymay not confer full resistance to a

polyclonal antibody response such as the

one represented by the collection of anti-

bodies used here.

Avid binding in ELISA and Luminex

assays of S5V2-29 and H2214 to HA tri-

mers at a structurally occluded surface
(Figures 2 and 3) led us to determine whether distortion of ad-

sorbed HA trimers might have caused exposure of the S5-C1

head interface epitope. We tested the capacity of the soluble

HA trimer to inhibit binding by equimolar quantities of Ab

K03.12, an RBS-directed IgG (McCarthy et al., 2018), or S5V2-

29 (Figure S2D); both K03.12 and S5V2-29 have similar avidity

indices (Kuraoka et al., 2016; McCarthy et al., 2018) for the H1

SI-06 HA trimer. The soluble H1 SI-06 HA trimer inhibited binding

of both K03.12 and S5V2-29 to the immobilized H1 SI-06 HA

trimer; the extent of inhibition was similar for the two Abs (Fig-

ure S2D). Thus, immobilization does not appear to have changed

the availability or structure of either epitope.

The S5V2-29 Ab bound to X-31 virions immobilized on ELISA

plates. The S5-C1 epitope is therefore also available on virion

HAs, although apparently at a lower effective density than

determinants on the surface of the head (epitope of HC19) or

even the stem (epitope of FI6) (Figure S6A). Influenza virions

are relatively heterogeneous in size and shape, ruling out any

quantitative comparison of epitope availability from these kinds

of data.

To determine whether Abs specific for the S5-C1 HA epitope

might be enriched for poly- or autoreactivity, we tested all 11

clonal IgGs in culture supernatants for any reactivity to a diag-

nostic panel of human autoantigens (AtheNA Multi-Lyte ANA-II

Plus test system) and irrelevant proteins in a Luminex assay (Kur-

aoka et al., 2016; Figure S2E). In contrast to avid binding to HAs

(Figure 1E), none of the 11 clonal IgGs bound AtheNA autoanti-

gens or other foreign antigens, indicating that Abs specific for

the S5-C1 HA epitope are neither polyreactive nor autoreactive.



Figure 3. Antibodies to the Head Interface Epitope Bind to Multiple HA Serotypes

Five antibodies directed against the head interface epitope from four different human donors were assayed for binding to divergent HA isolates.

(A) Dissociation constants from ELISA measurements. The pan-influenza A binding, stem-directed antibody, FI6v3, was used as a positive control and an

influenza B-specific, RBS-directed antibody, CR8033, as a negative control for influenza A isolates. Boxes are colored according to the key at the bottom. Note

that the H2214 IgG bound well to H1 HAs, although its Fab did not bind H1 HA heads (Data S1); our recombinant HA head construct may have weakened binding

by compromising a contact at the ‘‘lower’’ margin of the epitope (compare the poses of S5V2-29 and H2214 Fabs on the H3 heads in Figure 2).

(B) A summary of all binding assays plotted on a phylogram of 16 influenza A serotypes. Black branches correspond to the HAs assayed for reactivity (Data S1);

HAs on gray branches were not assayed. Circles colored according to the key below the phylogram indicate the number of head interface antibodies that bound

at least one HA of that serotype in at least one of the binding assays we used (ELISA, cell surface staining, or biolayer interferometry).

(C) Sequence alignment of residues in the head interface epitope. Residues contacted by S5V2-29 are colored blue and those contacted by H2214 orange. Those

contacted by both are in shown in boldface and colored brown. Many contacts are between main-chain atoms or through non-polar interactions and, thus, may

tolerate substitutions.

See also Data S1.
IgG Subclass Determines Protection against Lethal
Challenge in Mice
Neither S5V2-29 nor H2214 had neutralizing activity against a

panel of influenza viruses in micro-neutralization assays (Table

S4), consistent with their more restricted binding to X31 viruses

than that of the RBS-directed neutralizing Ab HC19 (Figure S6).

To determine whether these Abs could protect against influenza

infection, we carried out in vivo protection studies in mice

against lethal influenza challenges (Figure 4). Passive transfer

of mouse IgG1 forms (‘‘musinized’’ human antibodies) of

S5V2-29 and H2214 Abs provided limited protection against

53 lethal dose 50 (LD50) challenges of H3N2 X31-68 or H1N1

A/Narita/1/2009 (H1 NA-09) intranasal infections in mice (Fig-

ures 4A–4D). When, however, the same Abs were musinized

as IgG2c Abs and transferred passively, both gave excellent
protection against 53 LD50 challenges with an H3N2 virus

(X31-68); S5V2-29 gave comparably strong protection and

H2214 partial protection against an H1N1 virus (a 2009pdm

isolate), indicating that an Fc-dependent mechanism was

responsible for the increased protective efficacy (DiLillo et al.,

2014, 2016). The study that yielded H2214 was carried out in

2008, before introduction of the 2009 new pandemic H1N1 virus

(Moody et al., 2011); lower protection from lethal infection by

that virus may reflect a lack of opportunity for H2214 to be

selected in its presence.

To gauge the protective efficacy of S5V2-29, passive protec-

tion experiments were repeated in comparison studies with the

HC19 and FI6 rAbs, musinized in matched pairs of IgG1 and

IgG2c (Figures 4E and 4F). As expected for a potent RBS Ab

(Fleury et al., 1999), HC19 provided absolute protection against
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Figure 4. Protection of Mice from Group 1 and Group 2 Influenza Viruses by Antibodies S5V2-29 and H2214

(A–F) C57BL/6 mice (n = 10 for each group) were given the IgG2c or IgG1 form of S5V2-29 (A and B), H2214 (C and D), HC19 (E), FI6 (F), or PBS (control, A–F)

before infection with H3 X31 (A, C, E, and F) or H1 Narita (B and D). The y axes show themean ± SEM percent weight change fromweight on day 0 (morbidity, left)

and percent survival (mortality, right). *p < 0.05 and ***p < 0.001 compared with the PBS group. Not significant (n.s.), p R 0.05; yyp < 0.01; yyyp < 0.001; IgG2c

compared with IgG1. zp < 0.05; zzzp < 0.001; HC19 IgG2c (E) or FI6 IgG2c (F) compared with S5V2-29 IgG2c.

See also Table S4.
lethal challenge by the X-31 virus, either as an IgG1 and or as

IgG2c (Figures 4E and 4F). In contrast, robust protection by FI6

or S5V2-29 Abs was restricted to their IgG2c forms (Figures 4E

and 4F). These observations confirm earlier reports of Fc-

dependent protection by FI6 and other stem-directed HA Abs

(DiLillo et al., 2014, 2016). We note that protection against

morbidity and mortality by the S5V2-29 and FI6 Abs was

comparable, with S5V2-29 providing a modest but significantly

increased benefit.

Mechanisms of Protection by S5V2-29
To determine whether S5V2-29 rAb could mediate the Fcg-

dependent activities of complement-dependent cytotoxicity

(CDC) and antibody-dependent cellular cytotoxicity (ADCC),

we transduced mouse EL4 cells with a lentivirus to express HA

H1 CA-09. We chose a cloned EL4.HA H1 CA-09 cell line that

bound similar quantities of the S5V2-29 and FI6 Abs (Figure 5A)

to use as a target for CDC and ADCC assays in vitro. In the pres-

ence of guinea pig complement, S5V2-29 and FI6 IgG2c, but not

IgG1 Abs, mediated lysis of HA-expressing EL4 target cells that

reached 60% and 90%, respectively, at the highest Ab concen-
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tration (10 mg/mL) (Figure 5B). Specific lysis by both IgG2c Abs

was initiated at Ab concentrations below 1 mg/mL (Figure 5B).

S5V2-29 and FI6 also activated the FcgRIV signaling cascade

in commercial reporter cells (Promega) when bound to EL-4.HA

H1 CA-09 cells as IgG2c but not IgG1 Abs (Figure 5C). Unlike

complement fixation, bound FI6 activated the FcgRIV reporter

cells at lower concentrations and to a much greater extent

than the S5V2-29 Ab (16-fold induction versus 2-fold induction,

respectively) (Figure 5C). We conclude that the Fc-dependent

protection by S5V2-29 Ab against lethal challenge by influenza

virus (Figure 4) is probably mediated by these and potentially

other Fc-dependent mechanisms, as shown previously for FI6

and other HA stem Abs (Bournazos et al., 2015; DiLillo et al.,

2014, 2016) .

Origin of Protective Breadth
To determine whether the naive progenitor B cell of the S5-C1

clonal lineage or unmutated common ancestor (UCA) expressed

a BCR that could bind both group 1 and group 2 HAs or whether

this lineage, instead, acquired heterotypy by later V(D)J hyper-

mutation, we generated rAbs representing the S5-C1 lineage,



Figure 5. CDC and ADCC Activities of S5V2-29

(A) Histograms showbinding of S5V2-29 or FI6 or isotype-matched control IgG

to the EL4 cell line expressing HA H1 CA-09 and to the parental EL4 cell line.

(B and C) EL4.HA H1 CA-09 cells were incubated with various concentrations

of Abs in the presence of guinea pig complements (B) or with FcgRIV-ex-

pressing reporter cells (C) to assess CDC and ADCC activities, respectively.

The y axes show the mean ± SEM percent specific lysis of the target cells (B)

and the geometric mean ± geometric SD fold induction of luminescence

relative to no IgG control (C). Pooled data from five (B) and two (C) independent

experiments are shown.

Figure 6. S5V2-29 UCA Binding to Group 1 and Group 2 HAs

Binding to H1 CA-09 (top) or H3 X31-68 (bottom) by UCA (red), I2 (green), and

S5V2-29 (blue) of the S5-C1 lineage and by an isotype-matched human

myeloma protein, 151K (gray). Data are from a single multiplex bead assay

experiment run in duplicate (error bars, SD for the duplicate reactions).

See also Figure S7.
including the inferred UCA and lineage members I2 (inferred in-

termediate 2), S5V1-15, S5V2-29, and S5V2-52, to compare

their patterns of HA binding in a standard Luminex assay (Figures

6 and S7). Consistent with HA binding patterns of the clonal IgGs

recovered from supernatants (Figure 1), S5V1-15, S5V2-29, and

S5V2-52 rAbs reacted broadly with both group 1 and group 2
HAs with virtually identical avidities but showed little or no bind-

ing to HA H5 Vietnam or HAs from the influenza B strain (Fig-

ure S7A). The rAb representing the inferred UCA for the S5-C1

lineage bound to both group 1 and 2 HAs but with lower avidity

(6% and 1% of that measured for S5V2-29 binding to H1 CA-

09 and H3 X31-68, respectively) (Figure 6) and more limited

breadth than S5V2-29 (Figure S7B), illustrating that, although so-

matic mutation drove affinity maturation and the broadening of

HA reactivity in the lineage, the initial V(D)J rearrangements

specified crossreactivity for both group 1 and 2 HAs.
DISCUSSION

We have identified a class of genetically diverse human Abs that

can provide robust protection against influenza infection in mice

(Figure 4). These Abs were recovered from unrelated donors

(Tables S1 and S2) and recognize a previously uncharacterized,

well-conserved epitope that ordinarily is occluded at the trimeric

interface between influenza virus HA heads. They bind a wide

range of HA isolates, and as a class, they cover all subtypes
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we examined. Models for the class, the S5V2-29 and H2214

Abs, bind in somewhat different orientations with respect to

HA, but their contacts and modes of recognition are similar

(Figure 2). Amino acid conservation within their epitopes (Fig-

ure 3C), antibody-HA contacts tolerant of conservative substitu-

tions, and sequence-independent main-chain hydrogen bonding

together account for their breadth (Figure S4). The extent of

V(D)J mutation indicates that the cells expressing these BCRs,

isolated either after vaccination or infection, were products

of recall from earlier exposures. Neither antibody neutralizes

viral infections in vitro, but both protect mice against lethal chal-

lenge with an H3 subtype virus, and S5V2-29 also protects

against an H1 virus. This protection is IgG subclass-dependent

(Figure 4).

Our search for Abs that recognize previously uncharacterized

head epitopes was motived by our earlier finding that �15% of

clonal cultures from HA-specific human Bmem cells expressed

BCRs specific for both H3 andH1HAs. Althoughmost of the cor-

responding IgGs bound epitopes on the HA head, only a few

bound the RBS (McCarthy et al., 2018). The present study

included screening culture supernatants of cells from four adult

seasonal vaccinees in a Boston University cohort and rAb from

a participant in a United Kingdom cohort experimentally infected

with an H3N2 virus (Moody et al., 2011; Zaas et al., 2009). Iden-

tification of the S5-C1 lineage from Boston participant S5, with

crossreactivity to group 1 and group 2 HA heads, and lack of in-

hibition by other head-specific rAbs (Figures 1 and 2) allowed us

to use rAb S5V2-29 to find Abs with similar specificities from

additional members of the Boston cohort. The abundance of hu-

man Bmem cells that recognize the S5-C1 epitope can be esti-

mated from Nojima cloning experiments (Table S1; Kuraoka

et al., 2016). In the three donors from which S5V2-29-like

Bmem cells were recovered (S1, S5, and S8), Bmem cell fre-

quencies for this single epitope ranged from 1.9 to 6.9 3 10�5

among all CD19+ cells.

How do these Abs gain access to the S5-C1 epitope? Expo-

sure of the interface between head domains requires that the

heads separate, an early step in the fusogenic conformational

transition that proceeds to completion at lower pH. A certain de-

gree of reversible ‘‘breathing’’ is likely at neutral pH as well.

Indeed, such excursions at neutral pH have been reported in a

recent experimental study of HA dynamics (Das et al., 2018).

Binding to virions, but at lower occupancy than for antibodies

with fully exposed epitopes, and failure to prevent initial infection

of cells in vitro suggest that the HA trimer conformational fluctu-

ations that expose the head interface epitope are only partly hin-

dered by the relatively close packing of HA molecules on the

virion surface.

Our finding that an occluded epitope is both immunogenic and

protective poses questions about mechanisms at both stages of

immunity. If the epitope were exposed by transient fluctuation

during encounter of a virus particle with a cognate B cell, then

BCRs on the cell surface could capture the virus particle and

trap the HAs to which they bind in their epitope-exposed confor-

mation. Were each HA subunit to spend 0.1% of its time with the

epitope exposed, there would be at least one such site available

at any instant on a virion among the several hundred HA trimers

on its surface (or many more on a filamentous particle typically
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found in human infections). Given that the contact time between

specific B cells and antigen-decorated follicular dendritic cells is

in the order of minutes (Suzuki et al., 2009), epitopic exposure

sufficient to elicit a primary response is plausible. Accessibility

of the S5-C1 epitope on immobilized virions (Figure S6A), HA-ex-

pressing cell lines (Figure S6A; Data S1B) and rHA immunogens

(Figures 1, 2, 3, 6, S4, and S7; Data S1A) illustrates the potential

of rHA as a vaccine component.

A further question for which no data are currently available is

whether the interaction of virions or of HA with follicular dendritic

cells might enhance opening of HA trimers in germinal centers

(Heesters et al., 2013). For example, exposure to a pH above

the threshold for fusion but somewhat lower than 7 could lead

to stochastically triggered transitions to the postfusion confor-

mation, leaving dissociated HA1 heads tethered to HA2 through

the disulfide between the two fragments.

Similar issues relate to the Fc-dependent mechanisms that

lead to destruction of virus or killing of infected cells by Abs

that recognize the head interface epitope on HA. An infected

cell from which a virus is budding will have thousands of HA tri-

mers on its surface, of which only a small fraction need to have

the head interface epitope exposed to recruit enough Abs to

elicit the protective responses of ADCC, ADCP, or CDC. We

indeed demonstrated, in vitro, the capacity of S5V2-29 IgG2c

to mediate these protective mechanisms (Figure 5; Pincetic

et al., 2014; Ravetch and Bolland, 2001).

Like the S5V2-29 and H2214 Abs, Abs that recognize epitopes

on the HA stem protect mice by Fc-dependent mechanisms

(Bournazos et al., 2015; DiLillo et al., 2016). The stem epitopes

are largely occluded by the tight packing of HA trimers on the

surface of virions but become exposed on the less densely clus-

tered HA on the surface of infected cells. Both classes of epitope

have structural constraints that restrict variation: interaction with

the opposite head surface in the case of the S5-C1 epitope and

reconfiguration and alternative interactions during the fusogenic

conformational transition in the case of the stem epitope. How-

ever, both epitopes can tolerate variation, and lack of immune

pressure has probably also contributed to their conservation.

Of the five donors in our study, from four individuals we recov-

ered Bmem cells or plasmablasts with BCRs that competed with

S5V2-29 for binding to HA trimers. Unlike those directed to the

HA stem, Abs to the S5-C1 head interface epitope may be

more widespread than hitherto appreciated. Although we know

of no previous reports of Abs that recognize the epitope

described here, Abs have been described that include in their

epitopes other conserved head interface residues. The H3-spe-

cific Ab F005-126 binds a fully exposed epitope, but one that is

broadly conserved among H3 HAs, at the junction of two head

subunits (Iba et al., 2014). Mouse neutralizing antibody 12D1 is

also H3-specific and is believed to bind an accessible region

of HA2 that lies near the trimer interface (Wang et al., 2010). Anal-

ysis of the serum IgG repertoire in 2011–2012 vaccine recipients

detected abundant H1-H3 cross-binding Abs that competed

with F005-126 (Lee et al., 2016); a low-resolution analysis by

negative stain electron microscopy of one such Ab suggested

that it recognizes the interface epitope on the opposite surface

of the head from the one analyzed here (i.e., the ‘‘complemen-

tary’’ interface contact). Ab m826 (Yu et al., 2017), isolated



from a phage display library, binds the surface of an H7 HA head,

fully occluded on an HA trimer, that faces inward toward the

3-fold axis. Like S5V2-29 and H2214, the serum repertoire Abs

from 2011–2012 and Abm186 had no detectable neutralizing ac-

tivity in vitro but protected mice from lethal challenge (Lee et al.,

2016; Yu et al., 2017).

Previous work has clearly shown that IgG2c has a greater ca-

pacity than IgG1 to protect mice against microbial infection

(Bournazos et al., 2015; DiLillo et al., 2014, 2016). Indeed, mouse

IgG2c is the most proinflammatory of all IgG subclasses (Kao

et al., 2015) because it can bind to all mouse activating FcgRs

and efficiently fixes C to mediate subclass dependent humoral

protection (Bournazos et al., 2015; Lee et al., 2017; Pincetic

et al., 2014). We have shown that the S5V2-29 IgG2c Ab in con-

tact with cell membrane HA is competent to activate both C- and

FcgR-dependent effector mechanisms (Figure 5). In vitro, CDC

and FcgRIV engagement by FI6 is generally better than S5V2-

29 (Figure 5), but, in vivo, passive S5V2-29 IgG2c is equally or

more protective than FI6 (Figure 4). These differences, we spec-

ulate, may be the result of in vivo processes that increase the

availability of the S5-C1 epitope or lower the effective concentra-

tions of the FI6 Ab because of off-target binding. Differences be-

tween the in vitro and in vivo activities of S5V2-29 IgG2c Ab

certainly merit closer study. Finally, our results support the po-

tential benefit of Fc-dependent protection (Figures 4 and 5)

against influenza by rAbs that do not inhibit infection in vitro (Ta-

ble S4). This point, in view of the strong emphasis on vaccine

strategies to elicit neutralizing Abs, is relevant not only to influ-

enza but also HIV-1 and other viral pathogens.

Discussion of next-generation immunogens for universal flu

vaccines has concentrated particularly on the properties of

stem Abs and how to elicit them. The similar properties of the

head interface epitope we have characterized appear to make

it an equally interesting candidate. Both Abs described here

have undergone substantial affinity maturation, and we have

shown elsewhere that somatically mutated Abs characterized

from vaccinees are generally products of recall from a response

to an early childhood infection (Schmidt et al., 2015). Our limited

sampling suggests that B cells recognizing the head interface

S5-C1 epitope are probably prevalent in human secondary re-

sponses to influenza vaccination or infection. Humoral re-

sponses to this epitope are genetically diverse in humans (Table

S2) and do not appear to be enriched for poly- or autoreactivity

(Figure S2E). Should protection by Fc-dependent mechanisms,

perhaps combined with a neutralizing response tomore variable,

seasonal epitopes, be a desirable goal for a universal flu vaccine,

then both stem and head interface epitopes are plausible targets

for development as prophylactic immunogens (Bajic et al., 2019).
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KEY RESOURCES TABLE
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PE/Cy5 Mouse Anti-Human CD3 (UCHT1) BD Bioscience CAT#555334

anti-human CD14-Tri (TuK4) Thermo Scientific CAT#MHCD1406

PE/Cy5 Mouse Anti-Human CD16 (3G8) BD Bioscience CAT#555408

PE/Cy7 anti-human CD19 Antibody (HIB19) BioLegend CAT#302216

APC Mouse Anti-Human IgG (G18-145) BD Bioscience CAT#550931

APC/Cy7 anti-human IgD Antibody (IA6-2) BioLegend CAT#348218

Brilliant Violet 421 anti-human CD27

Antibody (M-T271)

BioLegend CAT#356418

Brilliant Violet 510 anti-human CD24

Antibody (ML5)

BioLegend CAT#311126

FITC anti-human IgM Antibody (MHM-88) BioLegend CAT#314506

Mouse IgG1 Kappa isotype control (MG1K) Rockland CAT#010-001-330

Ferret hyperimmune sera to A/California/

07/2009 (H1N1)

BEI Resources CAT#NR-19261

Ferret hyperimmune sera to A/Solomon

Islands/3/2006 (H1N1)

NIH Biodefense and Emerging Infections

Research Repository, NIH,NIAID

CAT#NR-19262

Ferret hyperimmune sera to A/USSR/90/

1977 (H1N1)

NIH Biodefense and Emerging Infections

Research Repository, NIH,NIAID

CAT#FR-953

Ferret hyperimmune sera to A/Fujian/411/

2002 (H3N2)

NIH Biodefense and Emerging Infections

Research Repository, NIH,NIAID

CAT#FR-1264

Ferret hyperimmune sera to A/Texas/50/

2012 (H3N2)

NIH Biodefense and Emerging Infections

Research Repository, NIH,NIAID

CAT#FR-1263

Mouse anti-influenza A nucleoprotein

clones A1 and A3

BEI Resources CAT#NR-4282

PE-conjugated Goat anti-human IgG Southern Biotech CAT#2040-09

Goat anti-human Kappa-UNLB Southern Biotech CAT#2060-01

Goat anti-human Lambda-UNLB Southern Biotech CAT#2070-01

Goat anti-human IgG Jackson ImmunoResearch CAT#109-005-098

PE conjugated goat anti-mouse IgG Southern Biotech CAT#1030-09

Human IgG1 Kappa-UNLB Southern Biotech 0151K-01

anti-human IgG-HRP Abcam ab97225

Mouse anti-Human IgG G18-145 BB515

conjugated

BD Horizon CAT#564581

Bacterial and Virus Strains

A/Chile/1/1983 X83 (H1N1) BEI Resources CAT#NR-3585

A/Solomon Islands/3/2006 (H1N1) NIH Biodefense and Emerging Infections

Research Repository, NIH,NIAID

CAT#FR-331

A/California/07/2009 (H1N1) BEI Resources CAT#NR-19261

A/Aichi/2/1968 X-31 (H3N2) Charles River CAT#10100375

A/Shanghai/11/1987 (H3N2) BEI Resources CAT#NR-3505

A/Johannesburg/33/1994 (H3N2) BEI Resources CAT#NR-3580

A/Wisconsin/67/2005 (H3N2) NIH Biodefense and Emerging Infections

Research Repository, NIH,NIAID

CAT#FR-397

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

A/Aichi/2/1968 (X31-68) (H3N2) Takeshi Tsubata (Tokyo Medical and Dental

University)

N.A

A/Narita/1/2009 (H1N1) Matsuzaki et al., 2014 N.A

Biological Samples

Healthy adult-Peripheral blood

mononuclear cells

N/A Subject description and inclusion criteria

are presented in Experimental Model and

Subject Details

Chemicals, Peptides, and Recombinant Proteins

Human recombinant IL-2 Peprotech CAT#200-02

Human recombinant IL-4 Peprotech CAT#200-04

Human recombinant IL-21 Peprotech CAT#200-21

Human recombinant BAFF Peprotech CAT#310-13

HyClone FBS ThermoFisher CAT#SH30070.03

7-AAD (7-Aminoactinomycin D) BD Bioscience CAT#559925

ExpiFectamine 293 Transfection Kit ThermoFisher CAT#A14524

Nab protein G spin columns ThermoFisher CAT#89957

Pierce HRV 3C Protease ThermoFisher CAT#88946

TALON� Metal Affinity Resin Clontech CAT#635652

Perce Protein G Agarose ThermoFisher CAT# 20399

Microplex Microsheres regions 1 – 100

(Luminex carboxylated beads)

Luminex Corp CAT#LC10001-01 – LC10100-01

Polyethylenimine, Linear, MW 25000,

Transfection Grade

Poly Sciences CAT# 23966-1

1-Step ABTS substrate ThermoFisher Prod#37615

Fixation Buffer Biolegend/VWR CAT#420801-BL

Lipofectamine 3000 Transfection Reagent ThermoFisher L3000015

Puromycin Sigma P8833

Complement, Guinea Pig Serum Millipore 234395

Propidium iodide (PI) ThermoFisher P21493

Critical Commercial Assays

Phycoerythrin Labeling Kit-NH2 Dojindo CAT# LK23-10

Dip and Read Ni-NTA (NTA) Biosensors ForteBio CAT# 18-5103

Mouse ADCC reporter bioassay kit Promega M1211

Deposited Data

Nucleotide sequence. S5C1 lineage and the

clonal IgGs that inhibit S5V2-29

GenBank GenBank: MH681665–MH681686

Nucleotide sequence. H2214 GenBank GenBank: MH704578 and MH704579

Atomic coordinates, S5V2-29 HA complex Protein Data Bank PDB: 6E4X

Atomic coordinates, H2214 HA complex Protein Data Bank PDB: 6E56

Experimental Models: Cell Lines

MS40L-low David Baltimore (Luo et al., 2009) N/A

Garnett Kelsoe (Su et al., 2016; McCarthy

et al., 2018)

GIBCO� 293-F ThermoFisher CAT# 11625019

Expi293F ThermoFisher CAT# A14527

High Five ThermoFisher CAT#B85502

Madin-Darby canine kidney (MDCK)

(NBL-2)

ATCC CCL-34

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Madin-Darby canine kidney (MDCK)

London Line

International Reagent Resource, Influenza

Division, WHO Collaborating Center for

Surveillance, Epidemiology and Control of

Influenza, Centers for Disease Control and

Prevention

FR-58

EL4 ATCC TIB-39

HEK293T/17 ATCC CRL-11268

EL4.H1 CA-09 This study N/A

EL4.H3 X31-68 This study N/A

Experimental Models: Organisms/Strains

C57BL/6J Japan SLC C57BL/6JJmsSlc

Software and Algorithms

FlowJo FlowJo, LLC https://www.flowjo.com/

FACSDIVA BD Biosciences http://www.bdbiosciences.com/us/

instruments/research/software/

flow-cytometry-acquisition/

bd-facsdiva-software/m/111112/overview

XDS v20180427 Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de/

PHASER v 2.8.2 McCoy et al., 2007 http://www.phaser.cimr.cam.ac.uk/index.

php/Phaser_Crystallographic_Software

Coot v0.8.9.1 Emsley and Cowtan, 2004 N/A

PHENIX v 1.13_2998 Adams et al., 2010 http://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

PyMol v2.1.0 Schrödinger https://pymol.org/2/

MolProbity v4.4 Chen et al., 2010 http://molprobity.biochem.duke.edu

BLItz Pro Software ForteBio https://www.blitzmenow.com/

blitz_pro.html

Cloanalyst (2016 Build number:

1.0.6410.16870)

Kepler, 2013 http://www.bu.edu/

computationalimmunology/research/

software/

IMGT/V-QUEST Brochet et al., 2008 http://www.imgt.org/IMGT_vquest/vquest

Prism v5.0/v7.0 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Other

Pathogen Free embryonated chicken eggs Sunrise Farms or Charles River Avian

Vaccine Services

CAT#10100326
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Garnett

Kelsoe (ghkelsoe@duke.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Peripheral blood mononuclear cells (PBMCs) were obtained from four human donors under Boston University Institutional Review

Board committee guidelines. Written informed consent was obtained from all four subjects. Human subjects are designated as

S1 (female, age range 51-55), S5 (male, age 21-25), S8 (female, age 26-30), and S9 (female, age 51-55). Donorsmet all of the following

inclusion criteria: between 18 and 65 years of age; in good health, as determined by vital signs [heart rate (< 100 bpm), blood pressure

(systolic% 140mmHg andR 90mmHg, diastolic% 90mmHg), oral temperature (< 100.0�F)] andmedical history to ensure existing

medical diagnoses/conditions are not clinically significant; can understand and comply with study procedures, and; provided written

informed consent prior to initiation of the study. Exclusion criteria included: 1) life-threating allergies, including an allergy to eggs; 2)
e3 Cell 177, 1124–1135.e1–e8, May 16, 2019
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have ever had a severe reaction after influenza vaccination; 3) a history of Guillain-Barre Syndrome; 4) a history of receiving

immunoglobulin or other blood product within the 3 months prior to vaccination in this study; 5) received an experimental agent (vac-

cine, drug, biologic, device, blood product, or medication) within 1 month prior to vaccination in this study or expect to receive an

experimental agent during this study; 6) have received any live licensed vaccines within 4 weeks or inactivated licensed vaccines

within 2 weeks prior to the vaccination in this study or plan receipt of such vaccines within 2 weeks following the vaccination;

7) have an acute or chronic medical condition that might render vaccination unsafe, or interfere with the evaluation of humoral re-

sponses (includes, but is not limited to, known cardiac disease, chronic liver disease, significant renal disease, unstable or progres-

sive neurological disorders, diabetes mellitus, autoimmune disorders and transplant recipients); 8) have an acute illness, including an

oral temperature greater than 99.9�F, within 1 week of vaccination; 9) active HIV, hepatitis B, or hepatitis C infection; 10) a history of

alcohol or drug abuse in the last 5 years; 11) a history of a coagulation disorder or receiving medications that affect coagulation. All

subjects received the trivalent inactivated seasonal influenza vaccine (TIV) 2015-2016 Fluvirin, which contained H1 A/reassortant/

NYMC X-181 (California/07/2009 x NYMC X-157) (H1 X181), H3 A/Switzerland/9715293/2013, NIB-88 (H3 IVR175), and B/Phuket/

3073/2013 (B Phuket). Blood was drawn on day 0 (pre-vaccination) and day 7 (post-vaccination), and PBMCs isolated from the blood

were frozen and kept in liquid nitrogen until use.

Mouse
Female C57BL/6Jmicewere purchased from Japan SLC andmaintained under SPF conditions;micewere used in protection studies

were 7-12 weeks old. All procedures were approved by the Animal Ethics Committee of the National Institute of Infectious Diseases,

Japan, and performed in accordance with the guidelines of the Institutional Animal Care and Use Committee.

Cell lines
Human 293F cells were maintained at 37� degrees Celsius with 5% CO2 in FreeStyle 293 Expression Medium (ThermoFisher) sup-

plemented with penicillin and streptomycin. MS40L-low feeder cells (Mus musculus) were expanded from frozen aliquots in Iscove’s

Modified Dulbecco’sMedium (Invitrogen) containing 10%HyClone FBS (Thermo scientific), 2-mercaptoethanol (5.53 10�5 M), peni-

cillin (100 units/ml), and streptomycin (100 mg/ml; all Invitrogen) at 37� degrees Celsius with 5%CO2 (Luo et al., 2009; Su et al., 2016).

Madin-Darby canine kidney cells (MDCK) (Canis lupus familiaris) weremaintained in DMEMat 37� degrees Celsius with 5%CO2. High

Five Cells (BTI-TN-5B1-4) (Trichoplusia ni) were maintained at 28� degrees Celsius in EX-CELL 405 medium (Sigma) supplemented

with penicillin and streptomycin. EL4 cells and EL4 cells transduced with influenza HAs were maintained at 37�C with 5% CO2 in

RPMI-1640 medium (Invitrogen) supplemented with 10% heat-inactivated HyClone FBS (Fisher Scientific), HEPES buffer

(10 mM), sodium pyruvate (1 mM), 1 3 MEM NEAA, 2-mercaptoethanol (5.5 3 10�5 M), penicillin (100 units/ml), and streptomycin

(100 mg/ml; all Invitrogen). Cell lines were not subject to authentication.

METHOD DETAILS

Flow cytometry and isolation of human Bmem cells
Human Bmem cells were isolated by flow cytometry (McCarthy et al., 2018) with modifications. PBMCs in DMEM containing 10%

FBS were incubated with excess mouse IgG1 (MG1K; Rockland), to block nonspecific binding, and then labeled with fluoro-

chrome-conjugated mAbs. The following human surface antigen specific mAbs were used: anti-human IgM-FITC (MHM-88),

CD3-PE-Cy5 (UCHT1), CD14-Tri (TuK4), CD16-PE-Cy5 (3G8), CD19-PE-Cy7 (HIB19), IgG-APC (G18-145), IgD-APC-Cy7 (IA6-2),

CD27-BV421 (M-T271), and CD24-BV510 (ML5), purchased from BD Biosciences or BioLegend or Thermo Scientific. To isolate

HA-specific Bmem cells we used a mixture of PE-labeled recombinant HAs: PE-labeled HA H1 A/reassortant/NYMC X-181 (Califor-

nia/07/2009 x NYMC X-157) (H1 X181), PE-labeled H3 A/Switzerland/9715293/2013, H3 A/South Australia/55/2014 (IVR175), and

PE-labeled HA B/Phuket/3073/2013 (B Phuket). Mixture of PE-labeled rHAs were prepared using R-Phycoerythrin Labeling Kit-

NH2 (Dojindo). Labeled cells were sorted by FACS Vantage with Diva software (BDBiosciences). Flow cytometric data were analyzed

with FlowJo software (Treestar Inc.). Doublets were excluded from cell sorting by combinations of FSC-A versus FSC-H gating. Cells

positive for 7-AAD (BD Bioscience) or positive for CD3, CD14, or CD16 expression were also excluded. Single Bmem cells were

directly sorted into each well of 96-well plates and co-cultured with MS40L-low feeder line cells (Luo et al., 2009; Su et al., 2016).

Amplification of V(D)J rearrangements
V(D)J sequences of members of the S5-C1 lineage and clonal IgGs that competed with S5V2-29 were obtained as described

(McCarthy et al., 2018).

Recombinant Fab expression and purification
Synthetic heavy- and light-chain variable domain genes for H2214, S5V2-29 and control Abs Fabs were cloned into a modified

pVRC8400 expression vector, as previously described (Schmidt et al., 2013). The variable domains from other isolated interface an-

tibodies were cloned similarly using DNA from the plasmids produced during their isolation. Fab fragments used in crystallization

were produced with a C-terminal noncleavable 6xhistidine (6xHis) tag. Fab fragments used for binding studies were cloned into a
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pVRC8400 vector that was further modified by the introduction of a rhinovirus 3C protease cleavage site between the heavy chain

constant domain and C-terminal 6xHis tag (McCarthy et al., 2018).

Fab fragments were produced by polyethylenimine (PEI) facilitated, transient transfection of 293F cells that were maintained in

FreeStyle 293 Expression Medium. Transfection complexes were prepared in Opti-MEM and added to cells. Supernatants were har-

vested 4-5 days post transfection and clarified by low-speed centrifugation. Fabs were purified by passage over Co-NTA agarose

(Clontech) followed by gel filtration chromatography on Superdex 200 (GE Healthcare) in 10 mM Tris-HCl, 150 mM NaCl at pH 7.5

(buffer A).

For binding studies the 6xHis tag were removed from Fabs by treatment with PreScission protease (MolBioTech; ThermoScientific)

and the protein repurified on Co-NTA agarose followed by gel filtration chromatography on Superdex 200 (GE Healthcare) in buffer A

to remove the protease, tag, and uncleaved protein.

Recombinant IgG expression and purification
The heavy chain variable domains of selected antibodies were cloned into human IgG1 and Igk expression vectors (Tiller et al., 2008)

(gift of Hedda Wardemann) or pVRC8400 modified to express a either a full length human or mouse IgG1 heavy chain. IgGs were

produced by transient transfection of 293F cells as specified above. Five days post-transfection supernatants were harvested, clar-

ified by low-speed centrifugation, adjusted to pH 5 by addition of 1M 2-(N-morpholino)ethanesulfonic acid (MES) (pH 5.0), and incu-

bated overnight with Pierce Protein G Agarose resin (Pierce, Thermo Fisher). The resin was collected in a chromatography column,

washed with a column volume of 100mM sodium chloride 20mM (MES) (pH 5.0) and eluted in 0.1MGlycine (pH 2.5) which was imme-

diately neutralized by 1M tris(hydroxymethyl)aminomethane (pH 8). Abs were then dialyzed against phosphate buffered saline (PBS)

pH 7.4.

For influenza virus challenge study inmice, we generatedmusinizedH2214, S5V2-29, FI6 andHC19.We replaced constant regions

of these Abs with mouse Cg1, Cg2c, and Ck by introducing variable regions of the human antibodies into expression vectors of

mouse IgG1, IgG2c (DiLillo et al., 2014; Li and Ravetch, 2011) (gift of Jeff Ravetch), and Igk. We also generated musinized S5V1-

15 and S5V2-82. Recombinant Abs were produced by transient transfection of Expi293F cells (according to manufacturer’s instruc-

tion) and purified from the culture supernatants using NAb protein G spin columns (Thermo Scientific).

Recombinant HA expression and purification
All recombinant (HA) constructs were expressed by infection of insect cells with recombinant baculovirus as previously described

(Raymond et al., 2016; Schmidt et al., 2013; Whittle et al., 2011; Xu et al., 2015). In brief, synthetic DNA corresponding to the full-

length ectodomain or globular HA-head were subcloned into a pFastBac vector modified to encode a C-terminal thrombin cleavage

site, a T4 fibritin (foldon) trimerization tag, and a 6xHis tag. The resulting baculoviruses produce HA-trimers and trimeric HA-heads.

Monomeric HA-headswere produced by subcloning DNAs corresponding to the HA-head domain into a pFastBac vectormodified to

encode a C-terminal rhinovirus 3C protease site and a 6xHis tag.

Supernatant from recombinant baculovirus infected High Five Cells (Trichoplusia ni) was harvested 72 h post infection and clarified

by centrifugation. Proteins were purified by adsorption to cobalt-nitrilotriacetic acid (Co-NTA) agarose resin (Clontech), followed by a

wash in buffer A, a second wash (trimers only) with buffer A plus 5-7mM imidazole, elution in buffer A plus 350mM imidazole (pH 8)

and gel filtration chromatography on a Superdex 200 column (GE Healthcare) in buffer A.

Multiplex bead assay
Specificity of clonal IgG Abs in culture supernatants and of rIgG Abs were determined in a multiplex bead Luminex assay (Luminex

Corp.). Culture supernatants and rIgGs, were serially diluted in 13PBS containing 1%BSA, 0.05%NaN3 and 0.05%Tween20 (assay

buffer) with 1%milk and incubated for 2 hours with the mixture of antigen-coupled microsphere beads in 96-well filter bottom plates

(Millipore). After washing three times with assay buffer, beads were incubated for 1 hour with PE-conjugated goat anti-human IgG

Abs (Southern Biotech). After three washes, the beads were re-suspended in assay buffer and the plates read on a Bio-Plex 3D

Suspension Array System (Bio-Rad). The following antigens were coupled with carboxylated beads (Luminex Corp): BSA, goat

anti-human Igk, goat anti-human Igl (both Southern Biotech), goat anti-human IgG (Jackson ImmunoResearch), and a panel of re-

combinant hemagglutinins; full-length constructs of H1N1 A/Massachusetts/1/1990 (H1 MA-90), H1N1 A/Florida/2/1993 (H1 FL-93),

H1N1 A/Solomon Islands/03/2006 (H1 SI-06), H1N1 A/California/04/2009 (H1 CA-09), H1N1 A/reassortant/NYMC X-181 (California/

07/2009 3 NYMC X-157) (H1 X181), H3N2 A/Wisconsin/67/2005 (H3 WI-05), H3N2 A/Aichi/2/1968 (X31-68), H3N2 A/Switzerland/

9715293/2013, NIB-88 (H3 IVR175), H4N8 A/America black duck/New Brunswick/00464/2010 (H4 NB-10), H5 A/Vietnam/1203/

2004 (H5 VN-04), B/Malaysia/2506/2004 (B Malaysia), B/Brisbane/60/2008 (B Brisbane), and B/Phuket/3073/2013 (B Phuket); and

trimeric, head-only rHA constructs of H3 WI-05 (H3 WI-05 h) and H3 A/Johannesburg/33/1994 (H3 Jo’burg-94 h).

Epitope mapping of S5-C1 lineage and H2214 was performed by competitive inhibition against a panel of previously characterized

HA-specific mAbs. Serially diluted, musinized S5-C1 lineage or H2214 rAbs (initially 2 mg/ml; 3-fold, 11 serial dilutions) were incu-

bated with HAs conjugated with beads overnight at 4�C. These mixtures were then incubated with fixed concentrations (see below)

of HA standard mAbs (human IgG1) for 2 hours at room temperature, and then bound human IgGs were detected with goat anti-hu-

man IgG-PE as described above. Following combinations of HA-specific standard mAbs and HAs were used in this assay; Ab6649
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(Raymond et al., 2018) (10 ng/ml) with HA H1 CA-09, HC19 (Bizebard et al., 1995) (2 ng/ml), HC45 (Fleury et al., 1999) (6 ng/ml), FI6v3

(Corti et al., 2011) (20 ng/ml), or S5V2-29 (5 ng/ml) with H3 X31-68.

S5V2-29 inhibition assay was carried out as described (McCarthy et al., 2018) withmodification. Briefly, diluted (1:10) supernatants

from cultures of HA-reactive Bmem cells were incubated overnight at 4�C with Luminex beads coupled with HA H1 CA-09 or H3

IVR175. Beads were then incubated for 2 hr at room temperature with 5 ng/ml of ‘‘musinized’’ S5V2-29 chimeric Ab (Kuraoka

et al., 2016; McCarthy et al., 2018). After washing plates, beads were incubated for 1 h with PE-conjugated goat anti-mouse IgG

Abs (Southern Biotech). Average MFI values from culture supernatants that did not contain HA H1 CA-09 binding IgGs or HA H3

IVR175 binding IgGs were set as 100% (no inhibition) for screening samples against HA H1 CA-09 or HA H3 IVR175, respectively.

When using soluble HAs to inhibit S5V2-29 or K03.12 binding to HA H1 SI-06, S5V2-29 or K03.12 (10 ng/ml) was incubated over-

night at 4�C with increasing concentrations of HA H1 SI-06 or BSA (molar ratio of rAbs:inhibitors = 1:0.012 to 1:730). These mixtures

were then incubated for 2 hours at room temperature with Luminex beads conjugatedwith HAH1SI-06. Bound IgGswas detected by

goat anti-human IgG-PE as described above.

Biolayer interferometry
Binding of Fabs with HA heads was analyzed by biolayer interferometry (BLI) (BLItz: forteBIO; Pall); all measurements were in buffer A

at room temperature. Purified HA-head was immobilized on a Ni-NTA biosensor, and Fabs (with tag removed by PreScission prote-

ase cleavage) were titrated to obtain rate constants and affinities.

ELISA
Five hundred nanograms of rHA FLsEwere adhered to high-capacity binding, 96well-plates (Corning) overnight in PBS pH 7.4 at 4�C.
Pateswere blockedwith PBS containing 2%bovine serumalbumin (BSA) and 0.05%Tween-20 (PBS-T) for 1 hr at room temperature.

Blocking solution was removed, plates were washed once with PBS-T, and 5-fold dilutions of IgGs (in PBS-T) were added to wells.

Plates were then incubated for 1 hr at room temperature followed by removal of IgG solution and three washes with PBS-T. Second-

ary, anti-human IgG-HRP (Abcam ab9722) diluted 1:20,000 in PBS, in PBS-T was added to wells and incubated for 30 min at 37�C.
Plates were then washed three times with PBS-T. Plates were developed using 1-Step ABTS substrate (ThermoFisher, Prod#37615).

Following a brief incubation at room temperature, HRP reactions were stopped by the addition an equal volume of 1% sodium do-

decyl sulfate (SDS) solution. Plates were read using a plate reader at 405 nm.

Transient transfection of HAs and cell surface HA staining
Human 293F suspension cell cultures, maintained in FreeStyle 293 Expression Medium, were transiently transfected with the modi-

fied pVRC8400 expression vectors into which full-length HAs were cloned (Schmidt et al., 2013) using polyethylenimine (PEI). Trans-

fection complexes were prepared in Opti-MEM and added to cells. At 14-18 hours post transfection cells were harvested for staining.

Cells were pelleted at 3003 g and washed with phosphate buffered saline (PBS) pH 7.4 supplemented with 1% BSA (FACS buffer).

50,000 cells were then incubated for one hour at room temperature with primary antibody at a concentration of 0.5 mg/ml in FACS

buffer. Cells were washed three times in FACS buffer and incubated with 0.5 manufacturer’s specified reactions of a mouse anti-hu-

man IgG antibody conjugated with BB515 (clone G18-145, BD Horizon Cat#564581) Cells were washed thre times and then fixed in

2%paraformaldehyde (PFA). Fluorescence wasmeasured using a FACSCalibur instrument (Cytek Development, Freemont, CA) and

analyzed using FlowJo software (FlowJo Inc, Ashland, OR).

Preparation of HA-expressing EL4 cell lines
Coding DNA sequences of HA genes from strains A/California/04/2009 (H1 CA-09) and A/Hong Kong/JY2/1968 (H3 X31-68) were

cloned into lentiviral transfer vector pLB_EXIP, which is a derivative from pLB, a gift from Stephan Kissler (Kissler et al., 2006).

The recombinant transfer vectors were co-transfected into HEK293T/17 cell line with packaging vectors pMD2.G and psPAX2 (a

gift from Didier Trono) using Lipofectamine 3000 Transfection Reagent (Invitrogen). Culture supernatants were harvested and

used to transduce EL4 cells. After puromycin (2 mg/ml) selection, the transduced cells were subcloned by single-cell FACSorting

with FACSAria II (BD Biosciences) at Duke Human Vaccine Institute Research Flow Cytometry Facility)\, and selected, subcloned

lines were used as target cells in CDC and ADCC assays.

Cell surface HA staining on HA expressing EL4 cell lines
Cloned, HA-expressing EL4 cells were resuspended in staining buffer (PBS containing 2% heat-inactivated FBS) at 13 106 cells/ml

and labeled with FI6 or S5V2-29mouse IgG1 or isotype control antibodies at 5 mg/ml (or serial dilutions as indicated), followed by PE-

conjugated goat anti-mouse IgG antibody (Southern Biotech) at 2 mg/ml. Fluorescence was measured using a FACSCanto II flow

cytometer (BD Biosciences) at Duke Cancer Institute Flow Cytometry Shared Resource.

Complement-dependent cytotoxicity (CDC) assay
To assess CDC activity of S5V2-29, we followed a Cold Spring Harbor protocol (Duensing and Watson, 2018) with minor modifica-

tions. In brief, subcloned, HA H1 CA-09 expressing EL4 cells or parental EL4 cells were mixed with serial dilutions of antibodies in the

presence of diluted (1:30) guinea pig complement (Millipore Sigma) in 96-well U-bottom plates and incubated for two hours at 37�C in
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5% CO2. After incubation, 0.5 mg/ml propidium iodide (PI) was added into each well, and the percentage of PI-positive cells

were determined using a FACSCanto II flow cytometer. The percent specific lysis = (test sample %PI-positive – spontaneous %

PI-positive)/(100 – spontaneous %PI-positive).

Mouse ADCC reporter assay
Potential ADCC activity of S5V2-29was determined usingmouse ADCC reporter bioassay kit (Promega) according tomanufacturer’s

instructions. Briefly, cloned HA H1 CA-09 expressing EL4 cells or parental EL4 cells were used as target (T) cells at an effector/target

(E/T) ratio of 3/1. Serial dilutions of antibodies were added into white flat-bottom 96-well assay plates (Corning cat. no. 3917) con-

taining target cells and incubate at room temperature for 15 min. Frozen-thawed effector cells were then added and incubated in a

37�C 5% CO2 incubator. After six hours of incubation, Bio-Glo Reagent was added for a 15-min further incubation at room temper-

ature. Luminescence was then detected with an EnSpire 2300 Multilabel Reader (PerkinElmer).

Influenza microneutralization assay
Virus neutralization endpoint titers (EPT) were determined using the influenza microneutralization assay on Madin-Darby Canine

Kidney (MDCK) cells (London Line, FR-58) as described (CDC, 2009; McCarthy et al., 2018; WHO, 2010, 2011). Briefly, monoclonal

Abs were diluted to test concentration in assay diluent and evaluated as duplicate two fold dilutions series. Absorbance was

measured using a Synergy H1 microplate reader (BioTek Instruments Inc., Winooski, Vermont). Influenza viruses were propagated

in embryonated specific-pathogen-free chicken hen eggs or MDCK (NBL-2) (ATCC� CCL-34TM) as previously described (McCarthy

et al., 2018). Reagents obtained through BEI Resources, NIAID, NIH include: Kilbourne F165: A/Chile/1/1983 (HA, NA) x A/Puerto

Rico/8/1934 (H1N1), reassortant X-83, NR-3585; Kilbourne F178: A/Shanghai/11/1987 (HA, NA) x A/Puerto Rico/8/1934 (H3N2),

High Yield, Reassortant X-99a, NR-3505; Kilbourne F86: A/Johannesburg/33/1994 (HA, NA) x A/Puerto Rico/8/1934 (H3N2), Reas-

sortant X-123a, NR-3580; polyclonal influenza virus, A/Aichi/2/1968 (H3N2) serum (guinea pig), NR-3126; andmonoclonal influenza A

virus nucleoprotein, clones A1 and A3 (ascites blend, mouse), NR-4282. Influenza A viruses, A/Wisconsin/67/2005 (H3N2), FR-397;

A/Solomon Islands/3/2006 (H1N1), FR-331; A/California/07/2009 (H1N1) pdm09 antiviral resistance - Reference Virus M2: S31N NA:

wild-type (wt), FR-458; ferret antisera to influenza A viruses: A/USSR/90/1977 (H1N1), FR-953; A/Fujian/411/2002 (H3N2), FR-1264.

MDCK London cells (FR-58) were obtained through the International Reagent Resource (formerly the Influenza Reagent Resource),

Influenza Division, WHO Collaborating Center for Surveillance, Epidemiology and Control of Influenza, Centers for Disease Control

and Prevention, Atlanta, GA, USA.

In vivo protection experiments
Mice were injected i.p. with 100 mg of mAbs or PBS in 200 ml. Three hours later, they were anesthetized by sodium pentobarbital and

infected intranasally either by 5LD50 of X31-68 (H3N2) (gift of Takeshi Tsubata) or A/Narita/1/2009 (H1N1) (Matsuzaki et al., 2014) in

50 mL volumes. Mice were monitored daily for survival and body weight loss until 14 days after challenge. The humane endpoint was

set at 25% body weight loss relative to the initial body weight at the time of infection.

Crystallization
Fab fragments of H2214 were co-concentrated with the HA-head domain of A/Aichi/2/1968(X-31) (H3N2) at a molar ratio of 1:1.3 to a

final concentration of�20 mg/ml. Crystals of H2214 -A/Aichi/2/1968(X-31) (H3N2) -head complex were grown in hanging drops over

a reservoir of 100mM sodium chloride, 100mM sodium acetate (pH 5.0) and 20% (w/v) Poly(ethylene glycol) methyl ether 2000. Crys-

tals were cryporotected in 300 mM sodium chloride, 120 mM sodium acetate, 24% (w/v) Poly(ethylene glycol) methyl ether 2000 and

20% (v/v) glycerol, added directly to the drop, harvested, and flash cooled in liquid nitrogen. Fab fragments of S5V2-29 were co-

concentrated with the HA-head domain of A/Texas/50/2012 (H3N2) in a 1:1.1 molar ratio and concentrated to a final concentration

of�20mg/ml. Crystals of S5V2-29 - A/Texas/50/2012 (H3N2) -head complexwere grown in hanging drops over a reservoir of 100mM

magnesium sulfate, 100mMpiperazine-N,N0-bis(2-ethanesulfonic acid) (PIPES) (pH 6.0) and 30%Poly(ethylene glycol) 400. Crystals

were cryporotected in 120 mMmagnesium sulfate, 180 mM sodium chloride 120 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.0),

36% (v/v) Poly(ethylene glycol) 400 and 12% (v/v) glycerol, added directly to the drop, harvested, and flash cooled in liquid nitrogen.

Structure determination and refinement
We recorded diffraction data at the Advanced Photon Source on beamline 24-ID-E. Data were processed with XDS. Molecular

replacement (MR) was carried out with PHASER (McCoy et al., 2007), dividing each complex into four search models: for S5V2-

29-A/Texas/50/2012 (H3N2) - head, we used the HA-head domain from PDB: 5W08, CHCL from PDB: 4YK4, VH from PDB: 4YK4

and VL from PDB: 4YK4; for H2214 - A/Aichi/2/1968 (X-31)(H3N2) head, we used the HA-head domain from PDB: 4FP8, CHCL

from PDB: 4YK4, VH from PDB: 6B0A and VL from PDB: 5Y11. We carried out refinement calculations with PHENIX (Adams et al.,

2010) and model modifications, with COOT (Chen et al., 2010). Refinement of atomic positions and B factors was followed by

translation-liberation-screw (TLS) parameterization and placement of water molecules. Final coordinates were validated with the

MolProbity server (Chen et al., 2010). Data collection and refinement statistics are in Table S5. Figures were made with PyMOL

(Schrödinger, New York, NY).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Binding studies
KD values for ELISA were obtained as follows. All dilutions were done in triplicate. The average background signal (no primary anti-

body) was subtracted from all absorbance values. Values from multiple plates were normalized to the FI6v3 standard that was pre-

sent on each ELISA plate. The average of the threemeasurements were then graphed usingGraphPadPrism (v5.0) and their standard

error of the means shown. KD values were determined by applying a nonlinear fit (One site binding, hyperbola) to these data points.

KD values for BLI experiments were obtained by applying a 1:1 binding isotherm using vendor-supplied software (‘‘Advanced

Kinetics’’ program). For screening, binding was tested with Fab at 30 mM to determine an apparent KD. For selected Fab-HA pairs,

Fab was then titrated at a minimum of four different concentrations (chosen depending on the apparent KD from the 30 mM concen-

tration) and KD obtained by a global fit of the titration curves.

in vivo protection experiments
Statistical significance of body weight change and survival of mice after lethal influenza challenge was calculated by Two-way

ANOVA test and Mantel-Cox test, respectively, using GraphPad Prism (v7.0) software.

DATA AND SOFTWARE AVAILABILITY

V(D)J sequences for all members of lineage S5-C1, H2214, and the clonal IgGs that inhibit S5V2-29 are available at GenBank (https://

www.ncbi.nlm.nih.gov/Genbank) with accession numbers GenBank: MH704578 and MH704579 for H2214 and GenBank:

MH681665–MH681686 for others. Coordinates and diffraction data have been deposited at the PDB with accession numbers

PDB: 6E4X and 6E56.
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Supplemental Figures

Figure S1. Isolation and Characterization of rHA-Specific Human Bmem Cells, Related to Figure 1

(A) Representative flow diagrams for isolation of rHA-specific IgG+ human Bmem cells (HA+CD19+CD27+CD24hiIgM-IgD-IgG+) from PBMCs of donor S5 before

(d0) and after (d7) TIV vaccination. We used a mixture of PE-labeled HAs to isolate HA-specific human Bmem cells as described in Methods. (B) Representative

Luminex diagram showing reactivity of culture supernatant IgGs from individual single B cell cultures (n = 265 for d0, n = 322 for d7) against 14 antigens including 4

positive and negative controls (anti-IgG, anti-Igk, anti-Igl, BSA) and a panel of rHAs (HA X181 = H1 A/reassortant/NYMC X-181 (California/07/2009 3 NYMC

X-157); HA H1 SI-06 = H1 A/Solomon Islands/03/2006; HA H1 MA-90 = H1 A/Massachusetts/1/1990; HA H1 CA-09 = H1 A/California/04/2009; HA H3

IVR175 = H3 A/South Australia/55/2014; HA H3 WI-05 = H3 A/Wisconsin/67/2005; HA H3 X31 = H3 A/Aichi/2/1968 (X31); HA H5 VN-04 = H5 A/Vietnam/1203/

2004; HA B Phuket = B/Phuket/3073/2013; and HA B Malaysia = B/Malaysia/2506/2004. We also included head-only HA constructs: HA H3 WI-05h = H3

A/Wisconsin/67/2005 and HA H3 Joburg-94h = H3 A/Johannesburg/33/1994. Each dot represents an individual test for each antigen. Bars in blue indicate the

threshold median fluorescence intensities (MFIs) for each antigen (average + 6 SD of B cell negative, mock-treated samples). Data from one (A) and two (B)

individual experiments are shown.



Figure S2. Characterization of HA Binding of the S5-C1 Lineage by Competition Assay, Related to Figure 1

(A and B) Inhibition of HA-binding IgG standards (6649, HC19, HC45, and FI6v3) and S5V2-29 by S5V1-15 rAb (A) and S5V2-52 rAb (B) assessed inmultiplex bead

assay as described (see also legend of Figure 1 and Star Methods). The y axis showsMFI percentage of maximal binding, determined for each standard Ab as the

mean MFI in the presence of control IgG, H33Lg1 (Takahashi et al., 1998). (C) Competition of Fab fragments of S5V2-29 and H2214 for binding to HA head

domains. Representative Biolayer interferometry binding isotherms. H2214 or S5V2-29 was immobilized on the sensor and binding followed for head domain of

H3-TX-12 (at 12 mM) alone (upper curves) or pre-incubated with a 5-fold molar excess of H2214 (lower curves). (D) Inhibition by soluble HAs of binding by Ab

S5V2-29 or RBS-directed Ab K03.12 to immobilized HA H1 SI-06. Multiplex bead assay as described in Methods. The y axis shows MFI percentage of maximal

binding, determined as the mean MFI without inhibitors. The x axis gives the molar ratio of rAbs (S5V2-29 or K03.12) to inhibitor soluble proteins (HA H1 SI-06 or

BSA). Error bars indicate standard deviations. (E) Luminex diagram showing reactivity of eleven S5V2-29 inhibitor clonal IgGs (culture supernatants) against rHAs

(H1 CA-09 and H3 IVR175), a panel of AtheNA autoantigens, and other irrelevant protein antigens (Keyhole limpet hemocyanin (KLH); Ovalbumin (OVA); Anthrax

recombinant protective antigen (rPA); and HIV-1 envelope protein, gp140 JR-FL). Each dot represents an individual test for each antigen. Bars in blue indicate the

thresholdmedian fluorescence intensities (MFIs) for each antigen (average + 6 SD of B cell negative, mock-treated samples). Data from a single assay are shown.



Figure S3. Competition with S5V2-29 by Fab Fragments from Additional Donors, related to Figure 1
Panels show traces for association and dissociation of an HA head domain, at a concentration of 12 mM, with the Fab fragment of the antibody shown in the panel

header, immobilized on a BLI sensor. Column A: head domain from HA of A/California/07/2009(X181) (H1N1). Column B: head domain from HA of A/Texas/50/

2012(H3N2). Panel C: head domain from HA of A/Johannesburg/33/94 (H3N2). In each panel, the red curve shows binding in the absence of any competitor; the

blue curve, in the presence of a 4-fold molar excess of S5V2-29 Fab, pre-incubated with the HA head; the black curve, in the presence of a 4-fold molar excess of

Fab from an RBS-direct antibody (6639 for the H1 head; K03.12 for the H3 head), pre-incubated with the HA head. No RBS directed antibody was used for

panel C.



Figure S4. Contacts with the Head Interface Epitope, Related to Figure 2

(A) Contacts from an adjacent HA head (gray) mapped to the HA-head surface (red). The area of the surface was calculated in Å2 using the PISA server (http://

www.ebi.ac.uk/pdbe/pisa/). (B) S5V2-29 contacts (blue). (C) H2214 contacts. (D) Contacts at the interface between the HA head and Fabs S5V2-29 (left) and

H2214 (right). Dashed lines show polar contacts; arcs show non-polar van der Waals contacts. Each panel shows the ‘‘upper’’ part of the epitope as viewed from

one side and the ‘‘lower’’ part as viewed from the other. The 180� rotation symbol indicates the transition. The ribbon figure for S5V2-29 shows the orientation and

view from the side used for the upper part of the diagram; the related figure for H2214 shows the view from the side used for the lower part. As a reference point,

the side chain of Arg229 (red arrow) is shown in both. The color scheme is as in Figure 2: HA in red, S5V2-29 in blue (heavy chain) and cyan (light chain), H2214 in

orange (heavy chain) and yellow (light chain).

http://www.ebi.ac.uk/pdbe/pisa/
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Figure S5. Conservation of the S5-C1 Epitope among Historical H3 Isolates, Related to Figure 3

(A) Median fluorescence intensity (MFI) from multiplex bead assay of culture supernatant IgGs for binding to indicated HAs, colored according to the key. (B)

Amino acid sequences of the head-interface epitope aligned to A/Aichi/2/1968(X31)(H3N2) for the viruses shown. Substitutions likely to interfere with antibody

binding are at positions 220 and 229; these are in red and their positionsmarked by ‘‘*.’’ Other substitutions are in black. (C) Evidence that substitutions at position

220 and 229 were acquired during laboratory culture. We determined the frequency of Arg codons at these positions among the 343H3 HA nucleotide sequences

in the Influenza Research Database (https://www.fludb.org/brc/home.spg?decorator=influenza) from viruses isolated between 1975-1987 (the time period

sampled in A and B). Arg was present in overwhelming proportion in circulating strains. The A/Texas/1/1977(H3N2), A/Bangkok/1/1979(H3N2) and A/Leningrad/

360/1986(H3N2) vaccine strains were rare exceptions; the most reasonable explanation is that the single substitution in the Arg codon occurred during laboratory

growth of the vaccine strain. The ‘‘*’’ symbol indicates the accession number for the recombinant proteins used in this study. (D) The S5V2-29/H2214 epitope is

conserved among historical H3 isolates. The frequency of amino acids at Fab-contacting residues (Figures 3 and S4) among the 20,814 full-length protein

sequences of human H3 HAs isolated between 1968-2019 (Influenza Research Database, https://www.fludb.org/brc/home.spg?decorator=influenza). Columns

in boldface indicate positions at which the minor amino acid variant was present in at least one H3 HA in the set tested to which both S5V2-29 and H2214 bound.

Both antibodies were therefore insensitive to the substitution. Positions 220 and 229 are colored in red; Arg is present in overwhelming proportion at these

positions.

https://www.fludb.org/brc/home.spg?decorator=influenza
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Figure S6. Binding to Influenza Virion and HA-Expressing EL4 Cells by S5V2-29, Related to Figure 5

(A) Binding to X31 virus by S5V2-29 (red), HC19 (black), and FI6 (green), assessed by ELISA. Virions were adsorbed to the plate, and ELISA titers determined for

the respective antibodies. Error bars represent SD of triplicate reactions. (B) Binding to subcloned, HA H3 X31-68 expressing EL4 cells by FI6 (left) and S5V2-29

(right) was assessed by flow cytometry. Data from two independent experiments are shown.



(legend on next page)



Figure S7. HA Binding by Members of the S5-C1 Lineage, Related to Figure 6

(A) Binding to a panel of HAs by S5V1-15 (blue), S5V2-29 (red) and S5V2-52 (green), and control IgG1, H33Lg1 (gray) was assessed in multiplex bead assay. Error

bars represent SD of duplicate reactions. Data from two independent assays are shown. (B) Binding to a panel of HAs by UCA (red), I2 (green) and S5V2-29 (blue)

of S5-C1 lineage, and an isotype-matched human myeloma protein, 151K (gray) was assessed in multiplex bead assay. Error bars represent SD of duplicate

reactions. Data from two (A) and one (B) experiments are shown.
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