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SUMMARY

Here, we describe the discovery of a naturally occur-
ring human antibody (Ab), FluA-20, that recognizes a
new site of vulnerability on the hemagglutinin (HA)
head domain and reacts with most influenza A vi-
ruses. Structural characterization of FluA-20 with
H1 and H3 head domains revealed a novel epitope
in the HA trimer interface, suggesting previously un-
recognized dynamic features of the trimeric HA pro-
tein. The critical HA residues recognized by FluA-20
remain conserved across most subtypes of influ-
enza A viruses, which explains the Ab’s extraordinary
breadth. The Ab rapidly disrupted the integrity of HA
protein trimers, inhibited cell-to-cell spread of virus
in culture, and protected mice against challenge
with viruses of H1N1, H3N2, H5N1, or H7N9 subtypes
when used as prophylaxis or therapy. The FluA-20 Ab
has uncovered an exceedingly conserved protective
determinant in the influenza HA head domain trimer
interface that is an unexpected new target for anti-
influenza therapeutics and vaccines.

INTRODUCTION

Currently, influenza A virus (IAV) strains from subtypes H1N1 and

H3N2, aswell as influenza B viruses, are in human circulation and

cause seasonal epidemics. Poor matches of the predicted vac-

cine strains with drifted seasonal viruses can lead to severe influ-

enza seasons (Bridges et al., 2000; Carrat and Flahault, 2007;

Nordin et al., 2001). Additionally, other zoonotic IAVs with H1,
1136 Cell 177, 1136–1152, May 16, 2019 ª 2019 Elsevier Inc.
H3, H5, H6, H7, H9, and H10 hemagglutinins (HAs) have caused

sporadic outbreaks of human infections, some with exceedingly

high morbidity and mortality rates (Freidl et al., 2014; Neumann

and Kawaoka, 2015). New influenza viruses emerging from

genomic reassortment with drastically altered antigenicity can

cause global pandemics.

The HA of influenza is one of the twomain glycoproteins on the

viral surface and a major target of neutralizing antibodies (Abs).

Based on structure and antigenicity, there are eighteen defined

subtypes (H1–H18) of IAV HAs belonging to two broad groups

(Nobusawa et al., 1991; Russell et al., 2004; Tong et al., 2013).

Influenza HA consists of an antigenically variable globular head

domain containing the receptor-binding site (RBS) for viral

attachment and a more conserved stem domain that mediates

fusion of viral and cell membranes in the endosome (Carr and

Kim, 1993; Weis et al., 1988; Wilson et al., 1981). The HA head

domain is the immunodominant domain of the protein and is

the target of most Ab responses induced by IAV vaccines or

infection (Altman et al., 2015; Angeletti et al., 2017; Caton

et al., 1982; Das et al., 2013; Gerhard et al., 1981). However,

most head-domain-specific Abs exhibit a narrow breadth of pro-

tection due to the high level of sequence and antigenic diversity

and the incorporation of large numbers of glycans in this domain

to evade immune recognition.

Two classes of broadly neutralizing Abs (bnAbs) against influ-

enza HA have been discovered (Julien et al., 2012; Laursen and

Wilson, 2013). The stem-targeted bnAbs, such as the murine

monoclonal Ab (mAb) C179 and human mAbs CR6261, F10,

and A6, have broad and heterosubtypic activities, some of which

can target nearly all strains of HA across various subtypes and

subgroups, e.g., CR9114 and MEDI8852 (Corti et al., 2010,

2011; Dreyfus et al., 2013, 2012; Ekiert et al., 2009, 2011; Friesen

et al., 2014; Joyce et al., 2016; Kallewaard et al., 2016; Kashyap
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Figure 1. Network Analysis of Sequences Clonally Related to FluA-20 and FluA-20 Reactivity to Diverse HAs

(A) Timeline showing the vaccination history of FluA-20 donor and the time points from which FluA-20 (triangle) and its clonally related siblings (circles) were

identified.

(B) Nodes represent unique sequences observed, with the size of the node correlating to the count of replicate sequences observed. The color of each node

denotes the time point at which it was found: white, day 5; yellow, day 6; orange, day 11; and pink, day 14. The black node represents the VH4-61/JH4 germline

sequence, and the gray node represents an inferred common ancestor. The maroon, triangle-shaped node represents FluA-20. Edges drawn between nodes

show that those sequences are more closely related to each other than to any other sequence. Edge distances are arbitrary and used only to visually clarify the

graph. The somatic variants of FluA-20 that were expressed and tested are indicted.

(legend continued on next page)
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et al., 2008, 2010; Lang et al., 2017; Okuno et al., 1993; Smirnov

et al., 1999). These bnAbs recognize the highly conserved stem

region and block the viral fusion machinery. Stem Abs often

interact with FcgR on effector cells to mediate Ab-dependent

cellular cytotoxicity (ADCC) and protection in vivo (Corti et al.,

2011; DiLillo et al., 2016, 2014; He et al., 2015).

A second class of bnAbs targeting the HA head domain also

has been discovered (Ekiert et al., 2012; Hong et al., 2013; Joyce

et al., 2016; Lee et al., 2014, 2012; Thornburg et al., 2016;Whittle

et al., 2011; Xu et al., 2013; Yoshida et al., 2009; Zhu et al., 2013).

Most of these head-targeted bnAbs recognize the RBS and

block viral attachment and entry. Most head-targeted bnAbs

have restricted patterns of recognition within a subtype—for

example, the H1-specific 5J8 and CH65 and H2-specific 8M2

Abs (Laursen and Wilson, 2013; Lee et al., 2014; Schmidt

et al., 2015; Thornburg et al., 2016; Whittle et al., 2011; Xu

et al., 2013). A few exceptions are C05, F045-92, and S139/1,

which react with the HA head domain from more than one HA

subtype (Ekiert et al., 2012; Lee et al., 2014, 2012; Yoshida

et al., 2009). However, their heterosubtypic activities are not

extensive, and they heavily rely on the avidity of bivalent immu-

noglobulin G (IgG) molecules to attain potent binding (�nM KD)

and increased breadth.

Here, we report a broadly protective, naturally occurring

human Ab, designated FluA-20, that targets IAVs with excep-

tional breadth and affinity. The Ab recognizes the HA head

domain from nearly all subtypes of influenza A viruses, with

KD values extending to low nanomolar, even in monomeric

antigen-binding fragment (Fab) form. The mAb protects mice

from sub-lethal and lethal challenges of various pathogenic

IAV strains for humans (H1N1, H5N1, H3N2, and H7N9).

Structural studies of FluA-20 with the HA head domain re-

vealed a novel epitope on the non-RBS side of the 220-loop

and the adjacent 90-loop. The key residues recognized by

FluA-20 remain extremely well conserved across diverse sub-

types. The epitope is largely buried in the peripheral interface

of the native HA trimer. The findings suggest that the HA

trimer interface (TI) can be exposed, perhaps transiently or

partially. Although the Ab recognizes the head domain, it

does not mediate conventional neutralizing activity in vitro,

but rather, it exhibits a new phenotype of activity comprising

the capacity to disrupt HA trimers and inhibit cell-to-cell

spread of virus.

RESULTS

Isolation of Broadly Reactive Human mAb FluA-20
The donor had received annual licensed inactivated seasonal

vaccines for over two decades and also had participated previ-

ously in clinical trials of experimental H5N1 and H7N9 subunit

vaccines (Figure 1A). The first H5 vaccine was a monovalent

inactivated subvirion vaccine that incorporated the HA from

A/Vietnam/1203/2004 (VN/1203) H5N1 clade 1 influenza virus.
(C) ELISA binding EC50 (ng/mL) values for FluA-20, recombinant FluA-20 (rFluA-20

from different strains representing group 1 (green) and group 2 (blue) IAVs. The

binding, respectively. The > symbol indicates that binding was not observed at c

See also Figure S1.
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After 22 months, the individual was boosted with a monovalent

inactivated influenza A vaccine containing the HA and NA of

A/Anhui/01/2005 (H5N1). The volunteer subsequently received

a subunit vaccine containing monovalent inactivated influenza

A/Shanghai/02/2013 (H7N9). For the current study, the donor

was vaccinated with a 2014 to 2015 seasonal trivalent inacti-

vated influenza vaccine on day 0. Peripheral blood samples

were obtained on days 0, 3, 4, 5, 6, 7, 10, 11, 14, and 31 after

immunization.

Peripheral bloodmononuclear cells (PBMCs) from day 31 after

vaccination were immortalized by EBV transformation, and the

supernatants were screened for the presence of Abs with bind-

ing to recombinant HA proteins derived from H1 (A/California/

04/2009, A/Texas/36/1991), H3 (A/Hong Kong/1/1968, A/Victo-

ria/3/1975), H7 (A/Shanghai/2/2013, A/Netherlands/219/2003),

and H9 (A/Hong Kong/1073/99) subtypes by ELISA. The hybrid-

oma cell line secreting the FluA-20 mAb was made from a B cell

line that exhibited heterosubtypic breadth. Two additional

broadly reactive non-neutralizing heterosubtypic mAbs, desig-

nated FluA-45 and FluA-55, also were isolated and used in these

studies for comparative purposes.

Deep sequence analysis of Ab variable gene sequences in

circulating PBMCs in the donor revealed sequences that were

clonally related to FluA-20 (i.e., ‘‘siblings’’), defining two se-

quences as clonally related if they used the same VH and JH
gene and differed by 3 or fewer amino acids in the heavy chain

complementarity-determining region 3 (HCDR3) region. We

identified siblings of FluA-20 in blood samples from 4 time

points: days 5, 6, 11, and 14 post vaccination with trivalent in-

activated influenza vaccine (TIV). The majority of these siblings

arose from one common ancestor and formed 3 major clusters

(designated A, B, and C) that differ by point mutations (Fig-

ure 1B). Network analysis suggested that FluA-20 arose

from cells present at day 6 that also were observed at day 14

(Figure 1B).

Binding Profile of FluA-20 and Sibling Ab with Various
Subtypes of Influenza Type A HA Molecules
FluA-20 exhibited extraordinary binding breadth and affinity to

recombinant HA timers belonging to group 1 and group 2 vi-

ruses, with half maximal effective concentration (EC50) values

in ELISA for binding ranging from 5 to 142 ng/mL (Figures 1C

and S1A). A recombinant form of FluA-20 IgG protein was ex-

pressed; hybridoma-generated Ab (designated FluA-20) was

used for the assays unless the recombinant form is specified

(designated as rFluA-20). The rFluA-20 IgG showed a similar

binding spectrum to the hybridoma-produced FluA-20 IgG pro-

tein (Figures 1C and S1A). Also, we recombinantly expressed

FluA-20 as an Fab and assessed its kinetics of binding to repre-

sentative HA subtypes (Table S1). The rFluA-20 Fab interacted

with most HA molecules from H1, H2, H3, H5, and H7 subtypes

with KD values less than 100 nM (with several less than 1 nM;

Table S1).
), and unmutated common ancestor of FluA-20 (FluA-20-UCA) to HAs derived

table is displayed in purple-white color scale corresponding to strong-weak

oncentrations %10 mg/mL.
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Figure 2. MAb FluA-20 Exhibits Protection In Vivo against Diverse IAV Subtypes

(A) Body-weight change inmice that received FluA-20 prophylactically prior to sub-lethal challenge with IAV strains fromH1N1, H3N2, H5N1, or H7N9. Mice were

treated with 10 mg/kg of either FluA-20 or a similarly prepared control Ab to an unrelated target and challenged 24 h later with either H1N1 A/Netherlands/602/

2009 or H3N2 A/X-31 (6:2 PR8 backbone) or H5N1 A/barn swallow/Hong Kong/D10-1161/2010 (7:1 PR8 backbone) or H7N9 A/Shanghai/1/2013 (6:2 PR8

backbone). The weight loss of mice (n = 5) was measured daily for 14 days after inoculation (day 0). The experiments were performed twice with similar results.

(legend continued on next page)
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We also recombinantly expressed and tested somatic variant

(sibling) Abs related to FluA-20 from cluster A and cluster B (Fig-

ure S1B). Three sibling Abs, Sibs 2, 3, and 45, had very similar

activity and breadth to rFluA-20 (Table S2). Also, two sibling

Abs, Sibs 28 and 48, in a phylogenetic cluster that was more

mutated than FluA-20, lost binding to some H3, H5, and H14

HAs, and Sibs 7 and 33 lost activity to any HA tested (Table

S2). Thus, the FluA-20 clonotype contains multiple variants

with a diverse breadth of reactivity.

Unmutated Common-Ancestor-Origin Interactions
Drive the Activity of the FluA-20 Lineage
FluA-20 is from the IgG1 subclass and is encoded by the VH4-61/

D2-15/JH4 and VK1-39/JK1 variable gene segments, which

represent a genetic configuration not previously reported for

broadly reactive human influenza Abs. The FluA-20 cDNA

sequence shares 93% identity with both the VH4-61*01 and

VK1-39*01 germline genes. Compared to the inferred unmutated

common ancestor (UCA) sequence (FluA-20-UCA), FluA-20 has

16 somatic mutations in the heavy-chain amino-acid sequence

and 11 in the light chain (Figure S1C). Recombinantly expressed

IgG or Fab FluA-20 UCA Abs retained the substantial binding

breadth of rFluA-20 (Figures 1C and S1A; Table S1). Nonethe-

less, compared to the UCA Ab, rFluA-20 displayed not only an

increase in binding potency but also greater breadth with addi-

tional recognition of many H3 and H5 HAs.

FluA-20 Exhibits Prophylactic and Therapeutic Efficacy
In Vivo Against Viruses of Diverse IAV Subtypes
Sublethal Influenza Mouse Model of Ab Prophylaxis

We chose A/Netherlands/602/2009 (H1N1), A/X-31 (H3N2),

A/barn swallow/Hong Kong/D10-1161/2010 (H5N1), and

A/Shanghai/1/2013 (H7N9) virus strains, representative of group1

andgroup 2 IAVs, for prophylactic studies. BALB/cmice (n = 8 per

group) were administered 10 mg/kg of FluA-20 IgG or a similarly

prepared control Ab by the intraperitoneal route, then challenged

24 h later intranasally with a sublethal dose of virus. Mice treated

with FluA-20 (n = 5) showed complete protection fromweight loss

after H1N1 challenge (Figure 2A), whereas mice challenged with

H3N2,H5N1, orH7N9strains showedsignificantly faster recovery

from weight loss compared to control animals (Figure 2A). Addi-

tionally, FluA-20 treatment reduced lung titers (day 6 post inocu-

lation) after H1N1 or H7N9 challenge (Figure S2A).

Lethal Influenza BALB/c Mouse Model of Ab Prophylaxis

Using Mouse-Adapted H1N1 Virus

To further evaluate the optimal dose of FluA-20 for prophylactic

efficacy, we tested 3 different doses of FluA-20 against lethal
(B) Survival and weight change inmice (n = 10) prophylactically treated with FluA-2

with mouse-adapted H1N1 A/California/04/2009. One experimental group was tr

control. ***p < 0.001, compared to placebo-treated group; +++p < 0.001, ++p <

(C) Percentage survival in mice prophylactically treated with 10mg/kg of either Flu

challenge with H1N1 A/California/04/2009 virus.

(D) Weight change in mice that were sub-lethally challenged with H1N1 A/Califor

FluA-20 or a recombinant form of CR6261 or control IgG (MRSA-147) on day 1 p

(E) Survival and weight change in mice lethally challenged with H3N2 and H5N1 v

mAbs FluA-20 or control IgG on days 1, 2, and 4 post inoculation. Each group was

(B) and (E) are shown only for the animals that survived at each indicated time poin

See also Figure S2.
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challenge with mouse-adapted H1N1 A/California/04/2009 vi-

rus. BALB/c (n = 10 per group) mice were injected i.p. with 1,

3, or 10 mg/kg of FluA-20 or 10 mg/kg of a control Ab or PBS

14 h prior to intranasal challenge with H1N1 virus. As a control,

one experimental group was treated with the commercially avail-

able IAV drug oseltamivir twice daily for 5 days, starting at 1 h

post inoculation. Remarkably, FluA-20 provided significant pro-

tection against mortality and protection against severe weight

loss at all 3 tested doses, with groups that received 3 or

10 mg/kg showing better efficacy than groups with oseltamivir

(Figure 2B).

Lethal Influenza DBA/2JMouseModel of Ab Prophylaxis

Using Human H1N1 Virus

We also evaluatedmAb FluA-20 for prophylactic efficacy against

lethal challenge with non-mouse-adapted H1N1 A/California/04/

2009 virus in DBA/2Jmice and observed significant protection in

FluA-20-treatedmice (10mg/kg) compared tomice given control

IgG (Figure 2C).

Sublethal Influenza BALB/c Mouse Model of Ab Therapy

Using Human H1N1 Virus

To determine the therapeutic potential of FluA-20, we measured

protection against weight loss after sublethal challenge of mice

with human H1N1 virus. Mice treated withmAb FluA-20, similarly

to mice treated with positive control mAb CR6261, showed

significant protection against severe weight loss and faster

recovery (days 6 to 10 post challenge) when compared to

mock-treated mice (Figure 2D).

Lethal Influenza BALB/c Mouse Model of Ab Therapy

Using H3 and H5 Viruses

We also tested efficacy of mAb FluA-20 treatment in a lethal

model by measuring survival, weight loss, and lung virus titers

in BALB/c mice (n = 5 per group) that were lethally challenged

with H3N2 or H5N1 viruses on PR8 backbone and treated the

next day with FluA-20 or control mAb (Figures 2E and S2B).

Treatment with mAb FluA-20 showed a significant protection

from mortality (Figure 2E). Collectively, these results indicate

the ability of FluA-20 to protect prophylactically and therapeuti-

cally in vivo against sublethal or lethal virus challenge against

influenza A virus strains of diverse subtypes.

FluA-20 IgG Does Not Compete for Binding to HA with
Other RBS- or Stem-Specific Abs
We used bio-layer interferometry to measure if FluA-20

competed for HA binding against other known bnAbs. FluA-20

did not compete for binding to HA with RBS-mAbs (mAb 5J8)

or stem-specific mAbs (mAbs CR9114, FI6v3, 39.29, and H3v-

86) (Figure S3A). Also, FluA-20 interacted well with truncated
0 (1 or 3 or 10mg/kg) or 10mg/kg of control IgG or PBS prior to lethal challenge

eated with 30 mg/kg/day of oseltamivir for 5 days post challenge as a positive

0.01, compared to Dengue virus (DENV) 2D22-treated group.

A-20 or a recombinant form of CR6261 or control IgG (MRSA-147) prior to lethal

nia/04/2009 virus prior to therapeutic treatment with 10 mg/kg of either mAbs

ost-inoculation.

iruses (same strains as A) prior to therapeutic treatment with 10 mg/kg of either

compared to the mock-treated group in (A) to (E). Body-weight-change data in

t. The weights in (A), (B), (D), and (E) are shown as the groupmean and the SEM.
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Figure 3. FluA-20 Targets the 220-Loop and the 90-Loop at the Trimer Interface of the H1 Head Domain

(A) Structural overview of rFluA-20 Fab in complex with the head domain of H1 HA (A/Solomon Islands/3/2006). FluA-20 Fab is shown as a backbone trace in blue

heavy chain (H) and green light chain (L). The backbone of the HA head domain is shown as a yellow trace and residues contacted by FluA-20 are red.

(B) The H1 head domain is superimposedwith one protomer colored in light gray surface from anHA trimer structure (PDB: 4M4Y). The adjacent HA protomers are

shown with a dark gray solid surface. The variable domain of FluA-20 would clash with a large area of the head domain from an adjacent protomer in the HA

trimer model.

(C) FluA-20 interaction with H1. The salt bridge interaction between Asp98 (H) to Arg229 is shown as a red dashed line. A hydrogen bond between Asn55 (H) to

Lys222 is indicated with a gray line. Two additional hydrogen bonds are between the side chain of Thr96 (H) to main-chain carbonyl of Lys219 and Arg220 side

chain to the main-chain carbonyl of Glu97 (H). Other hydrophobic residues that contribute to the interaction are shown with side chains.

(D) The binding traces of HA head domain or its mutants (at the concentration of 0.5 mM) to immobilized rFluA-20 Fab in bio-layer interferometry (BLI) assay are

presented.

See also Figures S3 and S4.
HA head domains lacking the stem region, derived from multiple

HA subtypes (Figure S3B). These data indicated that FluA-20

recognizes a distinct protective epitope on the HA head domain

that is conserved across most IAVs.

Structural Characterization of FluA-20 in Complex with
theHAHead fromH1A/Solomon Islands/3/2006Reveals
a Novel Epitope at the Trimer Interface
To identify this novel site of vulnerability on the HA head, crystal

structures of the apo form of rFluA-20 Fab and its complex with

the HA head domain from A/Solomon Islands/3/2006 (H1N1)

were determined at 1.73 Å and 2.85 Å resolution, respectively
(Tables S3 and S4). Two HA head domains, each bound by

one Fab, were present in the crystal asymmetric unit.

The complex structure revealed that FluA-20 recognizes an

epitope that is adjacently lateral to, but does not overlap with,

the RBS (Figure 3A). The Ab interacts primarily with the 220-

loop and has some contact with the 90-loop, creating buried

surface areas of 617 Å2 and 98 Å2 on each loop. After superim-

posing the HA head domain in the Fab complex with an H1 HA

trimer structure (PDB: 4M4Y), the FluA-20 epitope was found

to be hidden in the HA trimer interface and inaccessible for Ab

binding in the conventional HA trimer configuration (Figure 3B).

In fact, the non-RBS side of 220-loop is an important surface
Cell 177, 1136–1152, May 16, 2019 1141
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Figure 4. FluA-20 Interacts with H3 Head Domain

(A) The structure of rFluA-20 in complex with a H3 head domain (A/Hong Kong/

3/1968) is presented similarly to Figure 3, with the H3 head domain colored in

wheat. The H3 residues interacting with FluA-20 are red and the Ab footprint

size on HA is analyzed. The H3 head domain is superimposed with one pro-

tomer of an H3 trimer structure (PDB: 4FNK; shown as surface with different

shade of gray for each protomer).

(B) Interaction of FluA-20 with H3 HA. A salt bridge between R229 fromHA and

Asp98 (H) of FluA-20 is shown with a red line. Hydrogen bonds between Gln55

(L) to main chain of Trp222 and Asn53 (L) to Arg224 are presented with gray

dashed lines. Several hydrophobic residues that contribute to the interaction

are shown with their side chains.

See also Figure S4.
for interaction of the HA with its adjacent protomer in the native

trimer (Figures S4A and S4B). The variable domain of FluA-20 on

themonomeric head domain then overlapswith the head domain

from an adjacent protomer in the HA trimer structure (Figure 3B).

These results suggested that FluA-20 recognizes HA in a form

different from the canonical closed trimer structure.

The interaction of FluA-20 with HA is mediated mainly by a

groove between CDRs H3 and L2, with some contacts from

CDR H1 to the edge of its epitope (Figure 3A). Many contacts
1142 Cell 177, 1136–1152, May 16, 2019
of FluA-20 with HA are centered on Arg229 (Figure 3C). First,

Asp98 (H) of FluA-20makes a salt bridgewith Arg229 (Figure 3C).

Surrounding this salt bridge is an enclosed hydrophobic pocket

formed by both HA and FluA-20 residues, including Pro221,

Val223, and Pro96 of HA and Tyr49 (L) and Tyr100a (H) of

FluA-20 (Figure 3C). The aromatic ring of Tyr100a (H) of

FluA-20 is positioned approximately 4 Å away from the basic

amine of Arg229 in HA and likely forms cation-p interactions

that would strengthen the binding. Alanine mutation of Arg229

completely abolished binding of FluA-20 to the HA (Figure 3D).

Glycine mutation of Val223 or Pro96 in the HA epitope also sub-

stantially decreased HA binding by FluA-20, indicating that these

hydrophobic contacts between the non-polar residues in HA to

Tyr49 (L) and Tyr100a (H) of FluA-20 are important for its activity

(Figure 3D). Reciprocally, D98A (H) or Y49A (L) mutants of

FluA-20 disrupted binding to all targeted HAs, and an alanine

mutation of Tyr100a (H) in FluA-20 also eliminated binding to

most HA subtypes (Table S5).

Several hydrogen bonds also are involved in the binding of

FluA-20 to HA. The side-chain amine of HA Arg220 hydrogen

bonds to the main-chain carbonyl of Glu97 (H) from the Ab (Fig-

ure 3C). Additionally, the Gln55 (L) side-chain carbonyl interacts

with the main-chain amide of Lys222 on the HA (Figure 3C). As a

result, mutation of either HA Arg220 or Gln55 (L) of FluA-20 de-

creases the binding interaction (Figure 3D; Table S5).

Structural Characterization of FluA-20 in Complex with
the HA Head of H3 A/Hong Kong/1/1968
We also determined the crystal structure of rFluA-20 Fab in

complex with the HA head domain of A/Hong Kong/1/1968

(H3N2) at 2.10 Å resolution (Table S4). Each asymmetric unit in-

cludes one FluA-20 in complex with one H3 head domain. FluA-

20 interacts with a similar epitope on the H3 head domain as

with H1, with similar interactions (Figures 4A, S4C, and S4D).

The structural alignment of the H3 head domain bound by

FluA-20 with the H3 trimer model (PDB: 4FNK) again indicated

that the Ab interacts with HA in a form other than the canonical

trimer (Figure 4A).

Additional hydrogen bonds are made between the side-chain

amine of Gln55 (L) of FluA-20 to the main-chain carbonyl of

Trp222 in HA and the Asn53 (L) side-chain carbonyl to the

Arg224 main-chain amide (Figures 4B and S4B). Gln55 (L) ap-

pears to be important for FluA-20 binding to many other HA

strains, although not for H3 (A/Hong Kong/1/1968) and a few

other strains (Figure 4B; Table S5). The interaction by Asn53 (L)

is not required for Ab binding to most HAs (Table S5).

Hydrogen Deuterium Exchange Mass Spectrometry
(HDX-MS) Experiments Confirm Interaction of the
FluA-20 with the H5 HA Trimer Interface
To confirm that FluA-20 interacts with the equivalent epitope on

H5 HA, we conducted hydrogen deuterium exchange mass

spectrometry (HDX-MS) experiments with a monomeric head

domain of H5 (VN/1203) to identify peptides on the surface of

HA that are occluded following binding of FluA-20. FluA-20

blocked labeling of peptides comprising residues 210 to 223

(Figures S5A and S5B), consistent with the location of the

epitope in the co-crystal structures with the subtype H1 or H3
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Figure 5. Critical Residues Involved in FluA-20 Binding to Different HAs

(A and B) Principal residues that FluA-20 recognizes in HA head domains are highly conserved across various HA subtypes. The binding core of FluA-20 in

complex with H1 (A) or H3 (B) HA is highlighted by a salt bridge between Asp98 (H) and Arg229, which is enclosed by a circle of hydrophobic residues, including

Pro96, Pro221, and Val223 of HA and Tyr49 (L) and Tyr100a of FluA-20. The conservation of the core residues in each HA subtypes is indicated by identity

percentages.

(C–F) Simulation of FluA-20 binding to HAs from other subtypes. The head domains of H5 (C), H13 (D), or H7 HA (E and F) are superimposedwith H3HA (colored in

wheat) in complex with FluA-20. (C) H5 (VN/1203) has Ser221 (red circle), instead of Pro221 in H1 and H3 subtypes. The KD values of FluA-20 Fab binding to either

wild-type (WT) H5 or H5_S221P mutant were determined by BLI assay; the WT KD was 122 nM and the S221P KD was 15 nM. (D) Instead of the salt bridge

interaction between Asp98 (H) of FluA-20 and Arg229 in other HAs, H13 HA possesses two aromatic residues, Tyr223 and Trp229, that contribute to the binding

by aromatic stacking with Y100a. (E) H7 HA of A/Shanghai/2/2013, in orange, aligns well to H3_FluA-20 complex structure. (F) H7 HA of A/New York/107 /2003

(gray) was aligned to the H3_FluA-20 complex structure. This H7 strain has a truncated 220-loop and is missing residues 221 to 228.

(G and H) FluA-20 accommodates variability in the HA 220-loop of H1 (G) or H3 (H) HA. Residues 219, 222, and 224 in the FluA-20 epitope exhibit considerable

variation in various subtypes. However, FluA-20 forms hydrogen bond interactions with themain chains of these variable residues (in gray lines), and the approach

angle of FluA-20 successfully avoids contacts or collisions with bulky and variable side chains.

See also Figure S5.
HAs. Single mutants of R220A, V223A, or R229A in the 220-loop

of H5 HA completely abolished FluA-20 binding, confirming that

the Ab uses a similar binding mechanism for H5 as those

observed for H1 and H3 (Figure S5C).

The FluA-20 Epitope Is Highly Conserved across
Different Subtypes of IAV HA
The five HA residues with which FluA-20 primarily interacts,

namely Pro96, Arg220, Pro221, Val223, and Arg229, are highly
conserved among all human H1N1 viruses (95% conservation

for Pro96 and over 98% conservation for the other four residues)

(Figure 5A). In humanH3N2 viruses, conservation of key residues

in the epitope is generally above 97%, except for residue 223.

Approximately 22% of H3 strains encode Val223, including

A/Hong Kong/1/1968 (H3N2) (Figure 5B), but 70% of H3 HAs

possess Ile223. Two strains of H3 with the Ile223 variant,

A/Texas/50/2012 andA/Switzerland/9715293/2013, were tested

in the activity profiling, and both bind to FluA-20with high affinity.
Cell 177, 1136–1152, May 16, 2019 1143



Thus, FluA-20 can effectively accommodate either Val or Ile at

HA1 position 223.

The sequences of the major epitope residues recognized by

FluA-20 in other HA subtypes are summarized in Table S6. The

five major epitope residues (P96 [structurally conserved

although numbered differently in various HA subtypes], R220,

P221, V/I223, and R229) that directly interact with FluA-20

remain highly conserved across different strains and subtypes,

which explains the extraordinary breadth of FluA-20. Some mu-

tations or deletions in these five key residues in the epitope of a

few HAs may inhibit binding to FluA-20. For instance, Arg229 is

essential for electrostatic interactions with FluA-20 (Table S6;

Figures 5A and 5B). An Ile229 substitution in H3 A/Minnesota/

11/10 likely renders it the only H3 strain that FluA-20 fails to

recognize among those tested, whereas a Trp229 residue in

H13 (A/gull/Maryland/704/1977) can be tolerated. Comparison

of the H13 structure (PDB: 4KPQ) with the H1 or H3 complexes

with FluA-20 shows that H13 possesses a unique pair of muta-

tions, Tyr223 and Trp229 (Figure 5D). Possible aromatic stacking

of these two residues with Tyr100a (H) of FluA-20 may compen-

sate for the loss of the Arg229 contacts.

Compared to H1 and H3, two H5 strains with Ser221 (a com-

mon substitution in the H5 subtype) exhibited weaker binding of

FluA-20 (Figure 5C). Ser221 does not appear to change the

220-loop conformation (Figure 5C); however, the decrease of

side-chain hydrophobicity or difference in the rigidity of the

220-loop may have affected FluA-20 binding. In fact, a Pro221

mutation in H5 (VN/1203) substantially rescued the affinity to

FluA-20 to a level similar to that of H1 or H3 (Figure 5C). Of the

two H7 strains tested, the H7 HA of A/New York/107/2003 has

a truncated 220-loop (missing residues) but still retains the crit-

ical Arg229. As a result, this H7 HA shows decreased binding

by FluA-20 compared to H7 from A/Shanghai/2/2013 (Figures

1C, 5E, and 5F). Considerable variation nevertheless exists at

some residues in the FluA-20 epitope, particularly for 219, 222,

and 224, that are located very close to the epitope binding

core. However, the interactions of FluA-20 with these variable

residues are only to their main chain, and the approach angle

of FluA-20 enables the Ab to successfully accommodate these

variable side chains (Figures 5G and 5H).

Mutation Experiments Confirm the Critical Contact
Residues in the FluA-20 IgG Paratope
To determine the paratope residues that are critical for FluA-20

binding, we mutated Tyr34, Thr96, Glu97, Aps98, Tyr100a, or

Cys101 on the heavy chain (H) and Tyr49, Asn53, or Gln55 on

the light chain (L) to alanine and recombinantly expressed each

variant to determine relative binding to HAs from different sub-

types compared to rFluA-20. Two mutants, D98A (H) and Y49A

(L), showed complete loss of binding to all tested HAs, validating

the importance of the electrostatic interaction between Asp98

(H) of FluA-20 and Arg229 onHA and the hydrophobic interaction

between Tyr49 (L) to HA residues (Table S5; Figures 5A and 5B).

Furthermore, Q55A (L) mutant showed >10-fold or complete

loss of binding EC50 to all HAs except H1 A/Texas/36/1991,

H3 A/Hong Kong/1/1968, and H7 A/Netherlands/219/2003,

whereas the Y100aA (H) mutant also showed >10-fold loss of

binding EC50 to all HAs except H3 A/Hong Kong/1/1968 (Table
1144 Cell 177, 1136–1152, May 16, 2019
S5). Additionally, C101A (H) or N53A (L) also disrupted binding

to H5 A/Indonesia/5/2005 HA. Collectively, these findings indi-

cate that, although the binding core of the FluA-20 interaction

with different HAs is highly conserved, some variations can

occur with different HAs. These findings are also consistent

with our observation that the FluA-20-UCA, which carries the

key HA-contacting residues Asp98 (H), Y100a (H), Y49 (L), and

Gln55 (L), retains much of the binding breadth compared to

FluA-20 (Figures 1C and S1C).

Binding of FluA-20 to HA Is Inhibited by HA Cleavage,
Likely through Dynamic Changes in the HA Trimer
During viral replication, HA is synthesized initially as a precursor

protein, HA0. As the protein folds, HA assembles into a trimer in

the endoplasmic reticulum before its transportation to the cell

surface (Copeland et al., 1986; Gething et al., 1986). HA0 can

be cleaved post-translationally at an arginine (or, rarely, a lysine)

around residue 329 into two subunits, HA1 and HA2, the mature

form of HA. HA cleavage is a prerequisite for viral infectivity

(Chen et al., 1998; Steinhauer, 1999).

We observed that trypsin cleavage of HA substantially

decreased binding of FluA-20 to soluble H1 or H7 HA (Figure 6A),

whereas differences in binding of the RBS-binding Abs were not

observed after cleavage (Figure S7G). Because the FluA-20

epitope is buried in the HA trimer interface, the biased inhibition

of FluA-20 binding, but not the ‘‘outer’’ surface binding Abs, sug-

gests a potential decrease of dynamics in the HA trimer after

trypsin treatment. The FluA-20 epitope in the trimer interface

may be less frequently or less proportionally exposed after the

HA cleavage. We also assessed FluA-20 binding to cell-surface

HA and tested whether the surface HA recognition is affected by

trypsin treatment.We performed flow cytometric analysis tomea-

sure binding of two Abs, CR9114 or FluA-20, to H3 A/Hong Kong/

1/1968 HA expressed on HEK293F cells, either untreated or

treatedwith trypsin.Consistentwithourobservationswithsoluble,

recombinant HA protein, FluA-20 displayed substantially lower

binding toHAon trypsin-treated cells compared to untreated cells

(2.6-fold),whereasadecreaseof thestemAbCR9114bindingwas

not observed after trypsin treatment (Figure 6B).

To examine if this specificity of FluA-20 for uncleaved HA is due

to better epitope accessibility in the uncleaved form, we per-

formed an HDX-MS experiment with either HA0 or trypsin-treated

HAtrimers tocompare their trimerdynamics. Indeed,weobserved

an overall reduction of deuterium exchange in the cleaved HA

molecules compared to HA0 proteins at the three time points

tested, except for some loops near the vestigial esterase subdo-

main of HA head (Figures 6C and S6C). In summary, these data

suggest that HA cleavage into its functional form reduces HA

trimer dynamics, which may inhibit exposure of the FluA-20

epitope in the matured, functional form of HA on virions.

FluA-20 Inhibits Cell-to-Cell Spread, Potentially by
Disrupting Native HA Trimers
FluA-20 did not exhibit neutralizing activity when tested by hem-

agglutinin inhibition assay (HAI) or microneutralization assays

against H1N1 A/California/04/2009, H3N2 A/Texas/50/2012, or

H7N9 A/Shanghai/2/2013 (6:2 PR8 backbone) viruses. We also

performed microneutralization assays with uncleaved HA0 virus
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Figure 6. FluA-20 Binding Is Inhibited by

HA Cleavage Potentially Due to Dynamic

Changes in the Trimer

(A) Theassociationanddisassociation tracesofHA0

trimeror cleavedHA trimer fromH1 (A/California/04/

2009) or H7 (A/Shanghai/02/2003) to immobilized

rFluA-20. The HAwas tested at 1 mMconcentration.

(B) HEK293F cells were either untransfected (UT) or

transiently transfected with full-length H3 (A/Hong

Kong/1/1968) HA cDNA for HA surface expression.

The cells were either left untreated or treated

with N-tosyl-L-phenylalanine chloromethyl ketone

(TPCK) trypsin and then incubated with 10 mg/mL

of mAb CR9114 or mAb FluA-20 followed by in-

cubation with secondary Ab. Ab binding to cleaved

and uncleaved HA on the cell surface was deter-

mined by flow cytometric analysis. The error bars

represent mean ± SD of technical replicates.

Statistical significance was calculated using the

unpaired two-tailed t test. Data are representative

of two independent experiments.

(C) Deuterium exchange comparison of cleaved

HA trimer to HA0 trimer from A/Netherlands/219/

2003 (H7N7) by HDX-MS. One HA protomer in the

model (PDB: 4DJ6) is shown in colored backbone

trace. Peptides with slower deuterium exchange in

cleaved HA are blue, and peptides with faster ex-

change are red. Peptides in gray represent no dif-

ference in deuterium exchange rate, and peptides

in black indicate peptides that were not covered in

the MS data.

See also Figure S6.
(H3N2 A/Hong Kong/1/1968) to test the effect of HA cleavage on

susceptibility to neutralization by FluA-20. Although FluA-20

binds HA0 to a higher extent than its cleaved form, it did not

neutralize HA0 virus (virus produced in the absence of trypsin)

(Figure S6B). Consistent with the absence of neutralizing activity,

FluA-20 did not block trypsin-mediated cleavage of HA (Fig-

ure S7A) or inhibit the pH-dependent conformational change of

HA (Figure S7B). However, when tested for neutralization activity

in plaque assay with H3N2 A/Hong Kong/1/1968 virus, FluA-20

showed a 3.8-fold reduction in the plaque size compared to

the control Ab, as measured by the % foci area per well (Figures

7A and 7B). FluA-20 showed a dose-dependent inhibition of cell-

to-cell spread of the virus with inhibitory activity comparable to

that of broadly neutralizing Ab CR9114 (Figures 7A, 7B, and

7C). Zanamivir, a neuraminidase inhibitor that functions by

blocking viral egress, displayed efficient inhibition of cell-to-cell

virus spread and was used as a positive control. To examine if

FluA-20 reduced spread by inhibiting viral egress, we performed

an egress inhibition assay with H3N2 A/Texas/50/2012 H3N2.

FluA-20 did not inhibit egress, whereas mAb H3v-47 (which

has been previously shown to have egress inhibition activity

comparable to that of zanamivir; Bangaru et al., 2018) showed

potent egress inhibition (Figure S7C). Collectively, these results

indicate that FluA-20 inhibits IAV in a novel mechanism by bind-

ing of mAb FluA-20 to the HA trimer interface and blocking cell-

to-cell spread.

Fc-mediated ADCC activity has emerged as a mechanism by

which some broadly reactive influenza Abs confer in vivo protec-

tion (DiLillo et al., 2016, 2014). To examine if FluA-20 also could
mediate ADCC activity, we performed an ELISA-based screen

using recombinant soluble (rs), dimeric, low-affinity ectodomains

(rsFcgR) of FcgRIIIa (Wines et al., 2016). These rsFcgR low-affin-

ity dimers require simultaneous engagement of both receptors

by HA-bound IgGs to achieve stable binding in ELISA. Four simi-

larly prepared Abs, FluA-20, FluA-45, FluA-55, or VRC01 (an HIV-

reactive negative control mAb) were added to plates coated with

H1 A/California/04/2009 HA to test for their ability to engage both

binding sites on rsFcgR simultaneously (Kristensen et al., 2016).

The FluA-20 IgG strongly engaged the rsFcgR dimers, whereas

neither the HA-reactive mAbs FluA-45 and FluA-55 nor the

HIV-specific control mAb VRC-01 engaged these FcgR mole-

cules (Figure S7D). We next examined the ability of these Abs

to activate primary CD3�CD56+ natural killer (NK) cells following

incubation with HA from A/California/04/2009 in vitro (Jegas-

kanda et al., 2013). NK-cell activation was measured as the

percentage of NK cells expressing intracellular IFN-g and/or

CD107a (markers for degranulation) (Al-Hubeshy et al., 2011;

Alter et al., 2004). A robust concentration-dependent increase

of NK-cell activation was observed for FluA-20 (1.3%, 9.2%, or

14.6% NK-cell activation at 0.1, 1, or 10 mg/mL FluA-20, respec-

tively), whereas FluA-45, FluA-55, and HIV mAb VRC01 did not

exhibit any NK-cell activation (Figure S7E). To further investigate

if this activity contributes to protection in vivo, we engineered

two separate Fc mutant variants, N297A or L234A/L235A

(LALA), in the FluA-20 IgG1 sequence. Introduction of these mu-

tations in IgG Fc reduces or abrogates binding of Fc to both hu-

man and mouse FcgRs (Arduin et al., 2015; Chao et al., 2009;

Hezareh et al., 2001; Morgan et al., 1995). We compared the
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protective efficacy of FluA-20 Fc variants with recombinant and

hybridoma-derived FluA-20 by measuring weight loss and clin-

ical score in BALB/c mice that were injected prophylactically

with 10mg/kg ofmAb 24 h prior to challengewith 1.23 104 focus

forming units (FFU) of H1N1 A/California/04/2009 virus. The virus

titer optimal for challenge studies was determined initially by

challenging animals with different titers of virus (Figure S7F).

Surprisingly, both Fc variants exhibited significant protection

against the H1N1 challenge compared to the control Ab (Fig-

ure 7D). Although mice treated with the N297A Fc variant Ab

demonstrated significant differences in weight loss compared

to rFluA-20, we did not observe a significant impact on the over-

all protection (Figures 7D and 7E). Taken together, these results

indicate that, although FluA-20 has the ability to robustly activate

NK cells in vitro, the Fc-mediated ADCC activity is dispensable

for its protective role in vivo.

From the structural studies, it is apparent that FluA-20 binding

to the HA trimer should destabilize the trimeric interface of native

HA. To directly examine the effect of FluA-20 binding to trimer,

we performed negative-stain electron microscopy (nsEM) of

FluA-20 Fab-HA (uncleaved H1 A/California/04/2009) com-

plexes incubated at various time points. Native H1 HA0 trimer

remained in its trimeric conformation during nsEM sample prep-

aration (Figure S7G). In contrast, we observed that, upon expo-

sure to FluA-20 even for 20 seconds (the shortest time point that

could be tested), the HA0 trimers quickly transformed to Fab-

bound monomeric HA, with only a small fraction of Fab-free

HA remaining in a trimeric conformation (Figures 7G and S7H).

Despite extensive trials, the intermediate stage of this structural

change could not be obtained, apparently due to the rapid trans-

formation of the HA0 from trimeric to monomeric states induced

by Ab binding. These results strongly suggest that FluA-20 is

indeed capable of binding the uncleaved HA0 trimer, exagger-

ating the trimer dynamics to almost fully dissociate the trimer

in vitro (Figures 7F and 7G). The ability to selectively disrupt

HA0 trimers on the surface of infected cells and the ability to

inhibit cell-cell spread suggested that FluA-20 represents a

distinct class of potent bnAbs.

DISCUSSION

Isolationofnaturallyoccurringbroad-spectrumhumanmAbs to IAV

holdsgreatpromise fordiscoveryofnewcandidate therapeutics,as
software and represented as percentage of total well area. Each value represen

reduction. Each value represents the mean focus area ± SD.

(D and E) (D) and (E) correspond to the in vivo protective efficacy of engineered

10mg/kg of mAb on the day before challenge by the i.n. route with 1.243 104 FFU

treated with mAb specific to an unrelated target. The protective efficacy of mA

indicates the Institutional Animal Care and Use Committee (IACUC)-stipulated e

ments and show themean value ±SEM, using 5 to 10mice per group. Multiple gro

for (A). The results of comparison between rFluA-20 IgG1-N297A-treated (gray) a

weight change between these two groups (denoted with * symbol), although the N

on overall protection.

(F) Selected 2D class averages of H1 HA trimer (A/California/04/2009) after a 20

monomeric form, while a few apo HA trimers were observed. All 2D class averag

(G) Illustration showing that FluA-20 Fab (heavy chain in blue and light chain in gre

shown in (F) and Figure S7B.

See also Figure S7.
well as identifying critical epitopes for rational design of structure-

based broadly protective influenza vaccines. Most bnAbs with

extensive heterosubtypic activities discovered to date recognize

the conserved HA stem region, whereas most neutralizing Abs to

the head domain react principally with a given subtype (Hong

et al., 2013; Joyce et al., 2016; Julien et al., 2012; Lee et al., 2014;

Thornburg et al., 2016; Whittle et al., 2011; Wu and Wilson, 2017;

Xu et al., 2013; Zhu et al., 2013). Although some bnAbs that target

the head domain have been isolated in recent years (Ekiert et al.,

2012;Leeetal., 2012), noneof themdisplayheterosubtypicbreadth

comparable to that of the broadest HA stem Abs.

In this work, we report the isolation and characterization of the

broadly protective Ab FluA-20 that recognizes the HA head

domain from nearly all IAVHA subtypeswith excellent binding af-

finity. The discovery of the FluA-20 epitope unexpectedly re-

vealed a highly conserved site of vulnerability that is hidden in

the HA trimer interface. Although FluA-20 does not neutralize

influenza, this Ab exhibits some unique properties in that it

rapidly disrupts HA trimers and inhibits the cell-to-cell spread

of virus. The Ab also mediates ADCC activity in vitro, although

this activity was not essential to the in vivo protective effects.

FluA-20 conferred in vivo protection in mice against strains rep-

resenting several major influenza A subtypes that are pathogenic

for humans. When administered prophylactically or therapeuti-

cally, FluA-20 protected mice against challenge with diverse

IAV strains. Therefore, FluA-20 is a candidate for a broad-spec-

trum antiviral therapeutic against various IAV infections.

It is a striking observation that FluA-20, which recognizes an

epitope obscured in the HA trimer interface, is able to mediate

in vivo protection against the viruses. Previous studies have

demonstrated that the assembly of HA trimer occurs in the endo-

plasmic reticulum, prior to its transport to the cellular surface.

Non-oligomerized HAmonomers are not transported to theGolgi

complex (Copeland et al., 1986; Copeland et al., 1988; Gething

et al., 1986). Therefore, the HA molecules on the cellular or viral

surface generally have been considered to be stable trimers,

with the trimer interface regarded as inaccessible and thus not

targetable by the immune response or therapeutics. The ability

of FluA-20 to confer in vivo protection strongly suggests

that HAmolecules are dynamic and more heterogeneous in their

conformations than we have observed previously, and that

the trimer interface is partially or transiently accessible. Similar

phenomenon, previously described as ‘‘breathing,’’ has been
ts mean focus area ± SD. (C) Concentration-dependent effect of focus area

Fc mutant variants of mAb FluA-20. BALB/c mice were inoculated i.p. with

of A/California/04/2009 virus andmonitored for 14 days. The control group was

bs was assessed by weight change (D) and clinical score (E). The dotted line

ndpoint for humane euthanasia. Data are cumulative of 2 independent experi-

up comparisons were performed using two-way ANOVAwith Tukey’s post-test

nd rFluA-20 IgG1-treated (blue) groups demonstrate a significant difference in

297A Fc region mutation that abrogates FcR binding had a negligible impact of

-second incubation with FluA-20 Fab. All of the Fabs complexed HA were in

es are shown in Figure S7B. FluA-20 Fab is blue and HA is white.

en) dissociates native HA trimer (gray), as assessed by negative-stain EM data
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observed for the envelope glycoproteins from other viruses,

such as West Nile virus (Dowd et al., 2011), dengue virus

(Dowd and Pierson, 2018; Rey and Lok, 2018; Rey et al.,

2018), and HIV (Munro et al., 2014; Munro and Mothes, 2015).

Previous computational predictions also have led to specula-

tions that mutations distant to the RBS could affect HA trimer dy-

namics and allosterically modify functional properties, such as

receptor binding, of the HA trimer (Yoon et al., 2015). Possibly,

FluA-20 influences the formation of HA trimers on the surface

of infected cells and disrupts the efficient assembly of progeny

viruses. The studies here provide the first high-resolution char-

acterization of an interface epitope, demonstrating that the HA

trimer could indeed feature similar ‘‘breathing’’ motions. We

found that the dynamics of the HA trimer are more pronounced

in the uncleaved HA0 form than in the cleaved HA, as assessed

by HDX-MS studies. A study from Yewdell et al. (1993) reported

the characterization of murine mAb Y8-10C2, the epitope of

which was indicated to be present between adjacent protomers

in the globular head domain by mutagenesis study. The study

also implied that changes made near the fusion loop could indi-

rectly affect the flexibility of the globular head domain and lead to

resistance against Y8-10C2. The effect of trypsin-mediated

cleavage on the conformational dynamics of the globular head

domain in HA trimer conformation is poorly understood. HA dy-

namic changes also were found in the pH-activated fusion step,

with the HA head interface region becoming more stabilized and

the fusion peptide and surrounding HA stem residues becoming

more dynamic at an intermediate pH prior to the pH of fusion

(Garcia et al., 2015).

A recent study by Lee et al. (2016) reported the identification of

three non-neutralizing but protective human Abs to H1 and H3

that bound to monomeric, but not trimeric, forms of HA. The

22 Å negative-stain EM models of the Fab complexes with the

HA protomer indicated that these Abs bind to a region on the

HA head (entirely different from the FluA-20 epitope) that is not

fully accessible in the intact HA trimer. The discovery of these

HA trimer interface (TI)-targeted Abs is particularly interesting

in that, similar to the receptor-binding site and the stem region

of HA, the trimer interface also possesses patches of highly

conserved surfaces (Yusuf et al., 2013); however, these poten-

tially vulnerable sites have not been investigated for therapeutic

or vaccine development. The findings presented here could lead

to more comprehensive and detailed assessments of the acces-

sibility of the HA trimer interface and potential therapeutics or

vaccines that target this hidden and conserved surface.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FluA-20 (hybridoma-produced IgG) This study N/A

Anti-human IgG alkaline phosphatase conjugate Meridian Life Science Cat# W99008A; RRID: AB_205090

Horseradish peroxidase-conjugated sheep-derived

anti-mouse serum

GE Healthcare UK Cat# NA-931; RRID: AB_772210

Mouse anti-human CD107a allophycocyanin-H7

antibody (clone H4A3)

BD Biosciences Cat# 561343; RRID: AB_10644020

Anti-human CD3 PerCP (clone SP34-2) BD Biosciences Cat# 552851; RRID: AB_394492

Anti-human CD56 allophycocyanin (clone B159) BD Biosciences Cat# 555518; RRID: AB_398601

Anti-human IFNg AF700 (clone B27) BD Biosciences Cat# 561024; RRID: AB_2033976

Mouse anti-NP antibody BEI Resources Cat# NR 4282; RRID: AB_2713892

Goat anti-human IgG PE antibody Southern Biotech Cat# 2040-09; RRID: AB_2795648

Biological Samples

PBMCs from influenza vaccine This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Polyethylenimine (PEI) transfection reagent Polysciences Cat# 23966

HisTrap TALON FF crude columns GE Healthcare Life Sciences Cat# 28953766

CpG10103 (ODN 2006) Invivogen Cat# tlrl-2006

Cyclosporin A Sigma-Aldrich Cat# C1832

Chk2 inhibitor Sigma-Aldrich Cat# C3742

TPCK-treated trypsin Sigma-Aldrich Cat# 4370285

TrueBlue substrate KPL-Seracare Cat# 5510-0031

1X kinetic buffer FortéBio Cat# 18-5032

Ni-NTA Superflow Qiagen Cat# 30410

Superdex75 column GE Healthcare Cat# 29148721

FluoSpheres NeutrAvidin-Labeled Microspheres ThermoFisher Cat# F-8776

EZ-Link Sulfo-NHS-LC-LC-Biotin ThermoFisher Cat# 21338

1-Step Ultra TMB-ELISA ThermoFisher Cat# 34029

Freestyle 293 expression medium ThermoFisher Cat# 12338002

ExpiCHO Expression Medium ThermoFisher Cat# A2910001

Fetal Bovine Serum, ultra-low IgG ThermoFisher Cat# 16250078

ClonaCell-HY Medium E Stem Cell Technologies Cat# 03805

ClonaCell-HY Medium A Stem Cell Technologies Cat# 03801

GIBCO Hybridoma-SFM serum free medium Invitrogen Cat# 12045084

Dulbecco’s Modified Eagle Medium (Gibco DMEM) Invitrogen Cat# 11965

NEBuilder HiFi DNA Assembly master mix New England BioLabs Cat# E2621S

Pierce High Sensitivity Streptavidin-HRP ThermoFisher Scientific Cat# 21130

brefeldin A Sigma-Aldrich Cat# B6542

monensin (BD GolgiStop) BD Biosciences Cat# 554724

Critical Commercial Assays

OneStep SuperScript III with Platinum Taq High

Fidelity kit

Invitrogen Cat# 11304011

Illumina TruSeq Library Preparation Kit Illumina Cat# FC-121-3001

RNeasy Mini kit Qiagen Cat# 74106

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PrimeScript One Step RT-PCR kit Clontech Cat# RR055A

Agencourt AMPure XP magnetic beads Beckman Coulter Cat# A63881

Bac-to-Bac Baculovirus Expression System Invitrogen Cat# 10359016

Streptavidin-coated biosensor tips FortéBio Cat# 18-5021

Anti-human CH1 biosensor tips FortéBio Cat# 18-5127

Quickchange Lightning Multi-Site Mutagenesis kit Agilent Cat# 210515-5

EasySep human NK cell enrichment kit STEMCELL Technologies Cat# 19055

Deposited Data

Apo FluA-20 Fab This paper PDB: 6OBZ

FluA-20 in complex with H1 head domain This paper PDB: 6OC3

FluA-20 in complex with H3 head domain This paper PDB: 6OCB

Experimental Models: Cell Lines

Mouse-human HMAA 2.5 myeloma cell line L. Cavacini N/A

Hamster: ExpiCHO-S ThermoFisher Scientific Cat# A29127

Human: FreeStyle 293F ThermoFisher Scientific Cat# R79007

FluA-20 hybridoma clone This study N/A

Experimental Models: Organisms/Strains

Mouse: BALB/cJ The Jackson Laboratory N/A

Mouse: DBA/2J The Jackson Laboratory N/A

Recombinant DNA

Plasmid: pML-huCG1 McLean et al., 2000 N/A

Plasmid: pcDNA3.1(+) mammalian expression vector Invitrogen Cat# V79020

Software and Algorithms

GraphPad Prism 8.0 GraphPad Software, Inc. https://www.graphpad.com

FlowJo version 10 Tree Star https://www.flowjo.com/solutions/

flowjo/ downloads

ImMunoGeneTics database Giudicelli and Lefranc, 2011 http://www.imgt.org/

Phaser McCoy et al., 2007 http://www.ccp4.ac.uk/html/phaser.html

Refmac Skubák et al., 2004 http://www.ccp4.ac.uk/dist/html/

refmac5.html

Phenix Adams et al., 2010 https://www.phenix-online.org/

Coot Emsley and Cowtan, 2004 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

MolProbity Chen et al., 2010 https://www.phenix-online.org/

documentation/tutorials/molprobity.html

PDBePISA Open source www.ebi.ac.uk/pdbe/pisa/

Proteome Discoverer software Thermo Finnigan N/A

DXMS Explorer Sierra Analytics, Modesto, CA N/A

Influenza Virus Resource Bao et al., 2008 NCBI database

MUSCLE Edgar, 2004 N/A

ConSurf server Ashkenazy et al., 2016;

Celniker et al., 2013

N/A

Agilent QuikChange Primer Design program Agilent Technologies N/A

DoGpicker Voss et al., 2009 http://emg.nysbc.org/redmine/projects/

software/wiki/DoGpicker

Appion Lander et al., 2009 http://emg.nysbc.org/redmine/projects/

appion/wiki/Appion_Home

Pymol Schrödinger https://www.pymol.org/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

ECM 2001 electro cell manipulator BTX N/A

Octet Red instrument FortéBio N/A

Orbitrap Elite mass spectrometer Thermo-Fisher Scientific N/A

LSRFortessa flow cytometer BD Biosciences N/A

LSR-2 cytometer BD Biosciences N/A

ECM 2001 Electro Cell Manipulator BTX N/A

ÄKTA pure chromatography system GE Healthcare N/A

Synergy H1 microplate reader BioTek N/A

Synergy 2 microplate reader BioTek N/A

EL406 washer dispenser BioTek N/A

Biostack microplate stacker BioTek N/A

HiTrap Protein G High Performance GE Healthcare Cat# 17-0404-01

CrystalMation system Rigaku N/A

BioXP 3200 System Synthetic Genomics N/A

Immunospot S5 Analyzer CTL N/A

OrbiTrap Elite Mass Spectrometer Thermo Fisher Scientific N/A

Spirit electron microscope with TemCam F416

4k 3 4k CCD

Tecnai N/A

HiTrap MabSelect SuRe 5 mL column GE Healthcare Cat# 11-0034-93

Zeba Spin Desalting Columns, 7K MWCO, 0.5 mL ThermoFisher Cat# PI-89883

Superdex 200 Increase 10/300 GL column GE Healthcare N/A
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, James E.

Crowe, Jr. (james.crowe@vanderbilt.edu).

METHOD DETAILS

Expression of Soluble HA Proteins
Sequences encoding the HA genes of interest were optimized for mammalian cell expression, and cDNAs were synthesized

(Genscript) as soluble trimeric constructs as described previously (Bangaru et al., 2016). HA protein was expressed by transient

transfection of 293F cells with polyethylenimine (PEI) transfection reagent and grown in expression medium (Freestyle 293 Expres-

sionMedium; Invitrogen, 12338). Cell supernatants were harvested after 7 days, filtered sterilized with a 0.4 mmfilter and recombinant

protein purified with HisTrap TALON FF crude columns (GE Healthcare Life Sciences).

PBMC Isolation and Hybridoma Generation
The study was approved by the Vanderbilt University Medical Center Institutional Review Board. Peripheral bloodwas collected from

a healthy donor with prior history of many seasonal influenza vaccinations experimental H5N1 subunit vaccinations after written

informed consent. PBMCs from the donor were isolated by density gradient separation on Ficoll, cryopreserved and stored in the

vapor phase of liquid nitrogen until use. Generation of human hybridoma cell lines secreting human mAbs was performed as

described previously (Smith et al., 2012). Briefly, human B cells in the PBMC suspension were immortalized by transformation

with EBV in the presence of CpG10103, cyclosporin A, and a Chk2 inhibitor and plated in 384-well culture plates. On day 8, the su-

pernatants from transformed B cells were used to screen for the presence of heterosubtypic Abs that bound broadly to HA antigens

from H1, H3, H7 or H9 subtypes using a capture ELISA. The recombinant HA antigens used for screening were based on the

sequence of HAs from the following influenza strains: H1 A/California/04/2009, H1 A/Texas/36/1991, H3 A/Hong Kong/1/1968, H3

A/Victoria/3/1975, H7 A/Shanghai/2/2013, H7 A/Netherlands/219/2003 or H9 A/Hong Kong/1073/99. Cells from the wells containing

B cells secreting heterosubtypic HA-reactive Abs were fused with HMMA2.5 myeloma cells using a BTX ECM 2001 electro cell

manipulator. After fusion, human hybridomas were selected in medium with HAT solution containing ouabain. The hybridomas

were cloned by flow cytometric sorting of single cells into 384-well plates and then expanded in culture. Particular clones for
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downstream studies were selected by choosing the clone for each independently derived hybridoma line that exhibited the highest

level of IgG secretion.

Production of IgG for mAb FluA-20 from Hybridoma Cells
The selected cloned cell line secreting mAb FluA-20 was grown initially in hybridoma growth medium (ClonaCell-HY medium E from

STEMCELL Technologies, 03805) and then switched to serum-free medium (GIBCO Hybridoma-SFM, Invitrogen, 12045084) for Ab

expression and purification. IgG from the hybridoma cell line supernatants was purified by affinity chromatography using protein G

columns (GE Life Sciences, Protein G HP Columns). Purified FluA-20 IgG generated from hybridomas was used for all EC50 and IC50

studies, competition-binding studies, HDX-MS studies, and ADCC assays and mouse studies.

Next-Generation DNA Sequence Analysis of Expressed Ab Variable Genes
Total RNA was extracted from 10 million PBMCs. A one-step RT-PCR was performed for 25 cycles using heavy-chain BIOMED-2

variable Ab gene-specific primers as previously described (Bangaru et al., 2016; Thornburg et al., 2016) (van Dongen et al., 2003)

and theOneStep SuperScript III with PlatinumTaqHigh Fidelity kit (Invitrogen, 11304011). The Illumina-specific adapters were added

using the Illumina TruSeq Library Preparation Kit (Illumina, FC-121-3001) according to the manufacturer’s recommendations. The

final amplicon libraries were sequenced on an Illumina MiSeq instrument using the MiSeq PE-300 v3 reagent kit (Illumina, MS-

102-3001). Sequence analysis was performed using IG-BLAST v1.4, and results were parsed to MongoDB for further study.

Identifying Clonally Related Sequences
From a database of annotated Ab sequences obtained from this donor, we queried HCDR3s in sequences encoded by both of the

inferred germline genes for FluA-20 (VH4-61 and JH4). TheseHCDR3 sequenceswere pairwise aligned to theHCDR3 of FluA-20 using

a PAM30matrix, with penalties for gap opening and gap extension of�14 and�3, respectively. HCDR3 sequences with a Hamming

distance of%3 to FluA-20 were selected as siblings and the ‘‘full length’’ nucleotide and amino acid sequence was queried from our

database for further analysis.

Visualizing Clonally Related Sequences
A network graph was built from the aligned, full-length sequences queried as described above. Identical sequences were clustered

into single nodes, and edges were drawn between two nodes if their Hamming distance was the lowest compared to all other nodes.

Nodes denoting the inferred common ancestor and the germline VH4-61/JH4 sequence were addedmanually. This network was visu-

alized using Cytoscape and manually adjusted for visual clarity (to prevent nodes from overlapping edges to which they are not con-

nected, and to shorten distances between nodes that are closely related).

Characterization of Ab Isotype, Subclass, and Variable Genes
The isotype and subclass of secreted Abs were determined by ELISA. Ab heavy and light chain variable region genes were

sequenced from antigen-specific hybridoma lines that had been cloned biologically using flow cytometric single cell sorting. Briefly,

total RNA was extracted using the RNeasy Mini kit (Qiagen, 74106) and reverse-transcriptase PCR (RT-PCR) amplification of the Ab

gene cDNAs was performed using the PrimeScript One Step RT-PCR kit (Clontech, RR055A) according to the manufacturer’s pro-

tocols with gene-specific primers as previously described (Thornburg et al., 2016). PCR products were purified using Agencourt

AMPure XP magnetic beads (Beckman Coulter) and sequenced directly using an ABI3700 automated DNA sequencer without clon-

ing. The identities of gene segments and mutations from germlines were determined by alignment using ImMunoGeneTics database

(Brochet et al., 2008; Giudicelli and Lefranc, 2011).

Determination of Half Maximal Effective Concentration (EC50) for Binding
To determine EC50 concentrations for binding, we performed ELISA using 384-well plates that were coated overnight at 2 mg/mL with

the recombinant HA protein of interest. The plates then were blocked with 50 mL of 5% non-fat dry milk, 2% goat serum and 0.1%

Tween-20 in PBS for 1 h at RT. The plates were washed and three-fold dilutions of themAb starting from 10 mg/mL were added to the

wells and incubated for 1 h. The plates were washed and 25 mL of 1:4,000 dilution of anti-human IgG alkaline phosphatase conjugate

(Meridian Life Science, W99008A) was added. After a final wash, 25 mL of phosphatase substrate solution (1 mg/mL p-nitrophenol

phosphate in 1 M Tris aminomethane) was added to the plates, incubated for 20 min and the optical density values were measured

at 405 nm wavelength on a BioTek plate reader. The plates were washed 3 times between each step with PBS containing 0.1%

Tween-20. Each dilution was performed in quadruplicate, and the EC50 values were calculated in Prism software (GraphPad) using

non-linear regression analysis. The experiment was conducted twice independently.

Prophylaxis Studies with Sublethal Challenge and Therapeutic Studies with Lethal Challenge in Mice
Female BALB/cmice aged 6 to 8weekswere obtained fromCharles River Laboratories,Wilmington,MA, and housed under specified

pathogen-free conditions with food and water ad libitum. For the prophylaxis studies, experimental groups of 8 mice were given i.p.
e4 Cell 177, 1136–1152.e1–e10, May 16, 2019



with 10 mg/kg of either FluA-20 or a similarly prepared control human Ab to an unrelated target (a mAb to methicillin-resistant Staph-

ylococcus aureus; MRSA). They were challenged 24 h later with a sublethal dose (0.1 LD50) of either H1N1A/Netherlands/602/2009 or

H3N2 A/X-31 (6:2 PR8 backbone) or H5N1 A/barn swallow/Hong Kong/D10-1161/2010 (7:1 PR8 backbone) or H7N9 A/Shanghai/1/

2013 (6:2 PR8 backbone). Challenge under mild ketamine/xylazine anesthesia was by intranasal administration of 50 ml virus prep-

aration diluted in PBS. Body weight change after virus challenge was used to assess protection. Mice (n = 5) were weighed every day

for 14 days post-challenge. The significance in weight loss between FluA-20 and the control group was calculated for each day using

2-way ANOVA with Tukey’s multiple comparisons test and displayed on the graph as *p < 0.05, **p < 0.01, and ***p < 0.001.

For the treatment studies, experimental groups of five mice were challenged with 1.2 LD50 of H3N2, H5N1 or H7N9 viruses on PR8

backbone—a dose that resulted in 40 to 100% lethality in mock-treated animals. Mice were given 10 mg/kg of FluA-20 or irrelevant

Ab (MRSA) via the intraperitoneal route on days 1, 2 and 4 post-inoculation. Mice were monitored daily for body weight change and

survival for 14 days after challenge. Mice that had lost >25% of their initial body weight were humanely euthanized. Survival curves

were estimated using the Kaplan Meier method and curves compared using the two-sided log rank test with subjects right censored,

if they survived until the end of the study. *-p < 0.05; p < 0.01; ***-p < 0.001; ns – non-significant. Statistical analyses were performed

using Prism v7.2 (GraphPad).

All infections were conducted under BSL-2+ containment and were authorized by the Institutional Ethics Committee on Experi-

mental Animals at Icahn School of Medicine at Mount Sinai. For pulmonary titers, mice from each group (n = 3) were killed at

6 days (prophylaxis) or 5 days (therapy) post-inoculation and lungs were removed aseptically, snap frozen on dry ice and stored

at �80�C until titration. Lungs were homogenized in 1 mL PBS using a Fastprep 24 homogenizer (MP Biomedicals). The homoge-

nates were centrifuged (5 min, 16,100 x g, 4�C) to remove cellular debris and used for virus titration by plaque assay. Then,

200 mL of ten-fold dilutions of homogenized lungs in PBS were used for infecting confluent monolayers of MDCK cells. Virus was

allowed to attach to MDCK cells for 1 h at 37�C. Cells were washed once with warm PBS and overlaid with oxoid agar (Oxoid, Ba-

singstoke, Hampshire) prepared using NaHCO3-buffered serum-free 2x MEM/BA containing DEAE Dextran and supplemented with

TPCK-treated trypsin (1 mg/mL). Endpoint virus titers were determined by visualizing virus plaques 2 days after infection by staining

with H1N1 post challenge serum (1/1,000 dilution), horseradish peroxidase-conjugated sheep-derived anti-mouse serum (GE

Healthcare UK, NA-931) and TrueBlue substrate (KPL-Seracare, 5510-0031).

Prophylaxis Studies with Lethal Challenge and Therapeutic with Sublethal Challenge Mouse Model for Influenza A
H1N1 Infection
For prophylaxis studies against lethal H1N1 challenge, groups of ten 6- to 8-month-old DBA/2J mice (The Jackson Laboratory) were

treated with 10 mg/kg of either rFluA-20 IgG or positive control (CR6261) IgG or unrelated target control (MRSA-147) IgG 24-hours

prior to being intra-nasally challenged with a lethal dose of 1,076 FFU of H1N1 A/California/07/2009. Mice weremonitored for survival

for 20 days after challenge. Moribund mice (little mobility), or mice that had lost >30% of their initial body weight (IACUC stipulated

humane endpoint) were euthanized. Survival curves were estimated using the Kaplan Meier method and curves compared using the

two-sided log rank test with subjects right censored, if they survived until the end of the study.

For therapeutic studies against sub-lethal H1N1 challenge, groups of ten BALB/c mice were challenged with a sublethal dose of

6.4 x 104 FFU and were given 10 mg/kg of FluA-20 IgG or CR6261 IgG or MRSA-147 IgG via the intraperitoneal route on day 1 post-

inoculation. Mice were monitored for 14 days for weight change kinetics. Weight change curves were compared using 2-way Anova

with Tukey’s multiple comparisons test.

FluA-20 Prophylaxis Dose-Optimization against Mouse-Adapted Influenza A H1N1 Lethal Challenge
Experimental groups of 10 female BALB/c mice obtained fromCharles River Laboratories (Wilmington, MA) were administered either

1, 3 or 10 mg/kg of FluA-20 IgG or 10 mg/kg of unrelated target control (mAb 2D22 specific for dengue virus envelope protein) IgG or

0.1 mL PBS by IP injection. At 24 h after mAb treatment, themice were anesthetized by IP injection of ketamine/xylazine (50/5 mg/kg)

followed by intranasal exposure to a 90 mL suspension of approximately 2,200 50% cell culture infectious dose (CCID50)/mL) of

mouse-adapted influenza H1N1 A/California/04/2009 virus that was kindly provided by Dr. Elena Govorkova (St. Jude Children’s

Research Hospital, Memphis, TN). Mice in a control group of 10 animals were treated with osteltamivir that was given by IP twice

daily (bid) for 5 days, starting at 1 h post-infection. The animals were observed for 21 days and survival was based on body

weight-loss cutoffs of <30% of initial weight. Survival curves were compared by the Mantel-Cox log-rank test. Mean day of death

(MDD) comparisons weremade by one-way ANOVAwith Dunnett’s multiple comparisons test. Differences in the number of survivors

betweenmAb-treated and placebo groupswere analyzed by the Fisher’s exact (two-tailed) test. Calculations weremade using Prism

8.0 (GraphPad Software, San Diego, CA). This study was conducted in the AAALAC-accredited laboratory animal research center of

Utah State University in accordance with the approval of the institutional animal care and use committee of Utah State University.

Competition-Binding Groups
Biolayer interferometry on an Octet Red instrument (FortéBio) was used to perform competition-binding assays as described. Briefly,

we loaded the HA from H1 A/California/04/2009 onto Ni-NTA tips at a concentration of 20 mg/mL, and then tested binding of two

successively applied mAbs at 50 mg/mL. All antigen and Ab dilutions were made in 1X kinetic buffer (FortéBio, 18-5032). The Abs
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were defined as competing Abs if the first Ab reduced binding of the second Ab by more than 70 percent. The Abs were defined as

non-competing Abs if the first Ab reduced binding of the second Ab by less than 30 percent.

Fab and IgG Cloning, Expression, and Purification for Binding Kinetic Assay and X-Ray Crystal Structure
Determination
FluA-20 Fab and IgG were expressed in 293F mammalian cells for determination of the binding kinetics and structures as previously

described (Garces et al., 2015; Irimia et al., 2016). The heavy and light chains of the Fab were cloned independently into the phCMV3

vector and fused with the N-terminal IgK secretion signal peptide. A His6 tag was added to the C terminus of the Fab heavy chain.

Recombinant DNAs for both heavy and light chains were purified separately and co-transfected into 293F cells. The cells were

cultured for 6 to 7 days at 37�C, while shaking at 125 rpm. Secreted Fabs were purified Ni-NTA Superflow (Qiagen), monoS chroma-

tography (GE Healthcare).

To generate IgG for a given Ab, the DNA fragment of the VH domain was fused with the DNA fragment of heavy chain Fc domain of

human IgG1 via PCR. The full-length gene was cloned into the phCMV3 vector with the N-terminal IgK secretion signal peptide. IgG

was expressed in 293F cells, as above, and purified by Protein G and monoS chromatography (GE Healthcare) and gel filtration.

Preparation of HA Head Domains
In brief, DNA fragments for the head domains (residues 52–263 of H1 HA [A/Solomon Islands/3/2006] and residues 43–306 of H3 HA

[A/Hong Kong/1/1968]) were amplified separately with PCR reaction. The head domain DNA fragments were individually cloned into

the pFastBac vector with an N-terminal gp67 secretion signal peptide and a C-terminal His6 tag. Recombinant bacmid DNA was

generated via the Bac-to-Bac system (Invitrogen) and baculoviruses were generated by transfecting purified bacmid DNA in to

Sf9 cells. HA head domains were expressed by infecting the High Five cells with the recombinant virus, shaking at 110 rpm for

72 h at 28 oC. The secreted head domain protein was purified from the supernatant via Ni-NTA Superflow (Qiagen) and gel filtration

on a Superdex75 column (GE Healthcare) in 20 mM Tris-HCl pH 8.0, 150 mM NaCl.

KD Determination by Bio-Layer Interferometry
An Octet RED instrument (FortéBio) was used to determine KD of the Ab-antigen interactions by bio-layer interferometry. The asso-

ciation and dissociation curves were processed using the Prism GraphPad. To examine the binding of FluA-20 or the UCA Fab to

different HAs, biotinylated HA molecules were diluted to 10 to 50 mg/mL in PBS pH 7.4, 0.01% BSA and 0.002% Tween 20. HAs

were immobilized onto streptavidin-coated biosensors (FortéBio) and incubated with FluA-20 or the UCA Fabs at highest concen-

tration of 1 mM and with 2-fold dilution. The signals for each binding event were measured in real-time and Kd values determined

by fitting to a 1:1 binding model.

Structure Determination of FluA-20 Fab and Complexes of FluA-20 with HA Head Domains
All complex samples were concentrated to 8 to 10 mg/mL for crystallization screening on our high-throughput robotic Rigaku Crys-

talMation system at TSRI using sitting-drop vapor diffusion. The conditions of crystals for x-ray data collection are as follows: Apo

FluA-20 Fab (20�C; 0.2 M tri-sodium citrate, 20% (w/v) PEG3350, cryo-protected by addition of 15% glycerol); FluA-20_H1 head

domain (20�C; 0.1 M phosphate-citrate, pH 4.2, 40% (v/v) PEG300; No additional cryo-protection); FluA-20_H3 head domain

(4�C; 0.1 M Tris-HCl pH 8.5, 0.2 M lithium sulfate, 40% (v/v) PEG400; no additional cryo-protection). X-ray diffraction data were

collected at multiple beamlines (Tables S3-4). The diffraction data were processed with HKL2000 and the structure was determined

by molecular replacement in Phaser (McCoy et al., 2007). The initial models for FluA-20 were adapted from PDB 4KMT for the light

chain and PDB 5BV7 for the heavy chain. The structures for H1 and H3 head domains were adapted from PDB models 4YJZ and

4FP8. Refinement was carried out in Refmac (Skubák et al., 2004), Phenix (Adams et al., 2010), model rebuilding was performed

manually in Coot (Emsley and Cowtan, 2004), and the model was validated by MolProbity (Chen et al., 2010).

Structural Analysis
Interaction and interface analysis are carried out on online server PDBePISA at www.ebi.ac.uk/pdbe/pisa/. Structure figures were

generated by MacPyMol (DeLano Scientific LLC).

Peptide Fragmentation and Deuterium Exchange Mass Spectrometry
To maximize peptide probe coverage, the optimized quench condition was determined prior to deuteration studies (Hsu et al., 2009;

Li et al., 2011). In short, the HA head domain was diluted with buffer of 8.3 mM Tris, 150 mM NaCl, in H2O, pH 7.15) at 0�C and then

quenched with 0.8% formic acid (v/v) containing various concentration of GuHCl (0.8–6.4 M) and Tris(2-carboxyethyl) phosphine

(TCEP) (0.1 or 1.0 M). After incubating on ice for 5 min, the quenched samples were diluted 4-fold with 0.8% formic acid (v/v) con-

taining 16.6% (v/v) glycerol and then were frozen at �80�C until they were transferred to the cryogenic autosampler. Using the

quench buffer of 6.4 M GuHCl, 1.0 M TCEP in 0.8% formic acid gave an optimal peptide coverage map.

The samples later were thawed automatically on ice and then immediately passed over an AL-20-pepsin column (16 mL bed

volume, 30 mg/mL porcine pepsin (Sigma)). The resulting peptides were collected on a C18 trap and separated using a C18

reversed phase column (Vydac) running a linear gradient of 0.046% (v/v) trifluoroacetic acid, 6.4% (v/v) acetonitrile to 0.03% (v/v)
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trifluoroacetic acid, 38.4% (v/v) acetonitrile over 30 min with column effluent directed into an Orbitrap Elite mass spectrometer

(Thermo-Fisher Scientific). Data were acquired in both data-dependent MS:MS mode and MS1 profile mode. Proteome Discoverer

software (Thermo Finnigan) was used to identify the sequence of the peptide ions. DXMS Explorer (Sierra Analytics, Modesto, CA)

was used for the analysis of themass spectra as described previously (Hamuro et al., 2004). FluA-20mAb bound HAs were prepared

by mixing FluA-20 mAb with monomeric H5 A/Vietnam/03/2204 HA head domain at a 1:1.1 stoichiometric ratio. The mixtures were

incubated at 25�C for 30 min. All functionally deuterated samples, with the exception of the equilibrium-deuterated control, and

buffers were pre-chilled on ice and prepared in the cold room.

Functional deuterium-hydrogen exchange reaction was initiated by diluting free HA or Ab-bound HA stock solution with D2O buffer

(8.3 mM Tris, 150 mM NaCl, in D2O, pDREAD 7.15) at a 1:2 vol/vol ratio. At 10 sec, 100 sec and 1,000 sec, the quench solution was

added to the respective samples, and then samples were frozen at �80�C. In addition, nondeuterated samples, equilibrium-deuter-

ated back-exchange control samples were prepared as previously described (Hsu et al., 2009; Li et al., 2011; Lu et al., 2012).

The centroids of the isotopic envelopes of nondeuterated, functionally deuterated, and fully deuterated peptides were measured

using DXMS Explorer, and then converted to corresponding deuteration levels with corrections for back-exchange (Zhang and

Smith, 1993).

Conservation Analysis of the FluA-20 Binding Epitope
Libraries for full-length and non-redundant human influenza H1 and H3 sequences were downloaded in January 2017 from the Influ-

enza Virus Resource at the NCBI database (Bao et al., 2008). The H1 library includes 11,267 sequences and the H3 library includes

12,584 sequences. The HA sequence alignment was performed by MUSCLE (Edgar, 2004) and analyzed using EMBOSS program

(Rice et al., 2000) and custom shell scripts based on SEQCONV+ (Roth Lab, UC Davis).

Conservation Analysis of the Overall HA Surface
A library of HA sequences that were recently isolated from human hosts since 2015 was used for surface conservation analysis,

including 701 H1 sequences, 1,739 H3 sequences, and 17 other sequences of H5, H7 and H9 subtypes. The sequences were aligned

with MUSCLE (Edgar, 2004) software and the conservation scores for each residue were analysis with ConSurf server (Ashkenazy

et al., 2016; Celniker et al., 2013) and displayed on an H3 HA model (PDB 4O5N).

Comparison of FluA-20 Binding to HA0 and Cleaved HA Trimer by Biolayer Interferometry (BLI)
Baculovirus-expressed HA0was prepared for the binding studies by cloning the HA ectodomain genes into the pFastBac vector with

an N-terminal gp67 secretion signal peptide and a C-terminal BirA biotinylation site, thrombin cleavage site, foldon trimerization

domain, and His6 tag. HA0was expressed in High five cells and the secreted HA0 purified from the supernatant via Ni-NTA Superflow

(Qiagen) and gel filtration. The HA0 trimer fractions were concentrated for BLI assays. To prepare cleaved HA trimer, the HA0 trimer

was incubated with trypsin at 4�C overnight (mass ratio of trypsin: HA0z 1:1,000). The HA cleavage was determined by SDS-PAGE

electrophoresis with reducing agent. The cleaved HA was purified by gel filtration and the HA trimer concentrated for BLI assay. To

evaluate Ab binding, Fabs of FluA-20 and RBS-Abs 5J8 for H1 binding (Hong et al., 2013) and H7.137 for H7 binding (Thornburg et al.,

2016) were firstly immobilized onto anti-human CH1 biosensors (FortéBio) in the BLI buffer of PBS pH 7.4, 0.01% BSA and 0.002%

Tween 20. The Fab-coated sensors were then incubated with corresponding HA0 and cleaved HA at 1 mM concentration for 120 s to

evaluate the association, and then incubated with BLI buffer for 120 s to evaluate the dissociation.

Site-Directed Mutagenesis of Genes Encoding HA or Ab Proteins
Primers for site-directed mutagenesis were designed using the Agilent QuikChange Primer Design program (Agilent Technologies).

The Quickchange LightningMulti-Site Mutagenesis kit (Agilent, 210515-5) was used to introducemutations into cDNAs encoding the

Ab heavy chain genes or HA genes. The plasmids encoding mutants of FluA-20 heavy or light chains were transfected with the cor-

responding unmutated FluA-20 light or heavy chains, respectively. Abs encoded by cDNA with engineered mutations were purified

and tested for binding to HA in ELISA, and the EC50 values for binding were determined using Prism software (GraphPad).

Influenza Viruses
The virus stocks weremade from the supernatant of virus-infectedMDCK cell culture monolayers in plain Dulbecco’s Modified Eagle

Medium (Gibco DMEM, Invitrogen, 11965) with 2 mg/mL of TPCK-trypsin. To obtain virus with uncleaved HA0 on the surface, the

stocks were made by inoculating MDCK cells with virus for 1 hr. The cells were washed thoroughly and replenished with plain

DMEM without TPCK-trypsin. The supernatant containing the virus was harvested at 48 h post inoculation.

Hemagglutinin Inhibition (HAI) and Microneutralization Assays
Neutralization potential of FluA-20 was determined by microneutralization and HAI assays, as previously described (Bangaru

et al., 2016).
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HA Cleavage Inhibition Assay
To assess the ability of FluA-20 to block HA cleavage, 4 mg of recombinant HA0 protein from H3 A/Perth/16/2009 was incubated with

either PBS or 40 mg of mAb FluA-20 or mAb CR8020 for 1 h at 37�C. Following incubation, the Ab-HAmixture was either untreated or

treated with 2.5 mg/mL of TPCK-treated trypsin and further incubated for 5, 20 and 40 min at 37�C. Samples were analyzed by

SDS-PAGE.

pH-Dependent Conformational Change Assay
To determine the ability of FluA-20 to inhibit the low pH dependent conformational change in HA, 2.5 mg of pre-cleaved HA protein

fromH3 A/Perth/16/2009 was incubated with 5 mg of mAb FluA-20 or mAbCR8020. Reactionmixtures were incubated at 37�C for 1 h

at pH 5.0. Separate reactions containing no Abwere incubated at pH 5.0 or pH 8.0 to be used as controls. Following incubation, all the

mixtures were neutralized with pH 8.4 Tris buffer and were then either untreated or treated with TPCK-trypsin at 20:1 (WT:WT) ratio of

HA to trypsin. Samples were incubated for 12 h at 37�C and then analyzed by non-reducing SDS-PAGE

Egress Assay
Cell culture monolayers of MDCK cells in 96-well plates were washed three times with PBS and inoculated with an MOI 1 of A/Texas/

50/2012 H3N2 in Virus Growth Media with TPCK-treated trypsin (VGM) for 3 h at 37�C, 5% CO2. The inoculum was removed from

cells, and cells were washed three times with PBS. 10 mg/mL of mAbs in VGM: FluA-20, irrelevant control mAb MRSA-147 or known

egress inhibitor IgG mAb H3v-47, or an equimolar concentration (66.7 nM) of the neuraminidase inhibitor drug zanamivir

(GlaxoSmithKline) were added to cells in triplicate. Cells were incubated for 21 h at 37C, 5%CO2. Supernatants were collected, clar-

ified at 300 x g for 15 min to remove cell debris. Serial two-fold dilutions of supernatants in PBS were added to an equal volume of

0.5% turkey red blood cells in v-bottom plates to determine the virus titer by hemagglutination assay. Hemagglutination titers were

determined as endpoint titer values.

Molecular Engineering of Ab Variable Gene Domains and Generation of Fc Mutants
For the expression of recombinant forms of Ab clones, nucleotide sequences of Ab variable domains were optimized for mammalian

expression and synthesized on the BioXP 3200 System (SGI-DNA). These inserts were then joined with a 6.8-kb EcoR1/HindIII di-

gested backbone of pML-huCG1 for expression of g1 or BgIII/NotI digested backbone of pML-huCk or pML-huCL vectors for k

or l chains, respectively, using theNEBuilder HiFi DNAAssemblymastermix (NEB, E2621). For the generation of Fcmutants, 4 nucle-

otide sequences of Ab constant domains with single mutations (K332A, D265A, and N297A) and a double mutant (L234A, L235A) in

the constant heavy chain region (CH2) were optimized for mammalian expression and synthesized on the BioXP 3200 (SGI-DNA).

These inserts were then joined with a 6.0-kb HindIII/XbaI digested backbone of pML-huCG1 (McLean et al., 2000) for construction

of 4 separate g1 mutant chains using the NEBuilder HiFi DNA Assembly master mix (NEB).

Dimeric Recombinant Soluble FcgRIIIa (CD16a) Binding ELISA
A dimeric recombinant soluble FcgRIIIa (rsFcgRIIIa) ELISA was used tomodel the need for ADCC-inducing Abs to cross link FcgRIIIa

(Wines et al., 2016). A 96-well ELISA plate was coated with 50 ng of purified influenza HA protein from H1N1 A/California/07/2009

(Sino Biological, 11085-V08B) protein overnight at 4�C in PBS. The plates were treated as described (Wines et al., 2016). Briefly,

the plates were blocked with PBS 1mM EDTA, 1% BSA (PBSE/BSA) for 1 h and 50 mL of Abs (FluA-20, FluA-45, FluA-55 or an un-

related negative control Ab [a recombinant form of HIV-specificmAb VRC01]) at various concentrations (40 mg/mL to 2.4 ng/mL) were

added to the plates. The plates were washed with PBST (PBS with 0.1% Tween-20) and 50 mL of 0.1 mg/mL rsFcgRIIIa (V176) dimer

was added to the wells and incubated for 1 h at 37�C. Pierce High Sensitivity Streptavidin-HRP (ThermoFisher Scientific, 21130) was

diluted 1:10,000 in PBSE/BSA and added to wells. The plates were developed with TMB substrate solution and the reaction was

stopped with 1 M HCl. The plates were read at an absorbance of 450 nm.

NK Cell Activation Assay
96-well ELISA plates were coated with 600 ng of purified influenza HA protein from H1N1 A/California/07/2009 (Sino Biological,

11085-V08B) overnight at 4�C in PBS. The plates were washed and incubated with 10 mg/mL, 1 mg/mL or 0.1 mg/mL of Abs (FluA-

20, FluA-45, FluA-55 or VRC01) diluted in PBS for 2 h at 37�C. Plates were washed and 5 x 105 purified NK cells were added to

each well. NK cells were purified from freshly isolated PBMCs using the EasySep human NK cell enrichment kit (STEMCELL Tech-

nologies, 19055). Mouse anti-human CD107a allophycocyanin-H7 Ab (clone H4A3; BD Biosciences, 561343), 5 mg/mL brefeldin A

(Sigma-Aldrich, B6542) and 5 mg/mL monensin (BD GolgiStop; BD Biosciences, 554724) were added to the cells and incubated

for 5 h. Purified NK cells then were incubated with anti-human CD3 PerCP (clone SP34-2; BD Biosciences, 552851) and anti-human

CD56 allophycocyanin (clone B159; BD Biosciences, 555518) for 30 min at RT. Cells were fixed and permeabilized for 10 min and

then incubated with anti-human IFNg AF700 (clone B27; BD Biosciences, 561024) in the dark. Finally, cells again were fixed with

1% formaldehyde, and data were acquired for 20,000 – 50,000 events using an LSRFortessa flow cytometer (BD Biosciences).
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In Vivo Efficacy of FluA-20 Fc Mutants
To determine the contribution of FluA-20 Fc-mediated activity to overall protection observed in vivo, groups of BALB/cJ mice were

prophylactically treated with 10 mg/kg of either FluA-20 IgG1 or rFluA-20 IgG1 or rFluA-20-N297A IgG1 or rFluA-20-LALA IgG1 or

MRSA-147 IgG 24-hours prior to being intra-nasally challenged with 1.2 x 104 focus forming units (FFU) of H1N1 A/California/07/

2009. Mice were monitored for 14 days for weight change and disease (clinical score).

Sublethal Respiratory Challenge Mouse Model for Influenza A H1N1 Infection
Groups of BALB/c mice were inoculated intranasally with different doses (538, 2,690, 13,400, or 67,000 FFU) of A/California/04/2009

virus and were monitored for 14 days for weight change kinetics and the disease. Weight loss of more than 20% total weight was the

IACUC stipulated endpoint for humane euthanasia. Based on the results obtained from this study, a dose of 1.2 x 104 FFU was

deemed appropriate for the challenge studies with FluA-20 Fc mutants.

Focus Size Reduction Assay
To examine the ability of mAb FluA-20 to reduce focus size, a predetermined amount of H3N2 A/Hong Kong/1/1968 virus was incu-

bated with dilutions (10, 5, or 1 mg/mL) of mAb FluA-20 or irrelevant control mAb MRSA-147 or mAb CR9114 or molar equivalents of

zanamivir in the presence of TPCK-treated trypsin for 1 h at 37�C. Themixture then was used to inoculate amonolayer of MDCK cells

in 6-well plates, followed by incubation at 37�C for 1 h with intermittent rocking. The Avicel overlay (1.2% Avicel in DMEM) supple-

mented with the corresponding mAb dilutions and 1 mg/mL of TPCK-treated trypsin then was added to each well. The plates were

incubated for 48 h at 37�C. Following incubation, the plates were washed and fixed with 1 mL of 80%methanol/ 20%PBS. The pres-

ence of influenza nucleoprotein in the fixed cells was determined using a 1:6,000 dilution of mouse anti-NP Ab (BEI Resources, NR

4282) as the primary Ab and 1:500 of peroxidase-labeled goat anti-mouse Abs (SeraCare) as the secondary Ab. The foci were visu-

alized subsequently using TrueBlue peroxidase substrate (KPL). Images were captured by an CTL Immunospot S5 Analyzer. Foci

area as percentage of total area was calculated by ImageJ software (NIH).

Flow Cytometric Analysis of Ab Binding to Cell-Surface-Expressed HA
HEK293F cells grown in expression medium (Freestyle 293 Expression Medium; Invitrogen, 12338) were transfected transiently with

cDNA encoding H3 A/Hong Kong/1/1968 HA protein and incubated at 37�C for 36 h. Untransfected (UT) or transfected cells were

washed and treated with either DMEM containing TPCK trypsin (2 mg/mL) or plain DMEM for 15 min at 37�C. Cells were washed

with PBS containing 2% of heat inactivated FBS and 2 mM EDTA (FACS buffer) and incubated with either mAb CR9114 or mAb

FluA-20 (10 mg/mL) for 30 min at RT and for 5 min at 37�C. The cells were washed with FACS buffer and incubated with secondary

goat anti-human IgG PE Ab (Southern Biotech, 2040-09) for 1 h at 4�C, fixed with 4% formaldehyde in PBS, and analyzed by flow

cytometry using an LSR-2 cytometer (BD Biosciences). Data for a total of up to 20,000 of cell events were acquired and analyzed

with FlowJo software (Tree Star).

HDX-MS to Comparison the Dynamic Change of H7 HA0 Trimer and Cleaved HA Trimer
H7 HA (A/Netherlands/219/2003) was expressed in HEK293F cells (Bangaru et al., 2016). In brief, sequences encoding the HA genes

were optimized for expression, and cDNAs were synthesized (Genscript) as soluble trimeric constructs by replacing the transmem-

brane and cytoplasmic domain sequences with cDNAs encoding the GCN4 trimerization domain and a His-tag at the C terminus.

Synthesized genes were subcloned into the pcDNA3.1(+) mammalian expression vector (Invitrogen). HA protein was expressed

by transient transfection of 293F cells with polyethylenimine transfection reagent and grown in expression medium (Freestyle 293

Expression Medium; Invitrogen, 12338). The HA0 protein was harvested after 7 days with HisTrap TALON FF crude columns and

the HA0 trimer purified via gel filtration. To obtained cleaved HA trimer, the HA0 protein was treated with trypsin at 37�C for

30 mins and the cleaved HA trimer further purified by gel filtration.

Prior to conducting comparative hydrogen-deuterium exchange experiments with H7 HA0 or with cleaved H7HA, the quench con-

dition for best sequence coverage of HA was 6.4 M GuHCl, 1 M TCEP and 0.8% formic acid, as previously described (Aiyegbo et al.,

2014; Li et al., 2011; Marsh et al., 2013). To initiate hydrogen-deuterium exchange reactions, 2 mL of pre-chilled protein stock solution

(free un-cleavedH7HA0, 1.8mg/mL; cleaved H7HA, 1.6mg/mL) was diluted into 4 mL D2Obuffer (8.3mMTris, 150mMNaCl, in D2O,

pDREAD 7.2) at 0�C. At indicated times of 10 sec, 100 sec, 1,000 sec, 10,000 sec and 100,000 sec, the exchange reaction was

quenched by the addition of 9 mL of optimized quench solution at 0�C. After incubating on ice for 5 min, the quenched sample

was diluted 5- fold with 0.8% formic acid containing 16.6% glycerol, immediately frozen on dry ice and stored at �80�C. In addition,

un-deuterated samples and equilibrium-deuterated control samples were also prepared. All samples were then loaded onto our in-

house LC instrument for online digestion and separation (Aiyegbo et al., 2014). The resulting peptides were directed into an OrbiTrap

Elite Mass Spectrometer (Thermo Fisher Scientific, San Jose, CA) for DXMS analysis. Instrument settings have been optimized

for HDX analysis. The data acquisition was carried out in a data-dependent mode and the five or ten most abundant ions were

selected for MS/MS analysis. Proteome Discoverer software was used for peptide identification. The centroids of each peptide

was calculated with HDExaminer, and then converted to corresponding deuteration levels with corrections for back-exchange

(Zhang and Smith, 1993).
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Negative Stain Electron Microscopy
FluA-20 Fab was incubated with uncleaved H1 HA trimer for 20 seconds at 5 times molar excess of Fab. The complex was added to

carbon-coated 400 mesh cooper grids and stained with 2% uranyl formate. Micrographs were collected on a 120kv Tecnai Spirit

microscopewith a 4kx4k TemCamF416 camera using Leginon (Potter et al., 1999). Images thenwere processedwith Appion (Lander

et al., 2009). Particles were selected with DoGpicker (Voss et al., 2009), and 2D classes were generated with MSA/MRA (Ogura et al.,

2003). Particles were false colored in Photoshop.

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the atomic coordinates and structure factors are Protein Data Bank (PDB): 6OBZ, 6OC3, and 6OCB.
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Supplemental Figures

Figure S1. Binding of FluA-20 Ab to HA, Related to Figure 1 and Table S1

(A) Binding curves formAbs FluA-20, rFluA-20, or FluA-20-UCA or an irrelevant control IgG (anti-MRSA) against HAs derived from indicated strain and subtype, as

determined by Enzyme Linked Immunosorbent Assay (ELISA).

(B) Phylogenetic tree of representative sibling Abs of FluA-20 that were tested for binding.

(C) Amino acid sequence of FluA-20 and the unmutated common ancestor (UCA) of FluA-20 are aligned. Mutated residues are colored as red and a unique

disulfide bond in CDR H3 is highlighted in yellow. The key residues Asp98 (H), Tyr100a (H), Tyr48 (L), and Gln55 (L) that were later identified as critical for the

interaction with HA are present in the UCA sequence (indicated by red dashed circles).
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Figure S2. Lung Titers of Mice Treated with FluA-20 in Prophylactic or Therapeutic Settings, Related to Figure 2

(A) Groups of mice (n = 3) were treated prophylactically with 10 mg/mL of either FluA-20 or a similarly prepared control Ab to an unrelated target (MRSA) and

challenged 24 h later with a sublethal dose of 0.1 LD50 with either H1N1 A/Netherlands/602/2009 or H3N2 A/X-31 (6:2 PR8 backbone) or H5N1 A/barn swallow/

Hong Kong/D10-1161/2010 (7:1 PR8 backbone) or H7N9 A/Shanghai/1/2013 (6:2 PR8 backbone). Lung samples were collected from mice for each Ab treated

group at 6 days post-inoculation. The graph shows pulmonary virus titers in FluA-20 and control treated mice.

(B) Groups of mice (n = 3) were lethally challenged with 1.2 LD50 of H3N2 A/X-31 or H5N1 A/barn swallow/Hong Kong/D10-1161/2010 or H7N9 A/Shanghai/1/

2013 on PR8 backbone and were treated therapeutically with 10mg/kg of FluA-20 or an irrelevant Ab (MRSA) via the intraperitoneal route on days 1, 2 and 4 post-

challenge. Lungs were collected for virus titration at 5 days post-inoculation.



Figure S3. Binding of FluA-20 Ab to a Unique Site on the HA Head Domain, Related to Figure 3

(A) Competition-binding assays were performed using bio-layer interferometry. The His-tagged A/California/07/2009 H1 HA was loaded onto Ni-NTA tips, and

binding of two successively applied Abs (IgG) was tested. MAb FluA-20 was competed against mAb 5J8, a receptor binding site mAb, or each of four stem-

binding Abs: CR9114, FI6v3, 39.29 or H3v-86. FluA-20 did not compete with either the RBS- or the stem-specific Abs indicated.

(B) FluA-20 IgG was immobilized on anti-human Fab CH1 biosensors. Strong binding to the head domains (0.5 mM concentration) of H1 (A/Solomon Islands/3/

2006), H3 (A/Victoria/361/2011) and H7 (A/Shanghai/02/2013) HAs was observed for immobilized FluA-20 in a BLI assay.



Figure S4. FluA-20 Binds to the 220-Loop and 90-Loop of H1 and H3 HA, Related to Figures 3 and 4

(A and B) H1 HA trimer of A/California/04/2009 is shown in a secondary structure representation. Residues identified to be in the H1 epitope (Pro96, Ile219,

Arg220, Pro221, Lys222, Val223, and Arg229) that are contacted by FluA-20 are colored in red. These residues interact with the adjacent protomer in the un-

liganded HA trimer crystal structure.

(C and D) H3 HA trimer of A/Hong Kong/1/1968 is shown in a secondary structure representation. The key interacting residues in the H3 epitope (Pro96, Ser219,

Arg220, Pro221, Trp222, Val223, and Arg229) that are contacted by FluA-20 are colored in red. Many of these residues interact with the adjacent protomer in the

unliganded HA trimer crystal structure.
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Figure S5. H5 Epitope Mapping with FluA-20 by HDX-MS and Mutagenesis, Related to Figure 5
(A) Difference map from deuterium exchange of the H5 head domain from A/Vietnam/1203/2004 (H5N1) with or without FluA-20 binding. Residues with slower

deuterium exchange in the presence of FluA-20 are colored in blue and residues with faster exchange are colored in red; white regions indicate peptides for which

there was no coverage.

(B) Regions of HA with slower deuterium exchange after binding FluA-20 are mapped in red onto the surface of H5 VN/1203 head domain (purple).

(C) Mutations of the 220-loop residues substantially influence binding of FluA-20 IgG (as measured by BLI assays, using 25 mg of IgG). The R220A, V223A, or

R229A mutations in H5 HA completely eliminated FluA-20 binding, whereas N224A, G225A, or Q226A mutants decreased FluA-20 binding. Mutations S221A,

K222A, and G228A each appeared to enhance FluA-20 binding slightly.



Figure S6. Comparison of Ab Binding to HA0 versus Cleaved HA Trimers, Related to Figure 6

(A) Binding traces of HA0 trimer or cleaved HA trimer (HA1/HA2) to receptor-binding site Abs. The Ab used for binding to H1 HA (A/California/04/2009) was 5J8

and for H7 HA (A/Shanghai/02/2013) was H7.137.

(B) HA0 [from A/Hong Kong/1/1968 (H3N2)] virus (V) produced in the absence of trypsin was incubated with serial dilutions of mAbs (FluA-20 or CR8020) either

before or after treatment with 1 mg/mL of trypsin (Trp) at 37�C for 45 min. The samples were trypsin-inactivated with 10% FBS before adding to MDCK cell

monolayers. As a control, HA0 virus untreated with trypsin (and therefore inactive) was also added toMDCK cell monolayers. Following incubation, the cells were

fixed and the presence of influenza nucleoprotein in the cells was determined by ELISA using a mouse anti-NP Ab. The dotted line indicates the baseline signal

from the noninfectious HA0 virus (untreated).

(C) Difference map from deuterium exchange of cleaved HA trimer compared to HA0 trimer from A/Netherlands/219/2003(H7N7) by HDX-MS.
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Figure S7. Functional Characterization of FluA-20 IgG, Related to Figure 7

FluA-20 was tested for (A) HA cleavage inhibition, (B) pH-induced HA conformational change inhibition, and (C) egress inhibition.

(A) SDS-PAGE of 4 mg of recombinant HA0 protein (fromA/Perth/16/2009 (H3N2) that was premixedwith either PBS or 40 mg of mAb FluA-20 ormAbCR8020was

either not treated (NT) or treated with TPCK-trypsin for 5, 20, or 40 min at 37�C.
(B) Non-reducing SDS-PAGE of recombinant HA (H3 Perth) pre-incubated with either (1) PBS, (2) mAb FluA-20, or (3) mAb CR8020 for 1 h at pH 5.0 were

neutralized to pH 8.4 and further treated with PBS or TPCK-trypsin for 12 h. HA was also incubated with (4) PBS at pH 8.0 and treated with trypsin at pH 8.4 as a

control.

(C) Egress inhibition of FluA-20 was tested using H3 Texas virus. Hemagglutination titer value was used to confirm virus egress from cell surface to supernatant.

Data represent one of two independent experiments, each dot represents value per repeat, and lines represent the mean and standard deviation of assay

triplicate.

(D) Cross-linking of FcgRIIIa. Binding curves were obtained by performing ELISA with serial dilutions of each Ab (FluA-20 and control mAbs FluA-45 or FluA-55 or

HIV-specificmAb VRC01) onto HA-coated plates and assessing the ability of HA-boundmAbs to engage both Fc-binding sites on the soluble FcgRIIIa dimer. The

dotted line indicates the limit of detection.

(E) FluA-20 or control mAbs were each added independently on 96-well plates coated with purified A/California/07/2009 H1 HA. The percentage of NK cell

activation was calculated from the number of NK cells incubated with HA-bound Ab that expressed CD107a and/or IFNg.

(F) Sub-lethal respiratory challenge mouse model for influenza A H1N1 infection. Groups of BALB/c mice were inoculated i.n. with indicated dose of A/California/

04/2009 virus and monitored for 14 days for weight change kinetics. Data represent the mean value ± SEM, using five mice per group. The dotted line indicates

the endpoint for humane euthanasia.

(G) Images of H1 HA0 trimer (A/California/04/2009) show intact trimer conformation without exposure of FluA-20 Fab.

(H) 2D class average of H1 (A/California/04/2009) HA bound by FluA-20 Fab after 20-second incubation; only the monomeric form of the complex was observed.

A few apo HA trimers also were observed, as denoted by the red box.
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