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Introduction

Influenza A virus (IAV) is one of the most common causes of severe
lower respiratory illness in humans and exhibits a wide antigenic
diversity in circulating field strains. Seasonal epidemics with H1
and H3 IAV subtypes occurs yearly, and other zoonotic IAVs with
H1, H3, H5, H6, H7, H9, and H10 HAs cause outbreaks of human
infections sporadically (1, 2). Incomplete matches of the seasonal
IAV vaccine strains with the antigenically drifted viruses causing
epidemics lead to vaccine ineffectiveness and contribute to severe
influenza seasons (3-5).

A high priority for current IAV vaccine development is the
development of vaccine antigens that induce broad and pro-
tective immune responses (6, 7). Antibodies to the hemagglu-
tinin (HA) stem domain can exhibit heterosubtypic recognition
patterns (8-21). However, the accessibility of the stem domain
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Broadly reactive antibodies targeting the influenza A virus hemagglutinin (HA) head domain are thought to be rare and to
require extensive somatic mutations or unusual structural features to achieve breadth against divergent HA subtypes. Here
we describe common genetic and structural features of protective human antibodies from several individuals recognizing
the trimer interface (TI) of the influenza A HA head, a recently identified site of vulnerability. We examined the sequence of
Tl-reactive antibodies, determined crystal structures for Tl antibody-antigen complexes, and analyzed the contact residues
of the antibodies on HA to discover common genetic and structural features of Tl antibodies. Our data reveal that many

Tl antibodies are encoded by a light chain variable gene segment incorporating a shared somatic mutation. In addition,
these antibodies have a shared acidic residue in the heavy chain despite originating from diverse heavy chain variable gene
segments. These studies show that the Tl region of influenza A HA is a major antigenic site with conserved structural features
that are recognized by a common human B cell public clonotype. The canonical nature of this antibody-antigen interaction
suggests that the Tl epitope might serve as an important target for structure-based vaccine design.

may be reduced on the virion particle, and stem-specific anti-
bodies exhibit mostly a moderate protective capacity. The HA
head domain is immunodominant and is the target of most anti-
body responses induced by IAV vaccine or infection (22-26), but
head domain-specific antibodies often recognize a narrow spec-
trum of IAVs. Recently, several groups have identified a class of
human antibodies recognizing a highly conserved region on the
HA head domain, the trimer interface (TI) region (27-29). The
few monoclonal antibodies (mAbs) reported have broad recog-
nition patterns for diverse [AVs, are nonneutralizing, and pro-
tect in animal models (27-29). The critical HA residues recog-
nized by the TI mAbs reported to date remain conserved across
most subtypes of influenza A viruses, suggesting that the TI site
might serve as an attractive antigenic target for epitope-based
universal IAV vaccine design. However, designing vaccine anti-
gens based on recognition of unusual antibodies isolated only
from rare individuals is not desirable, since universal influenza
vaccine antigens should possess the capacity to induce broad-
ly protective antibodies in a large number of individuals with
diverse exposure histories. Here, we describe 5 new TI mAbs
from 4 independent lineages, isolated from 3 separate individ-
uals. Remarkably, we found that these and many other TI anti-
bodies are members of a common public B cell clonotype with
canonical genetic and structural features, suggesting that most
human subjects have the capacity to make TI antibodies with a
minimal number of somatic mutations needed to accomplish
near-universal influenza A recognition.
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Results

Identification of broadly reactive human TI mAbs in a panel of H5
HA-specific mAbs. We previously reported isolation of H5 HA-spe-
cific human antibodies from otherwise healthy subjects who had
received an A/Vietnam/1203/2004 H5N1 (VN/04) subunit vac-
cine (30). Here we examined the reactivity of some of the H5-
reactive mAbs to determine if any exhibited heterosubtypic
breadth of recognition for diverse HA subtypes. To investigate the
breadth, we tested purified IgGs for binding activity to HA from
different IAV subtypes. All HA proteins used were recombinant
trimers. mAbs designated H5.28 and H5.31 exhibited breadth of
binding to recombinant HAs from Group 1 and Group 2 (Figure 14).
DNA encoding the WT H5.28 and H5.31 variable regions were syn-
thesized and recombinant forms of IgG proteins were expressed.
Hybridoma-generated antibody (designated H5.28 or H5.31) was
used for the assays unless the recombinant form is specified (des-
ignated as rH5.28 or rH5.31). Neither hybridoma-derived H5.28
nor hybridoma-derived H5.31 had neutralizing or hemaggluti-
nation-inhibiting activity for a VN/04 H5N1 virus when tested in
concentrations as high as 10 pug/mL. Recombinant purified IgG

molecules made in 293F or Chinese hamster ovary (CHO) cells
also lacked neutralizing and hemagglutination-inhibiting activity
(Supplemental Figure 1; supplemental material available online
with this article; https://doi.org/10.1172/]JCI1146791DS1). Despite
the fact that H5.28 and H5.31 did not neutralize virus in vitro, we
tested whether these mAbs protected against weight loss and death
in mice following a stringent lethal challenge with a mouse-adapt-
ed A/California/04/2009 (H1N1pdm) strain. BALB/c mice (n=10
per group) were administered 1, 3, or 10 mg/kg of H5.28 or H5.31
IgG or a similarly prepared control antibody by the intraperitoneal
route, and then challenged by the intranasal route 24 hours later
with a lethal dose of virus. H5.28 or H5.31 mediated dose-depen-
dent protection against mortality and protection against severe
weight loss when administered prophylactically at 3 tested doses.
Protection with low-dose mAb treatment was comparable to that
of high-dose oseltamivir given at a high daily dose of 30 mg/kg/
day on days O to 4 after virus inoculation. Mice treated with H5.28
(Figure 1B) or H5.31 (Figure 1C) (n =10 for each group) showed pro-
tection from weight loss after virus challenge in a dose-dependent
manner whereas mice treated with PBS or the 2D22 control anti-
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body succumbed to infection. These results indicate the ability of
mADb H5.28 or H5.31 to protect in vivo against lethal virus challenge
using a virulent influenza A strain.

To identify the specific epitope recognized by these mAbs,
we performed hydrogen deuterium exchange mass spectrometry
(HDX-MS) experiments. We used a monomeric head domain of
HS5 (based on strain VN/04) to identify peptides on the surface of
HA that are occluded following binding of H5.28. We found that
H5.28 Fab reduced deuterium labeling of peptides comprising res-
idues 96 t0105,136 to 147,and 217 to 233 (H3 structure numbering,
Figure 2A and Supplemental Figure 2). From the HDX-MS stud-
ies, we anticipated that H5.28 or H5.31 binding to the HA trimer
destabilizes the trimeric interface of native HA. To directly exam-
ine the effect of these Fabs on the HA trimer, we performed neg-
ative-stain electron microscopy (nsEM) of HA (uncleaved H1 A/
California/04/2009 stabilized with a GCN4 trimerization motif
[H1 HAO]) in complex with either H5.28 or H5.31 Fab incubated
for different lengths of time. Native H1 HAO trimer remained in its
trimeric conformation during nsEM sample preparation (Figure
2B). In contrast, we observed that upon exposure to H5.28 or H5.31
even for 20 seconds the HAO trimers quickly degraded into Fab-
bound monomeric HA (Figure 2B). Despite extensive trials, the
intermediate stage of this structural change could not be obtained,
apparently due to the rapid transformation of the HAO from tri-
meric to monomeric states induced by antibody binding. While it
is unclear exactly how this transformation occurs, one possibility
is that the antibody catches an HA head domain during transient
“breathing” of the HA head domains. These results demonstrate
that H5.28 and H5.31 bind the uncleaved HAO trimer, and then
dissociate the trimer in vitro (Figure 2B). Both mAbs H5.28 and
H5.31 bound preferentially to uncleaved HA (with reduced bind-
ing to cleaved HA) on the surface of HA-transfected cells, while
a recombinant form of a representative stem domain antibody
bound well to both forms (Figure 2C and Supplemental Figure 3).

To determine the molecular details of the interaction of H5.28
and H5.31 with the TT site, crystal structures of the H5.31 or H5.28
Fabs and their complexes with the HA head domain from VN/04
were determined at 3.00 A or 4.00 A resolution, respectively (Sup-
plemental Table 1). The complex structures revealed that H5.28
and H5.31 recognize an epitope in the TIregion very similar to that
of the previously reported FluA-20 (28) and S5V2-29 (29) mAbs
(Figure 2, D-F). Antibodies H5.31 and H5.28 are clonally related
siblings from 1 human subject with identical HCDR3 sequences
and only several amino acid variations in their light and heavy
chains. The overlay of the 2 crystal structures showed that H5.28
binds to the HA head domain in the same general manner as H5.31
(Figure 2F). The superposition of the variable domain and HA
head domain of H5.31-HA onto those of H5.28-HA results in a Co.
root-mean-square deviation (RMSD) of only 0.71 A. The epitope
recognized by H5.31/H5.28 on VN/04 maps onto 1 HA1 protomer
of the H5N1 HA trimer (Protein Data Bank ID: 4BGW; Figure 2G).
This epitope can be divided into 2 regions: the 220 loop of the
receptor-binding domain (residues 217-224, and residue 229, H3
structure numbering) and a second region at the 90 loop (Figure
2G). The sequences of the 220 loop of influenza A HA are rela-
tively conserved, thus recognition of this region by H5.31/H5.28
partly explains the binding breadth of the 2 mAbs. In addition, the
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epitope recognized by H5.31 and H5.28 is inaccessible for mAbs
to bind in the closed HA trimeric form (Figure 2G). If we super-
impose the head domain of H5.31/H5-HA complex onto H5N1
HA trimer (Protein Data Bank ID: 4BGW), the H5.31 heavy chain
variable domain would occupy the space of the head domain of
another adjacent HA protomer, e.g., in the closed trimer the head
domain of an adjacent HA1 protomer clashes with the variable
domain of H5.31 when bound.

In the H5.31/H5-HA structure, mAb H5.31 interacts with the
HA 220 loop using HCDR3 and LCDR2 residues (Figure 2H).
There are 6 hydrogen bonds (H-bond) or salt bridges between the
220 loop and the HCDRs. The highly conserved HA 220 loop res-
idue R229 forms a salt bridge with the mAb H5.31 HCDR3 residue
E98. Notably, LDCR2 residue Y49 forms an H-bond with the side
chain of HCDR3 residue E98, assisting E98 to be well-positioned
to interact with the 220 loop residue R229. All of those H-bonds
are formed between the 220 loop main chain oxygen or nitrogen
atoms and side chains of the mAb, and consequently this mode of
H-bond formation may contribute to the great breadth of the mAb.
A hydrophobic interaction between mAb H5.31 residue L100 and
the 220 loop residue V223, and cation-r interaction between 220
loop R220 and HCDR3 F96, also may contribute to the tight bind-
ing of H5.31. In addition, the tip of the elongated HCDR3 makes
more contact with the 90 loop epitope, in which residue L100a
(Kabat numbering) seems to play the major role (Figure 2I). The
L100a side chain is surrounded by a hydrophobic pocket and its
main chain nitrogen forms an H-bond with the HA G100 main
chain oxygen. Peripheral to these L100a-Ag interactions, there
are several polar interactions, such as a polar interaction between
the HA D95 residue side chain and the HCDR3 G100c¢ main chain
nitrogen and salt bridge between D101 (HA) and R99 (HCDR3). In
summary, H5.31 recognizes the HA head domain mainly by inter-
acting with the HA 220 loop. Interestingly, the heavy chain DE
loop in the framework region 3 (FR3) of H5.31 has a potential gly-
cosylation site at residue N74 (Kabat numbering, sequence motif:
N™#ASN?”’), and 2 NAG residues can be fit into electron density
around residue N74. Therefore, H5.31 is glycosylated in FR3, but
without apparent functional alternation due to this modification.

Since the H5.28, H5.31, Flu-A20, and S5V2-29 mAbs are encod-
ed by light chains with common features, we tested the hypothesis
that a sequence signature associated with use of this gene could
be used to identify new TI-specific antibodies. We studied the
response of an otherwise healthy subject with exposure to diverse
influenza vaccines who presented with acute laboratory-confirmed
H3N2 virus respiratory infection in August 2017, and from whom
we had previously isolated the TI mAb FluA-20 (28). For com-
parative purposes, we used deep sequencing to profile the B cell
repertoire of this individual at various time points before or after
natural infection. Sequencing time points included both healthy
state baselines as well as responses to influenza vaccination (Figure
3A). At a time point approximately 1 week into the natural H3N2
infection, we obtained PBMCs, isolated plasmablasts (Supplemen-
tal Figure 4), and performed single-cell sequencing of expressed
paired heavy and light chain mRNA (sc-V_/V,Seq) on approxi-
mately 20,000 plasmablasts. We synthesized cDNA from a subset
of recovered pairs of antibody genes and expressed the heavy-light
chain pairs individually in small-scale CHO cell culture and then
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Figure 2. Structural and functional characterization of mAb H5.28 and H5.31 binding to HA. (A) HDX-MS with H5.28 Fab and H5 HA head domain
identified a putative epitope for H5.28 at the TI. The amino acid sequence of the H5 head domain is shown with a ribbon diagram indicating differences

in deuterium uptake. Blue colors indicate slower deuterium exchange in the presence of H5.28 Fab, while red colors indicate faster deuterium exchange

in the presence of H5.28 Fab. Data are shown for 10 seconds, 100 seconds, and 1000 seconds of deuterium labeling. The 3 major peptides are colored blue
on an H5 trimer. (B) Selected 2D class averages of H1 HA trimer (A/California/04/2009) alone or after a 20-second incubation with H5.28 (middle) or H5.31
Fab (right). All of the Fabs complexed with HA were in monomeric form, while a few apo HA trimers were observed. Below is a cartoon illustration showing
that H5.28 or H5.31 Fab (magenta) results in dissociation of recombinantly expressed HA trimer (gray/blue/lavender), as visualized in the negative-stain
EM data. (€) H5.28 and H5.31 preferentially bound to uncleaved HA expressed on the cell surface. In contrast, a recombinant form of the stem mAb FI6v3
preferentially bound to cleaved HA. P values for the comparison between binding to cleaved and uncleaved HA were computed using an unpaired 2-way
Student’s t test. (D) Crystal structure of H5.31in complex with VN/04 HA. H5.31 heavy chain is colored in gold, the light chain in cyan, and H5 head domain
in dark gray. A glycosylation site on H5.31, N74 on the H5.31 DE loop, is labeled and shown as sticks, and 2 fitted NAG residues of the glycan are shown also
as sticks. The 220 loop of the VN/04 HA head domain is labeled, and the receptor binding site is highlighted with a red circle. (E) Crystal structure of H5.28
in complex with VN/04 HA. H5.28 heavy chain is colored in salmon, the light chain in lavender, and H5 HA head domain in light gray. (F) Superimposition
of the 2 complex structures. Structural variations can be seen at HCDR1s, HCDR2s, and heavy chain DE loops. (G) The HA epitope recognized by H5.31is
mapped onto the surface of one protomer of the VN/04 HA trimer. The mapped protomer is colored dark gray, the 220 loop in purple, and the 90 loop in
orange. The other 2 protomers are colored in light gray and blue, respectively. (H and 1) Structural details of the H5.31/VN/04-HA complex. (H) Interactions

of H5.31 with 220 loop of the HA head domain, with the HCDR3 E98/LCDR2 Y49 interaction shown with blue dashes. Relevant residues of the HA head
domain are labeled in purple, those of the heavy chain in red, and those of the light chain in blue. (1) Interactions of H5.31 HCDR3 with 90 loop and its
C-terminal B strand. Relevant residues of the HA head domain are labeled in orange, those of the heavy chain in red, and those of the light chain in blue.

purified IgG from cell supernatants with protein G affinity resin.
Purified recombinant antibodies were tested by ELISA for binding
to diverse HAs (Group 1: H1, H5; Group 2: H3, H7), and by neutral-
ization of arepresentative H3N2 WT virus corresponding to arecent
H3N2 vaccine strain (A/Texas/50/2012). Sixteen of the antibodies
exhibited heterosubtypic reactivity (binding to more than 1 HA
subtype) and HA protein specificity. These heterosubtypic antibod-
ies included somatic variants of the FluA-20 lineage. However, we
also identified other heterosubtypic mAbs that used the same light
chain (IGKVI-39) as FluA-20, H5.28, and H5.31. Sequence align-
ment for one of these new mAbs, designated FluA-151, showed that
7 additional members of the clonal lineage for that antibody (which
we designated Sibs 1-7) were also present in the collection of over
4000 plasmablast paired heavy-light chain sequences (indicat-
ed as Sibs in Figure 3B). We searched for FluA-151-like sequenc-
es in the collection of all antibody repertoire sequences for that
donor obtained over the 4-year period 2014-2018 and found 178
additional somatic variants of the heavy chain and 99 additional
variants of the light chain (Figure 3B). We constructed lineages of
the clonotype, showing all corresponding heavy and light chain
sequences, indicating the year and day after vaccination for the
sample from which the variant was obtained (Figure 3B). The lin-
eage included a diverse range of sequences, and members of this
lineage appeared over multiple years of responses to vaccination.
We expressed FluA-151, its inferred unmutated common ancestor
(UCA) (FluA-151 UCA), and the Sib 1 variant (FluA-151 Sibl) and
tested the heterosubtypic breadth of these related antibodies. The
UCA had a relatively broad pattern of binding, recognizing HAs
from Group 1 and Group 2 (Figure 3C). The intermediate FluA-151
Sibl acquired recognition of a 2019 H3N2 strain and improved the
EC,, value of binding for most Group 2 strains. The fully mature
FluA-151 mAb was even broader, acquiring binding capacity for H5
and H6. These data show that the founder clone of the lineage was
influenza HA-reactive and had substantial heterosubtypic breadth,
and somatic mutations that occurred during elaboration of the
lineage further enhanced heterosubtypic breadth. Notably, both
FluA-151 and FluA-20 did not exhibit detectable binding to the HA
from A/New York/107/2003, which has a deletion in the 220 loop,
indicating that FluA-151 was likely a TTmAb.
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We used our knowledge of the contact residues of other TI
mAbs to define FluA-151 residues critical for epitope recognition
using mutagenesis (28, 29). We previously demonstrated that
alanine substitutions at D98 of the FluA-20 heavy chain or Y49
and Q55 of the FIuA-20 light chain abrogated binding of FluA-20.
Introducing these same mutations into FluA-151 greatly reduced
binding against all HAs tested (Figure 3D). FluA-20, FluA-151,
S5V2-29, H5.28, and H5.31 all share a S53N somatic mutation in
the LCDR2, and introducing the S53N substitution into the FluA-
151 UCA improved binding 5- to 10-fold against most HAs tested
(Figure 3D), providing evidence that this substitution improves
binding and explaining the convergent evolution of the S53N sub-
stitution across multiple TI mAb lineages isolated from multiple
donors. In the background of the mature FluA-151 mAb, the N53A
substitution had a modest impact on binding, with the exception
of binding to the VN/04 HA (Figure 3D). These data indicate that
in the mature form of the mAb the importance of N53-mediated
interactions ranged from nonessential to critical depending on
variations at the T1I epitope between different strains. In contrast
to the dramatic effect of the Y49A substitution, the more conserva-
tive Y49F substitution did not affect the binding to some HAs but
dramatically reduced binding to H5 and H6 HAs. Taken together,
these results identify that FluA-151 shares many critical contact
residues with FIuA-20 and demonstrates that the S53N mutation
is a common solution to enhance binding of multiple TI mAbs.

We next assessed the ability of FluA-151 to protect mice from
weight loss following viral challenge in a sublethal model using an
A/California/04/2009 HIN1 virus. One day prior to infection, we
passively transferred mice with either FluA-151 WT or a FluA-151
LALA-PG Fc variant in which 3 mutations ablate Fc effector func-
tion (ref. 31 and Figure 3E). Mice that received the negative con-
trol mAb 2D22 lost more than 20% initial body weight but subse-
quently recovered. In contrast, animals treated with the positive
control anti-stem mAb MEDI-8852 were completely protected
from weight loss. While FluA-151 WT protected mice from major
weight loss, mice who received the FluA-151 LALA-PG variant lost
significantly more weight (Figure 3E), indicating that in the case of
FluA-151, Fc-mediated effector function likely mediates protection
from severe weight loss associated with influenza A virus infection.
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Figure 3. Identification and functional characterization of a new Tl mAb lineage recalled in the response to vaccination and natural infection. (A)
Timeline showing the vaccination history of the research subject, with exposures and repertoire sequencing indicated. (B) Phylogenetic trees showing the
FluA-151lineage over 4 years of vaccination and infection, with branch colors corresponding to sequencing time point. At left, the heavy chain phylog-

eny for FluA-157is color-coded based on year of vaccination and days postvaccination. At right, the light chain phylogeny for FluA-151is shown. Paired
heavy-light sequences identified by single-cell sequencing are shown with dashes connecting the heavy chain and light chain trees. (C) Binding of TI mAb
FluA-151, a clonally related mAb (FluA-151_Sib1), and the inferred unmutated common ancestor of FIuA-151 (FluA-151 UCA) to a panel of recombinant HAs.
The previously described TI mAb FluA-20 and a recombinant version of the broadly reactive stem mAb MEDI-8852 are shown for comparison. FluA-20 and
FIuA-151did not bind measurably to the A/New York/107/2003 HA, which has a 220 loop deletion. (D) ELISA binding of FIuA-151 point mutants to HAs from
different strains. Points and error bars represent the mean + SD of technical triplicates. Experiments were repeated twice, with data from one representa-
tive experiment shown. (E) FluA-151 protection from weight loss in a sublethal HIN1 challenge model. Mice were passively transferred with either FIuA-151
WT (blue), FluA-151 LALA-PG (red), the positive control anti-stem mAb MEDI-8852 (orange), or the negative control anti-dengue mAb 2D22 (purple) 1

day prior to intranasal challenge with a sublethal dose of A/California/04/20089. For weight loss curves, error bars show the SEM. Statistical comparisons
between treatment groups were performed using a repeated measurements 2-way ANOVA with Tukey’s correction for multiple comparisons.
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Figure 4. Structural and sequence alignments of TI mAbs reveal common features of epitope recognition. (A-C) Structural alignment of the Fab/HA
head domain complexes of FluA-20, S5V2-29, and H5.31, with the HA head domains aligned to one another. (A) View of the structural alignment from

the side (upper image) and top (lower image). (B) Despite differences in HCDR3 length, FIuA-20, S5V2-29, and H5.31 all contact HA R229 using a D or E at
heavy chain position 98. (C) FluA-20, S5V2-29, and H5.31 germline-encoded light chain residue Y49 makes hydrophobic contacts and a hydrogen bond with
D98 or E98 of the heavy chain, while germline-encoded Q55 makes hydrogen bond contacts with the main chain amide and carbonyl groups of HA residue
222. The shared somatic mutation S53N introduces an additional hydrogen bond with the main chain amide of HA residue 224. The interaction between
HCDR3 D/E98 and LCDR2 Y49 is shown with blue dashes. (D) Sequence alignment of previously reported and newly reported TI mAbs identifies common
recognition motifs, including a shared acidic residue at position 98 in the HCDR3, a common light chain (/GKV1-39), germline-encoded light chain contact
residues shared by all mAbs, as well as a common light chain S53N somatic mutation. (E) Biolayer interferometry-based competition data demonstrate Tl
mAbs strongly compete with one another for binding to A/California/04/2009 HA trimer, but do not compete with the RBS mAb 5)8.

To further understand structural determinants of the molec-  be required for optimal alignment of residues for TI epitope recog-

ular recognition of the TI site by the H5.31, FluA-20, and S5V2-29
antibodies, we overlaid the crystal structures of the 3 antigen-
antibody complexes. These complexes were remarkably similar
on a global basis (Figure 4A). The critical contact residues for each
of the 3 Fabs (each derived from independent subjects) were iden-
tical. All 3 Fabs shared a critical contact in the HCDR3 loop with
an acidic (D or E) residue at Chothia position 98 contacting the
R229 residue on HA (Figure 4B). The Fabs also shared 3 critical
bonds on 2 residues made by the light chain, at HA residues 222
and 224 (Figure 4C). In addition, for all antibodies the light chain
Y49 residue formed a hydrogen bond with the D or E residue at
position 98 in the heavy chain (Figure 4C). This interaction may

J Clin Invest. 2021;131(15):e146791

nition and might explain the effect of the Y49F substitution on the
ability of FluA-151 to recognize some HAs (Figure 3D). Using this
conserved interaction as a guide, we identified 2 additional puta-
tive TI antibodies, FluA-152 and FluA-153, from a paired sequenc-
ing data set of plasmablasts isolated approximately 1 week follow-
ing PCR-confirmed HIN1 infection of an additional, independent
donor. We aligned the antibody variable region sequences of
FluA-20 (28), FluA-151, FluA-152, FluA-153, H5.28, H5.31, and
the S5V2-29, S5V2-52, S1V2-37, and S1V2-58 antibodies (ref. 29
and Figure 4D) and observed a canonical sequence pattern, with a
motif comprising (a) use of the IGKV1-39 light chain gene, (b) con-
servation of germline-encoded Y49 and Q55 residues in the light
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Figure 5. Measurement of serum antibody competition with HA head and HA Tl mAbs in individuals before and after seasonal influenza vaccination.
(A) Structure showing an HIN1 trimer with RBS-specific mAb 5)8 (purple) and TI mAb (green) binding sites indicated. (B) Competition ELISA binding curves
with TI mAbs FluA-20, FluA-152, and FIuA-153, the RBS mAb 5)8, and the negative control dengue virus mAb 2D22. After incubation with serial dilutions

of the competing mAb or serum, biotinylated FIuA-20 or 5/8 was added and competition was measured and normalized to a no-competition control.
Competition with FIuA-20 binding is shown in the top panel, and competition with 5)8 binding is shown in the bottom panel. (C) Competition ELISA bind-
ing curves for FluA-20 competition (top) and 5)8 competition (bottom) for human serum from 13 donors. Gray lines indicate competition levels in serum
collected from individuals approximate a month after seasonal influenza vaccination. The dashed red line indicates the average of prevaccination competi-
tion with each reference mAb, while the solid red line indicates the average of postvaccination competition. (D) Prevaccination and postvaccination serum
competition with FluA-20 (top) and 5)8 (bottom) for 2 donors from whom TI mAbs were isolated (donors 269 and 1921) and 1 donor who had the highest
level of competition with both 5J8 and FIuA-20 (donor 1820). Competition binding experiments were performed for each sample in triplicate and repeated

:

in at least 2 independent experiments. One representative experiment is shown. For all competition binding curves, data points indicate the mean and

error bars indicate the SD.

chain, (c) introduction of an S53N somatic mutation in the light
chain CDR2, and (d) inclusion of an acidic (D or E) residue in the
HCDR3 at Chothia position 98 (which is encoded by nontemplat-
ed nucleotides in the N1 region of the V -D,, gene junction added
during recombination). Although FluA-20, S5V2-29, and H5.31 all
shared these sequence features that mediate interactions with the
HA 220 loop, S5V2-29 and H5.31 have longer HCDR3s and as a
result make more contacts with the HA (Supplemental Figure 5).
Clashes introduced by these additional contacts likely explain
why these mAbs have more restricted reactivity. In contrast, mAbs
FluA-20 and FluA-151 have shorter HCDR3s that likely avoid con-
tacts with more variable HA residues.

We also considered that previous investigators had report-
ed some human HA-specific antibodies identified by proteomic
sequence analysis of serum antibodies that also displaced HA
protomers during binding, indicating that these mAbs likely rec-
ognized an epitope at the interface between monomers (27). We
aligned the amino acid sequences of those 3 antibodies (D1 H1-3/
H3-3, D1 H1-17/H3-14, and D2 H1-1/H3-1) and found that those
sequences perfectly fulfilled the TI sequence motif described
above (Figure 4D). These antibodies had been assigned puta-
tively as binding to an occluded epitope near the TI region of the
HA head domain based on a low-resolution electron microscopy
(EM) structure and interference with binding of a trimer-spe-
cific antibody (ref. 27 and Supplemental Figure 6). However,

recombinant forms of the D1 H1-3/H3-3, D1 H1-17/H3-14, and D2
H1-1/H3-1 antibodies competed for binding to trimeric HA with
TI-specific antibodies but not with the receptor binding site-spe-
cific (RBS-specific) antibody 5]J8 (Figure 4E). These mAbs also
competed with TI mAbs for binding to a monomeric HA head
domain (Supplemental Figure 6C). In addition, a separate group
has recently described an antibody lineage with heterosubtyp-
ic breadth discovered using single B cell sequencing (32). This
antibody, L3N6, also exhibits TI mAb sequence features (Figure
4D) and competes for binding with known TI mAbs (Figure 4E).
Together these data suggest these mAbs previously described by
other groups also are in fact TI-specific antibodies.

Our recurrent identification of TT antibodies that share a com-
mon motif led us to hypothesize that antibodies targeting the TI
antigenic site may be common in the serum antibody repertoire
of many human donors. To test this hypothesis, we established a
competition assay to measure serum antibody competition with
either the TI mAb FluA-20 or the RBS-specific mAb 5]8, which
target distinct antigenic sites (Figure 5A and Supplemental Table
2). We found that FluA-152 and FluA-153 competed with FluA-20
for binding, but did not prevent 5J8 binding, confirming these
mAbs also target the TI antigenic site (Figure 5B). We then test-
ed the ability of serum collected from 13 individuals before and
after seasonal influenza vaccination to compete with FluA-20 and
5]8. We observed competition with both FluA-20 and 5]8 in most
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donors tested, and for both reference antibodies we observed an
increase in the level of competition following vaccination, indicat-
ing that vaccination boosted antibody levels in serum (Figure 5C).
Importantly, we observed competition with FIluA-20 in the serum
of donor 269 (from whom FluA-20 and FluA-151 were isolated) as
well as donor 1921 (from whom FluA-152 and FluA-153 were iso-
lated; Figure 5D). The donor who had the highest level of FluA-20
competition following vaccination also had the highest level of 5]8
competition following vaccination (Figure 5D). Taken together,
these results indicate that antibodies that compete with TI mAbs
are common in serum of multiple individuals and can be pres-
ent at levels comparable to that of antibodies that compete with
RBS-directed antibodies targeting well-defined antigenic sites.

Discussion
In this work we use fine structural characterization of naturally
occurring broad human mAbs that bind the HA TI to reveal canon-
ical features of common human antibodies that bind a highly
conserved site of vulnerability on influenza HA. These TI anti-
bodies are common in human B cell repertoires, and they exhibit
stereotypical features. Crystal structures of diverse TI mAbs with
common light chain features reveal how the public clonotype we
describe interacts with the highly conserved TI region, and we
demonstrate that a shared somatic mutation improves binding,
providing an explanation for the convergent evolution observed
across mAb lineages isolated from multiple donors. We also
demonstrate that previously described mAbs with broad reactivity
recognize the same TI epitope using these shared sequence fea-
tures. We note that previous investigators have determined the
structure of H2214, a TI mAb that contacts many of the same HA
residues but does not possess the canonical features we describe
here (29), and that we and others have described antibodies that
recognize the opposing face of the TI epitope and bind H7 and H15
HAs (33, 34). Thus, we conclude that there are additional modes
of TI epitope recognition in addition to the common canonical
motif we describe. When administered prophylactically or ther-
apeutically, TI antibodies protect mice against challenge with
diverse IAV strains (27-29), suggesting these mAbs may play a
role in protecting individuals from severe disease during normal
seasonal circulation of influenza A viruses. It is also likely that TI
antibodies may form a considerable fraction of the cross-reactive
response induced by some universal influenza vaccine approach-
es. Importantly, recent work analyzing the responses of individu-
als immunized with chimeric HA immunogens in a phase I clinical
trial found that while immunization with chimeric HAs induced
antibodies to HA stem epitopes, these vaccines also drove anti-
body responses to the TI epitope (35). It is possible that the acces-
sibility of the canonical TI motif we describe here may explain why
this response was observed across a number of individuals. While
mass spectrometry approaches (27) and our serum antibody com-
petition experiments suggest these TI mAbs are common in the
serum of some individuals, quantifying the levels of these antibod-
ies in humans and their contribution to protection is an important
area of future work, particularly in the context of analyzing the
human antibody response to candidate universal vaccines.

While these TI mAbs do not measurably neutralize virus in
vitro, passive transfer of TImAbs can prevent severe disease in ani-
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mal models, raising important questions about how this epitope is
recognized in the context of an immune response. We showed that
HA cleavage reduces mAb recognition of the TI epitope (Figure
2C; ref. 28), but other factors also can affect TI epitope accessi-
bility. Previous work identified mouse mAbs that bound better to
HA from acid-treated viruses, suggesting they recognized pH-sen-
sitive cryptic epitopes (36). One of these mAbs, Y8-10C2, binds an
occluded epitope at the TI based on escape mutation epitope map-
ping (37). Importantly, Y8-10C2 also selected escape mutations in
the HA stem region, demonstrating that mutations in this region
likely affect trimer stability and epitope accessibility. We have pre-
viously described the structure of a mAb, H7.5, that partially dis-
places HA monomers to recognize a cryptic epitope near the TI,
but binds in a different pose from the TI mAbs we describe here
(38). Finally, others have demonstrated that HA hyperglycosyla-
tion focuses on mouse antibody responses to TI epitopes (39). Tak-
en together, these findings indicate that (a) the HA is a less static
structure than is often assumed, (b) multiple factors can influence
the accessibility of TI epitopes, and (c) TI epitopes are commonly
recognized during antibody responses induced by either natural
infection or vaccination. Although TI mAbs lead to rapid dissocia-
tion of recombinant HA trimers in vitro, it is unclear how TI mAb
binding alters the structure of HA trimers anchored in lipid bilay-
ers, either on the surface of virions or on the cell membrane.

The work we present here also has implications for characteri-
zation of recurring structural motifs that facilitate antibody recog-
nition of antigens. Historically, most B cell repertoire sequencing
has focused on examination of the heavy chain, especially on the
HCDR3 region, which dominates most antigen-antibody interac-
tions. Instead of the typical heavy chain-driven interaction, the
mode of molecular recognition for this class of antibodies may
be determined instead mostly by canonical features of the light
chain interaction, which is less commonly examined in immune
repertoire sequencing efforts. Light chains do however modulate
some antibody interactions with microbial pathogens. Important-
ly, recent work has identified a public clonotype targeting the Ebo-
la virus glycoprotein (GP) that is elicited after natural infection or
vaccination (40, 41). These GP-specific antibodies are encoded by
IGHV3-15 and IGLVI-40, make conserved light chain and heavy
chain contacts with GP, and have been isolated from multiple indi-
viduals. Remarkably, these Ebola-specific mAbs also exhibit con-
vergent somatic mutations in the LCDR2 across multiple donors,
suggesting that the TI epitope recognition motif we describe here
may be one example of a broader class of public clonotypes in
which both heavy chain and light chain motifs play important roles
in epitope recognition. As paired sequencing of heavy and light
chain variable genes in immune repertoires becomes increasing
common, it is likely that similar public clonotypes that target epi-
topes from a variety of pathogens will be identified.

In summary, we identified the genetic and structural basis for
recognition of the influenza virus HA head domain TI by human
antibodies that are elicited in a diverse array of individuals. The
sequence studies reveal a canonical motif comprising residues in
the heavy and light chains from which we can infer TI-specificity.
This TI class of antibodies exhibits broad heterosubtypic binding,
and lineages of TI antibodies can acquire even broader or near
universal recognition of influenza type A viruses. The common
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appearance of this class of antibody in diverse individuals suggests
that the functional role of antibodies targeting the TI antigenic site
in protection from seasonal influenza should be explored further.

Data availability. Atomic coordinates and structure factors for
the crystal structures of H5.28 and H5.31 Fabs in their complexes
with HA head domains have been deposited in the Protein Data
Bank with the accession codes 6P3S (rH5.28 Fab in complex with
H5 head domain), and 6P3R (rH5.31 Fab in complex with H5 head
domain). The sequences of FluA-151, FluA-152, FluA-153, and
FluA-151 sibling mAbs have been deposited to Genbank (acces-
sion numbers MZ328314-MZ328335).

Methods
Detailed experimental methods are available in the Supplemental
Materials.

Statistics. The descriptive statistics mean + SEM or mean + SD
were determined for continuous variables as noted. For the A/Califor-
nia/04,/2009 lethal challenge model, survival curves were estimated
using the Kaplan-Meier method and curves compared using the 2-sid-
ed log rank test (Mantel-Cox) with subjects right censored, if they sur-
vived until the end of the study. To correct for multiple comparisons,
a Bonferroni-corrected threshold for statistical significance was deter-
mined (P < 0.006). For the A/California/04/2009 sublethal challenge
model, statistical comparisons between the weight loss observed
between treatment groups were performed using a repeated measure-
ments 2-way analysis of variance (ANOVA) with Tukey’s correction for
multiple comparisons. Associated P values are reported without defin-
ing a cutoff for statistical significance. For cell-surface display assays
measuring binding of mAbs to cleaved and uncleaved HA, P values for
the comparison between binding to cleaved and uncleaved HA were
computed using an unpaired 2-way Student’s ¢ test and associated P
values are reported without defining a cutoff for statistical significance.

Study approval. All studies involving human subjects were
approved by the Vanderbilt University Medical Center IRB, and periph-
eral blood was collected from donors following written informed con-
sent. Demographic details of human donors used in this study are
available in Supplemental Table 2. Animal studies were conducted in
the AAALAC-accredited laboratories of Utah State University or Van-
derbilt University Medical Center in accordance with the approval of
the IACUCs of those institutions.
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