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Structure-function analysis of neutralizing
antibodies to H7N9 influenza from naturally
infected humans

Kuan-Ying A.Huang ®'217* PramilaRijal*", HaihaiJiang**>'’, Beibei Wang®’#', Lisa Schimanski?,
TaoDong3$, Yo-MinLiu®, Pengxiang Chang'®, Munirlgbal’®, Mu-Chun Wang", Zhihai Chen3"?,
RuiSong®?, Chung-ChiHuang®, Jeng-How Yang', Jianxun Qi?4, Tzou-YienLin'?, AngLi’8,
Timothy J. Powell ®3, Jia-Tsrong Jan®, Che Ma®, George F. Gao ®4151¢* YjShi®41516* gnd

AlainR. Townsend ®36*

Little is known about the specificities and neutralization breadth of the H7-reactive antibody repertoire induced by natural
H7N9 infection in humans. We have isolated and characterized 73 H7-reactive monoclonal antibodies from peripheral B cells
from four donors infected in 2013 and 2014. Of these, 45 antibodies were H7-specific, and 17 of these neutralized the virus,
albeit with few somatic mutations in their variable domain sequences. An additional set of 28 antibodies, isolated from younger
donors born after 1968, cross-reacted between H7 and H3 haemagglutinins in binding assays, and had accumulated signifi-
cantly more somatic mutations, but were predominantly non-neutralizing in vitro. Crystal structures of three neutralizing and
protective antibodies in complex with the H7 haemagglutinin revealed that they recognize overlapping residues surrounding
the receptor-binding site of haemagglutinin. One of the antibodies, L4A-14, bound into the sialic acid binding site and made
contacts with haemagglutinin residues that were conserved in the great majority of 2016-2017 H7N9 isolates. However, only
3 of the 17 neutralizing antibodies retained activity for the Yangtze River Delta lineage viruses isolated in 2016-2017 that have
undergone antigenic change, which emphasizes the need for updated H7N9 vaccines.

result, in March 2017 the World Health Organization recommended
new candidate vaccine viruses from the Yangtze River Delta lineage,
including A/Hong Kong/125/2017 (a low pathogenic (LP) avian

has continued to cause outbreaks in China'. The 2016-2017

ﬁ vian influenza H7N9 virus emerged in humans in 2013 and
epidemic was the largest outbreak, and accounts for nearly

50% of the cases reported so far'. It was accompanied by significant
geographical spread and the detection of highly pathogenic (HP)
viruses containing a polybasic cleavage site, which could render
them capable of spread beyond the lung'-°. Mutations associated
with resistance to neuraminidase inhibitors have also been identi-
fied”-"". In addition, the A/Guangdong/17SF003/2016 HP virus was
shown to transmit between ferrets, the animal model thought to be
most predictive of spread between humans>'. As a result of these
findings H7N9 influenza is now potentially considered the most
serious pandemic threat'>'.

Molecular epidemiology has revealed two new genetic lineages
among human H7N9 isolates: the Yangtze River Delta and the Pearl
River Delta clades®. Ferret antisera have shown that these viruses
are antigenically distinct from those of the 2013 outbreak™'. As a

virus) and A/Guangdong/17SF003/2016 (an HP avian virus).

An interesting feature of the epidemiology of H7N9 infections
in humans is the reduced mortality in those born after 1968, which
correlates with the date that H3N2 viruses first appeared in the
human population""”. H3N2 and H7N9 influenza are both group 2
viruses, and share some antibody binding epitopes in their haemag-
glutinins'®* and T cell epitopes in their core proteins***’. Both these
responses can contribute to protection by passive transfer'®?->*
or vaccination”*. However, it is not clear to what extent a recall
response to these shared epitopes occurs during natural H7N9
infection in humans, or if it contributes to protection.

These issues emphasize the need for a deeper understand-
ing of the human immune response to H7N9 viruses. We isolated
73 H7-reactive monoclonal antibodies from four individuals of
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different ages with acute H7N9 infections in 2013-2014. Seventeen
out of 73 antibodies neutralized influenza coated in H7 haemagglu-
tinin related to the challenge virus (A/Anhui/1/2013). Only three
neutralized pseudotypes coated in H7 from 2016-2017 isolates. We
analysed the crystal structures of three antibodies that neutralized
A/Anhui/1/2013 and showed that they bind within or close to the
sialic acid binding site. One of these (L4A-14) has a binding foot-
print that is conserved in the great majority of recent H7N9 iso-
lates, and was therapeutic for both 2013 and 2017 H7N9 viruses in
a murine infection model. Antibodies that cross-reacted in bind-
ing to H3 HA, with variable region sequences that suggest a recall
response, were abundant (28 of 60) in the three donors born after
1968, but were absent (0 of 13) from the donor born earlier.

Our results show that, in response to natural infection with
H7N9 influenza, humans make rare highly protective neutralizing
antibodies to the globular head of H7 haemagglutinin; in addition,
donors born after 1968 make a recall response to epitopes in both
the globular head and stem shared between H3 and H7 haemagglu-
tinins. These results are similar to those obtained from individuals
vaccinated with an H7 live attenuated vaccine and boosted with a
subunit vaccine?””, and in response to DNA priming and subunit
boost*. The low frequency (3 of 17) of neutralizing antibodies gen-
erated by natural infection in humans in 2013-2014 that cross-neu-
tralize viruses isolated in 2016-2017 is consistent with convalescent
serology and ferret serology™'®, and demonstrates the extent of anti-
genic change in recent H7N9 isolates.

Results
H7-reactive antibodies induced by natural infection. Four
donors, referred to as donors L, K, Z and W, were diagnosed with
H7N9 influenza infection in 2013 and 2014 (Table 1).
Convalescent sera from the donors revealed several points of
interest (Fig. 1). The sera of all four donors showed a strong neu-
tralizing titre (>1:2,048) to single cycle influenza (S-FLU) pseudo-
types’ coated in haemagglutinin from recent seasonal viruses H3
A/Victoria/210/2009 and H1 A/England/195/2009. By contrast,
only the two older donors (aged 86 and 39 years) showed reactivity
with the H3 from X31 A/Aichi/2/1968. The two older donors who
became ill with pneumonia from H7N9 A/Anhui/1/2013 infection
developed high titre neutralizing antibody to this virus (>1:1,024),
whereas the two younger donors who had mild respiratory illnesses
developed low titre antibodies (~1:64). The sera were tested on pseu-
dotypes coated in H7 haemagglutinin from five recent isolates from
2016-2017. The sera from the two older donors reacted with three
of the pseudotypes with an 8-16-fold reduction in titre, whereas the
two younger donors showed minimal or no reactivity. None of the
sera retained any detectable neutralization of A/Taiwan/1/2017 or
A/Guangdong/8H324/2017. These two viruses have acquired new
N-linked glycosylation sites on the globular head of HA at positions
N118 (128 in H3 numbering®) and N148 (158a in H3 number-
ing*>*), respectively. Both glycosylation sites are positioned in the
antigenic site B, the latter in the equivalent position to the recent

Table 1| Summary of 73 human MAbs to H7
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Fig. 1| Neutralization titres of convalescent sera from donors with
laboratory-confirmed H7N9 infection. Convalescent sera were
collected from donors and tested against H1, H3 and H7 pseudotypes.
The anti-haemagglutinin (HA) stem MEDI88527' reference antibody
was included. Neutralization titres are expressed as reciprocal 50%
effective concentrations (EC.,) derived by linear interpolation from
neighbouring points in the titration curve, and the lines represent

mean +s.e.m. All experiments were independently repeated three times
(n=3). Each symbol represents an independent measurement and some
measurements overlap. Titres less than the starting dilution of 1:40 are
placed at the base of the figure.

glycosylation site of the seasonal H3 haemagglutinin on the B loop
at N158. The loss of reactivity of the sera with these haemaggluti-
nins therefore suggests that the sera are composed predominantly
of antibodies to the antigenic site B. The control anti-stem antibody
MEDI8852”! neutralized all the pseudotypes to some level except A/
Guangdong/8H324/2017. This was not due to lack of binding, and
represents a rare example of loss of in vitro neutralization by this
antibody (Supplementary Fig. 1).

To explore the specificities and neutralization breadth of the
H7-reactive antibody repertoire, we identified circulating plasma-
blasts during the acute phase of infection by flow cytometry and
sorted single cells to generate human IgG monoclonal antibodies.
A total of 254 monoclonal antibodies were screened for binding H7
HA from A/Anhui/1/2013. Of these, 13 of 49 from donor L, 45 of
111 from donor K, 14 of 86 from donor Z and 1 of 8 antibodies from
donor W bound specifically to Madin-Darby canine kidney epithe-
lial-human 2,6-sialyltransferase (MDCK-SIAT1) cells** transduced

Donor  Age Gender Clinical diagnosis Sampleday Total MAbs H7- H7-neutralizing H3- H3-neutralizing
(yr) isolated reactive reactive
L 86 Male Pneumonia requiring D21, D26 49 13 7 0 0
extracorporeal membrane
oxygenation
K 39 Male Pneumonia D11, D19 m 45 8 20 0
6 Male Mild respiratory tract D7, D10 86 14 1 7 6
infection
W 7 Female Mild respiratory tract D13, D28 8 1 1 1 1

infection
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Table 2 | Haemagglutination inhibition and neutralization by representative H7-reactive antibodies on pseudotypes and wild-type viruses

Haemagglutination-inhibition

Neutralization

2013 avian H7 2016-2017 avian H7 2003 avianH7  Seasonal H3
Antibody Vh H7A/ H7A/ H3X217 H3X31 H7A/ H7A/ H7A/ H7A/ H7 A/ H7A/ H7A/ H7 A/ H7 A/ H7A/ H7A/ H3X217 H3X31
Anhui/ Taiwan/ (A/ A/ Anhui/ Shan Anhui/ Guang Taiwan/ Hong  Guang Guangdong/ Guang Nether New A/ A/
1/2013 1/2017  Victoria/ Aichi/ 1/2013 ghai/ 1/2013 dong/ 1/2017 Kong/ dong/ THOO5/ dong/ lands/ York/ Victoria/ Aichi/
361/ 2/ 1/2013  wt 17SF003/ 125/  THOO05/ 2017 8H324/ 219/ 107/ 361 2/1968)
2011) 1968) virus 2016 2017 2017 wt virus 2017 2003 2003 /2011)
H7-specific head
L4A14  3-30 +++  +++ - - +++ +++ +++ +H+ ++++ - - - - -
L3A-44 4-34  +++ - - - +++ ++ + = = + £ + = = = = -
L4B-18 3-23 + = = = 4HF Sl 4 ND ND ND = = ND = = = =
K9B-122  4-59 4+ - = - ++ +++ ND - - - + ND - - ++ - -
L1B-46  1-3 4HF = = = 4HF = ND = = aF = ND = = = = =
L9B-26  1-18 4+ = = = - ND + * + + ND = = = = =
L12B-36  4-34 +++ = = = ++ = ND = = = = ND = = = = =
H7/H3 cross-reactive stem
Z3B2 3-53 - - - - - - ND ND ND ND - ND ND - - + +
Z3A8 3-23 - - - - - - ND ND ND ND ND ND ND = = + +
H7/H3 cross-reactive head
W3A1 4-39 + St + = s a8 ND +++ ++ ++ ++ ND = = ++ + =
Z1B10 3-20 + ++ + - + ++ ND ++ + + ++ ND + - + + -
Z3A9 3-30 - - + - - - ND ND ND ND - ND ND - - + -

Haemagglutination-inhibition activity is defined as the minimal concentration of the antibody required to prevent haemagglutination. The neutralizing activity is defined as the EC., value. —, negative;
+,30-50 ugml'; +, 2-30 ug ml=; ++, 0.2-2ugml~'; +++, 20-200 ng ml="; ++++, <20 ngml=". Wild-type H7 viruses are indicated by wt, the other H7 viruses are single cycle influenza pseudotyped with
the indicated H7 proteins. H3 X217 and H3 X31 are replication competent vaccine viruses. ND, not determined. Vh, variable gene segment of the heavy chain variable domain.

to express recombinant haemagglutinin from A/Anhui/1/2013
(Table 1 and Supplementary Table 1).

The 73 H7-reactive antibodies can be categorized into two major
groups based on their binding and neutralizing activities: 45 of 73
bound specifically H7 haemagglutinin and 15 of these neutralized
H7-coated virus; 28 of 73 bound to both H7 and H3 haemagglutinins,
and of these only two neutralized H7- and H3-coated viruses, but
five additional antibodies neutralized modern H3 viruses (Table 1
and Supplementary Table 1). Clonal expansions of H7-reactive B
cells were observed within individual donor repertoires, but each
H7-reactive antibody had a unique sequence of rearranged variable,
diversity and joining (VDJ) gene segments in the heavy- and light-
chain variable domain when combined with somatic mutations
(Supplementary Table 2).

H7-specific antibodies induced by natural infection. As shown
in Table 2, seven representative H7-specific antibodies (that failed
to bind H3 haemagglutinin) neutralized pseudotypes coated in
A/Anhui/1/2013 HA, and inhibited haemagglutination by these
viruses (Supplementary Fig. 1). Three failed to neutralize or weakly
neutralized viruses coated with other H7 haemagglutinins (including
the closely related A/Shanghai/1/2013), and were not studied further.
Four antibodies (L4A-14,1.3A-44, L4B-18 and K9B-122) cross-reacted
to some level on haemagglutinin from more distantly related H7 iso-
lates (Table 2). Only L4A-14 neutralized four of the five pseudotypes
coated in haemagglutinin from several recent H7N9 viruses tested,
including A/Guangdong/17SF003/2016, A/Taiwan/1/2017, A/Hong
Kong/125/2017 and A/Guangdong/THO005/2017 with EC,, values less
than 200 ng ml~ (Table 2). Neutralization of the pseudotypes was cor-
related with inhibition of haemagglutination. The sequences of their
V; genes were close to germline, with few or absent amino acid sub-
stitutions (L4A-14 (five substitutions), L3A-44 (five substitutions),
L4B-18 (one substitution) and K9B-122 (six substitutions)) indicating
that this subset had not been selected from a memory population and
arose most probably through a first exposure to H7 haemagglutinin.
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Both L4A-14 and L3A-44 neutralized the two wild-type viruses
tested (A/Anhui/1/2013 and A/Guangdong/TH005/2017) in vitro,
but L4A-14 required 3 logs less antibody to neutralize the 2017
virus (Supplementary Fig. 2). Antibody L4A-14 was the most
potent and had the highest apparent binding affinity (KD 16.6nM,
Supplementary Fig. 3).

L4A-14 was applied to the selection of neutralization-resistant
viruses from a laboratory reassortant virus based on A/Puerto
Rico/8/1934. Mutation N149D (158b in H3 numbering***) in
the antigenic site B, close to the sialic acid binding site, abolished
neutralization. This mutation was found in 11 of 1,383 sequences
in the GISAID database (Supplementary Table 3). This corre-
lates with loss of recognition of the A/Guangdong/8H324/2017
haemagglutinin (Table 2), which has a unique glycosylation site
at N148 (158a in H3 numbering) as a result of the combined
substitutions D148N with A150T. This mutation combination
occurs in only 2 of 1,383 H7 sequences in the GISAID database
(Supplementary Table 3).

To further investigate the functional activities of H7-neutralizing
antibodies and map the relevant epitopes, three antibodies that neu-
tralized A/Anhui/1/2013 and A/Shanghai/1/2013—1L4A-14, L4B-18
and L3A-44—were selected for crystallization.

H7-specific neutralizing antibodies bind the receptor-binding
site in the globular head domain of A/Anhui/1/2013 haemagglu-
tinin. The L4A-14/H7 complex structure reveals that the antibody
recognizes the region surrounding the receptor-binding site (RBS)
in the head domain of the H7 protein (Fig. 2a). L4A-14 uses both its
heavy and light chains to engage the H7 protein, with along HCDR3
loop inserting into the RBS. The heavy chain (including HCDR1,
HCDR2 and HCDR3) contributes to the interactions of 138 atom-
to-atom contacts, while the light chain (including LCDR1, LCDR2
and LCDR3) contributes less to the interaction with 96 atom-to-
atom van der Waals contacts. The epitopes cover three second-
ary elements, the 120-loop (the 130-loop in H3 numbering), the
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a b Heavy chain (HC) epitope
L4A-14 antibody complex with H7 L4A-14 footprint Light chain (LC) epitope
HC&LC overlapped epitope

N149 _D148T147

K184_A150

Fig. 2 | Structures of L4A-14/H7, L3A-44/H7 and L4B-18/H7 complexes. a,c,e, Overall structures of L4A-14/H7 (a), L3A-44/H7 (c¢) and L4B-18/H7 (e)
complexes, displayed in a cartoon representation. The L4A-14, L3A-44 and L4B-18 Fab (heavy chain in magenta, light chain in yellow) bind the globular
head domain of A/Anhui/1/2013 haemagglutinin. The HA1 head subunit is coloured green, the HA2 subunit light blue, and the epitope pink. b,d.f, The
footprints on H7 of Fab L4A-14 (b), L3A-44 (d) and L4B-18 (f) are mapped on the haemagglutinin surface. The epitope residues that are contacted by the
heavy or light chain are coloured in purple or blue, respectively (numbering from the first residue in the mature H7 protein®?). The overlapping residues
that are contacted by both heavy and light chains are in orange. HCDR1-3, heavy chain complementarity-determining regions 1-3; LCDR1-3, light chain
complementarity-determining regions 1-3; HC, heavy chain; LC, light chain.

140-loop (the 150-loop in H3 numbering) and the 180-helix (the For the L3A-44/H7 complex structure, the antibody similarly
190-helix in H3 numbering). Details of the contact amino acids in  recognizes the region surrounding the RBS. L3A-44 uses both its
the epitope are shown in Fig. 2b. heavy chain (including HCDR1, HCDR2 and HCDR3) and light
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A/Guangdong/8H324/2017 [ TGPPQCDQFLEFSADLIIERREGSDVCYPGKFVNEEALRQILRESGGIDKE|JMGF TYNGHS
P VAL LI T S MR T GPPQCDQFLEFSADLIIERREGSDVCYPGKFVNEEALRQILRESGGIDKE|JMGF T YINGHS

b nl B8 B9 a2 p10
A/Anhui/1/2013 Q 000 TT — TT —> 000000000 —

79 89 9(‘.) 109 11(‘.) 12(.)
A/Anhui/1/2013 TGPPQCDQFLEFSADLIIERREGSDVCYPGKFVNEEALRQILRESGGIDKENMGFTYFGH
A/Hong_Kong/125/2017 TGPPQCDQFLEFSADLIIERREGSDVCYPGKFVNEEALRQILRESGGIDKENMGF T YNNG
A/Taiwan/1/2017 TGPPQCDQFLEFSADLIIERREGSDVCYPGKFVNEEALRQILRESGGIDKEZIMGF T YNNG ¥

p11 p12 p13 p14 p15
A/Anhui/1/2013 — -»> TT—> Q0
130 140 150 160 170 180
A/Anhui/1/2013 RTNGE\TSACBEIRSGSSFYAEMKWLLSNTRBNINAFPQMTKSYKNTRISS PAMIIVWGIHHSVSTA]|
A/Hong_Kong/125/2017 RTNGYTSACIHRSGSSFYAEMRKWLLSNTBNIMAFPQMTKSYKNTRINS PAIRTVWGIHHSVSTA]|
A/Taiwan/1/2017 RTNGYTSACKRRSGSSFYAEMKWLLSNTRBNIMAFPQMTKSYKNTERINS PAIRIVWGIHHSVSTA]
A/Guangdong/8H324/2017 RTNGYTSACKRRSGSSFYAEMKWLLSNT\NISAFPQMTKSYKNT|MYSPAIVWGIHHSVSTA]
VLT Tl T T VAN A I YA MR TNGWT SACIIRSGSSFYAEMRKWLLSNTBNINAFPOQMTKS YKNTEUHS PAMIVWGIHHS VS TA)
T R S T
o3 p16 p17 p18 p19
A/Anhui/1/2013 000000 —_— —
190 200 210 220 230 240
A/Anhui/1/2013
A/Hong_Kong/125/2017
A/Taiwan/1/2017

A/Guangdong/8H324/2017

A
°
|

A L4A-14 HC epitope
A Laa-141C epitope
L4A-14 HC&LC overlapped epitope

@ L3A-44 HC epitope
@ L3A-44 LC epitope
L3A-44 HC&LC overlapped epitope

EQTKLYGSGNKLVTVGSSNYQQBFVPSPGARPQVNGMSGRIDFHWLUMLNPNDTVTFSFNG|
EQTKLYGSGNKLVTVGSSNYQQBFVPSPGARPQVNGMSGRIDFHWLMLNPNDTVTF SFNG
[EQTKLYGSGNRKLVTVGSSNYQQBFVPSPGARPQVNGESGRIDFHWLIMLNPNDTVTF SFNG]|
EQTKLYGSGNRKLVTVGSSNYQQIIFVPSPGARPQVNGESGRIDFHWLHMLNPNDTVTFSFNG

P VAT LI T R S SRR E Q TRLYGSGNKLVTVGSSNYQQEFVPSPGARPQVNGOSGRIDFHWLMLNPNDTVTF SFNG)

Il L4B-18 HC epitope
Il L4B-18 LC epitope
L4B-18 HC&LC overlapped epitope

Fig. 3 | Comparison of epitope residues recognized by L4A-14, L3A-44 and L4B-18 antibodies. a, Antibody L4A-14 (in blue) has a more straight-on
binding orientation than the L4B-18 (magenta) and L3A-44 (orange) antibodies. b, Haemagglutinin residues contacted by L4A-14 (triangles), L3A-

44 (circles) and L4B-18 (squares) are mapped onto a structure-based sequence alignment of H7 haemagglutinins (A/Anhui/1/2013, A/Hong
Kong/125/2017, A/Taiwan/1/2017, A/Guangdong/8H324,/2017 and A/Guangdong/17SF003/2016). Unique residues are highlighted with white boxes.

Numbering is taken from the first amino acid of the mature H7 protein®.

chain (including LCDR1, LCDR2 and LCDR3) to bind the H7 pro-
tein (Fig. 2¢). The heavy chain contributes to the interaction with
164 contacts, while the light chain only contributes 54 contacts. The
epitopes cover four secondary elements, including the 120-loop,
140-loop, 180-helix and 210-loop. Detailed epitope residues are
referred to Fig. 2d.

For the L4B-18/H7 complex structure, the antibody also mainly
recognizes the epitopes surrounding the RBS. L4B-18 uses both
its heavy chain (including HCDR2 and HCDR3) and light chain
(including LCDR2, FR3 and LCDR3) to contact the H7 protein
(Fig. 2e). The heavy chain contributes to the interaction with 109
contacts, while the light chain contributes to the interaction with
87 contacts. The region of contact covers four secondary elements
of the H7 protein, including the 120-loop, 140-loop, 180-helix and
210-loop. Detailed epitope residues are referred to Fig. 2f.

Comparison of these three antibodies shows that the L4A-14 has
a more straight-on binding orientation than the L4B-18 and L3A-44
antibodies (Fig. 3a). Sequence alignment also shows that the epitope
residues of these three antibodies are largely overlapped (Fig. 3b).
L4A-14 uniquely recognizes the residue at position 120, whereas
L4B-18 and L3A-44 uniquely contact the residues at positions R130
and L217 (226 in H3 numbering’*), which has been replaced with
Q217 in recent isolates (Fig. 3b and Supplementary Table 3).

The footprint of the most potent antibody L4A-14 is conserved in
the great majority of recent H7N9 viruses that have caused human
infections (Fig. 3b, Supplementary Table 3 and Supplementary
Table 4). The antibody selection experiment with neutralization-
resistant strains showed that the N149D mutation could abolish the
neutralizing activity of L4A-14, which could be explained by electro-
static repulsion from the negative-charged residue D95 in the LCDR3
loop (Supplementary Fig. 4). In addition, the introduction of a glyco-
sylation site at N148 via two mutations D148N and A150T can also
generate a steric clash with the CDR loops of the antibody (Fig. 2a,b).
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H7-neutralizing antibodies are protective in vivo for prophylaxis
and therapy. We tested the efficacy in prophylaxis and therapy of
neutralizing antibodies against 2016-2017 epidemic virus in mice.
Figure 4a shows that L4A-14 conferred 100% protection at a dose
of 20mgkg™". By contrast, a higher dose of 30 mgkg™" was required
for L3A-44 to be 100% protective, and L4B-18 failed to protect
mice from lethal infection. Although mice were protected from
lethal infection by both L4A-14 and L3A-44, the L4A-14 treated
animals showed less weight loss and quicker recovery. In Fig. 4b
these antibodies have also been tested in a therapeutic model, and
we observed that both L4A-14 (at 10mgkg™") and L3A-44 (at 20 or
30mgkg™") were able to fully protect mice from lethal infection with
A/Guangdong/TH005/2017.

We also tested the prophylactic efficacy of neutralizing antibod-
ies (at 20mgkg™") against 2013 epidemic virus in mice. Figure 4c
shows that L4A-14 and K9B-122 conferred 100% protection from
lethal infection, with L3A-44 being partially (83%) protective for the
infected mice. Mice receiving L4A-14 showed minimal weight loss
after infection, and body weight was gradually restored by 5 days
post infection. By contrast, mice treated with L3A-44 and K9B-122
lost more weight but recovered. Untreated control mice continued
to lose weight and succumbed to infection by day 8. These results
demonstrated that all three antibodies substantially decreased the
mortality of mice infected with 2013 H7N9 virus, with L4A-14
being the most effective.

Antibodies L4A-14 and K9B-122 were further tested in a thera-
peutic model, with 20mgkg™" of each antibody being administered
24h after infection, and we observed 100% survival only with anti-
body L4A-14 (Fig. 4d).

Antibodies that cross-react between H7 and H3 haemagglu-
tinins. Of the 73 antibodies we isolated, 28 of 60 from the three
donors born after 1968 cross-reacted in binding assays with H3
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Fig. 4 | Protection against lethal infection with H7N9 in mice by antibodies. a,b, In vivo prophylactic (a) and therapeutic (b) effects of

neutralizing antibodies L4A-14, L3A-44 and L4B-18 against high pathogenic H7N9 A/Guangdong/THO005/2017 (an HP avian virus related to
A/Guangdong/17SF003/2016) infection in BALB/c mice (n=5 per group). ¢,d, In vivo prophylactic (¢) and therapeutic (d) effects of neutralizing
antibodies L4A-14, L3A-44 and K9B-122 against H7/N9 A/Taiwan/1/2013 (a 2013 H7N9 virus related to A/Anhui/1/2013) infection in BALB/c mice
(n=6 per group). A single dose of antibody or control was administered 24 h before or after intranasal infection in the prophylactic or therapeutic
experiment, respectively. The experiments were performed with PBS, anti-Ebola IgG antibody 13C6, anti-H1 IgG antibody T2-5D or cross-reactive
anti-HA stem antibody CT149 as controls. Body weight data are shown as group mean +s.e.m. of the percent in weight of surviving animals relative to

their starting weights. d.p.i., day post-infection.

haemagglutinin (A/Victoria/361/2011). By contrast, 0 of 13 anti-
bodies from donor L, born before 1968, cross-reacted (P=0.0013,
two-tailed Fisher’s exact test) (Table 1 and Supplementary Table 1).

Only 2 of the 28 cross-reactive antibodies, W3A1 and Z1B10,
neutralized H7-coated pseudotypes in our assays (Supplementary
Table 1 and Table 2). Antibodies W3A1 and Z1B10 bound H3 weakly
(Supplementary Fig. 1), but neutralized modern H3N2 vaccine virus
X217 (containing H3 and N2 from A/Victoria/361/2011). Both anti-
bodies inhibited haemagglutination by H7 viruses (Table 2), indicat-
ing that they bind epitopes in the haemagglutinin head close to the
sialicacid bindingsite. They were unusualin being germlinein their V;
sequences without any evidence of affinity maturation and no amino
acid substitutions in their Vi sequence (Supplementary Table 2).
An additional H7-binding antibody Z3A9 also bound H3 weakly,
inhibited haemagglutination and neutralized a modern H3 virus in
vitro, but not any H7 viruses (Table 2 and Supplementary Fig. 1). We
classify it also as a head-binding antibody.

The remaining 25 H7/H3 cross-reactive antibodies bound H3 as
strongly as H7 (represented by Z3B2 and Z3A8 in Supplementary
Table 1 and Supplementary Fig. 1). Five H7/H3 cross-reactive anti-
bodies neutralized an H3N2 virus, while most were not neutral-
izing in vitro (Supplementary Table 1). One of them (Z3B2) was
shown to compete with anti-stem antibody MEDI8852 for binding
(Supplementary Fig. 5), indicating that it recognized an overlapping

epitope in the haemagglutinin stem. Cross-reactive antibod-
ies Z3A8 and Z3B2 neutralized H3N2 virus from 2011 (X217
A/Victoria/361/2011) and 1968 (X31 A/Aichi/2/1968) (Table 2). Both
antibodies were also protective in prophylaxis against X31 infection
in BALB/c mice (Supplementary Fig. 6a). In addition, Z3B2 was pro-
tective in prophylaxis against HIN1 A/California/07/2009 (X179A)
infection in DBA/2 mice (Supplementary Fig. 6b). These results sug-
gest that Z3B2 is a group 1 and 2 cross-reactive anti-stem antibody.

Comparison of the sequences of H7-specific and H7/H3 cross-
reactive antibodies. The 45 H7-specific antibodies harboured an
average of 7+5 and 443 non-silent nucleotide mutations in the
heavy and light variable domain, respectively, whereas the 28 H7/
H3 cross-reactive antibodies harboured 16+8 and 10+6 muta-
tions, respectively (H7-specific versus cross-reactive, P<0.0001
for both heavy and light chains, two-tailed Mann-Whitney test)
(Supplementary Fig. 7). This highly significant difference suggests
that, following a first exposure to H7 haemagglutinin, two popula-
tions of B cells are selected: a group directed at the H7 globular head
that are predominantly H7-specific represented by L4A-14, with
occasional clones with wider cross-reactivity for H3 such as W3A1
and Z1B10, derived from primary activated B cells, and a second
H7/H3 cross-reactive group selected from memory B cells previ-
ously primed by seasonal H3 influenza.
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Of the 28 H7/H3 cross-reactive antibodies we isolated we
found one encoded by Vhl1-18, none by Vhé-1, seven by Vhi1-2
and six by Vh3-53, and others encoded by six additional Vh genes
(Supplementary Table 2), suggesting there may be some preferential
use of Vh1-2 and Vh3-53 in the H7/H3 cross-reactive antibodies
elicited by infection®. However, our Vh1-2 and all but one (Z3B2) of
the Vh3-53 encoded antibodies express a shorter heavy chain CDR3
than the canonical 18 residues described for the vaccine response®.
Z3B2 is typical of the group 1 and 2 cross-reactive stem-binding
antibodies encoded by Vh3-53/Dh3-9/Jh6, V12-8 with an HCDR3
length of 18 amino acids (ARFLVLRYFDWPNYAMDV).

Discussion
Convalescent sera from our four donors who were naturally infected
with 2013-2014 H7N9 viruses showed a greatly reduced neutral-
izing response to the fifth-epidemic Yangtze River Delta lineage
viruses (Fig. 1). This observation emphasizes the degree of antigenic
change that has occurred in the H7N9 viruses between 2013 and
2017, and warrants investigation of the human antibody repertoire.
We have characterized a panel of H7-reactive human mono-
clonal antibodies from donors naturally infected with 2013-2014
H7NO9 virus and have shown that powerful and broadly protective
antibodies to the globular head domain, despite minimal affinity
maturation (five amino acid substitutions in V; and two in V; for
L4A-14; Supplementary Table 2), can be induced by natural infec-
tion in a naive donor. Low levels of somatic mutation are character-
istic for similar antibodies isolated after H7 subunit vaccination®>*,
and imply that these antibodies are part of a primary response.
Although the inhibitory substitutions at residues 148-150 (158-
160 in H3 numbering®) would classify L4A-14 as a site B binding
antibody, the crystal structure reveals that it straddles the sialic acid
binding site, and thus does not fit the classical classification”. The
interaction of L4A-14 with the sialic acid binding site is similar
to the post infection antibody HNIgGA6*. An important differ-
ence is that HNIgGAG® is sensitive to changes at V177G and L217Q
(186 and 226 in H3 numbering), which are not part of the L4A-14
binding footprint. The L217Q variation would not change the dual
receptor binding property for sialic acids’ and tends to be Q in the
2016-2017 HP viruses>">. L4A-14 antibody neutralized four of five
recent H7N9 viruses and was effective as therapy in mice for the
HP A/Guangdong/TH005/2017 (with Q217) (Table 2 and Fig. 4).
These results suggest that L4A-14 is a good candidate as a therapeu-
tic antibody for human infections with the H7N9 viruses now cir-
culating, perhaps combined with a protective antibody to the stem
or N9 neuraminidase to minimize the selection of resistant variants.
The two other antibodies we selected for crystallization—L4B-18
and L3A-44—had overlapping binding footprints despite each being
encoded by different V,; genes (Fig. 3b and Supplementary Table 2).
Neither was able to neutralize as many recent Yangtze River Delta
viruses as L4A-14 (Table 2). Our structural analysis has shown that
both L4B-18 and L3A-44 contact the 210-loop (the 220-loop in H3
numbering), especially residue 217 (226 in H3 numbering). This
binding feature determines that both antibodies are susceptible to
mutation at position 217, and may explain why both antibodies fail
to neutralize recent Yangtze River Delta viruses because substitu-
tion L217Q occurred in most of them (Fig. 3b). The three antibod-
ies for which we obtained structures were isolated from the same
donor. It will be of interest to compare the structures of the neutral-
izing antibodies from younger donors, such as W3A1 and Z1B10,
in the future.
We found a large fraction of antibodies (28 of 60) that cross-reacted
in binding with H3 haemagglutinin in donors born after 1968 (Table 1
and Supplementary Table 1). It is interesting to note that the serol-
ogy shown in Fig. 1 shows that donor L (who was born well before
1968) must have been exposed to H3 viruses as an adult, and made
antibodies to them, but did not produce any plasmablast-derived
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monoclonal antibodies (0 of 13) that cross-reacted between H7 and
H3 haemagglutinins. Although with only four donors we are cautious
not to over-interpret this result, we speculate that such cross-reactive
antibodies may be primed predominantly in individuals whose first
exposure to influenza was with an H3 virus.

These proportions are similar to the results of ref. * from an
analysis of 20 human monoclonal antibodies from donors aged
18-49years in a clinical trial of H7 (A/Anhui/1/2013) live attenu-
ated vaccine followed by a subunit H7 boost”. The great majority
of these participants would have been born after 1968, and 10 of 20
antibodies cross-reacted on H3 haemagglutinin. They went on to
show that these antibodies could show low-level protection (associ-
ated with greater weight loss) in mice. Similarly, non-neutralizing
serum pools from donors immunized with the H7 subunit vaccine
Panblok” provided a low level of protection from H7 challenge
(associated with >20% weight loss and 60% survival) in comparison
to a pool of neutralizing sera (5% weight loss and 100% survival).
These and other results defining H7/H3 cross-reactive monoclonal
antibodies to the haemagglutinin stem from H7 naive donors'**"*
suggests that such antibodies can provide a level of protection
against H7N9 infection and are consistent with the observation
that mortality is significantly lower in individuals born after 1968"".
However, this association needs more investigation to provide a
definitive causal relationship.

We also noted a small subgroup of H7/H3 cross-reactive anti-
bodies, including W3A1 and Z1B10, that bound the globular head
of H7 and H3 haemagglutinins (Table 2 and Supplementary Fig. 8).
They differed from the majority of H7/H3 cross-reactive antibodies
in that their V gene sequences were essentially germline. Only a few
broadly neutralizing antibodies binding epitopes in the haemagglu-
tinin head have been reported*-*'. In each case an extended HCDR3
loop allows these antibodies to insert into the conserved sialic acid
binding site. Sequence analysis shows that W3A1 contains a long
HCDR3, but Z1B10 has a short one. Further structural analysis will
help to elucidate the antigenic breadth and potency of these broadly
reactive antibodies.

In summary, we have shown that humans naturally infected
with H7N9 influenza make an antibody response that includes rare
broadly neutralizing and highly protective antibodies that bind the
receptor-binding region of the H7 haemagglutinin, and common
non-neutralizing antibodies, many of which cross-react with H3
haemagglutinin, and which may also be protective, at least in pro-
phylaxis. These results are closely related to studies of donors after
H7NO9 live attenuated or subunit vaccination®***, which suggests
that natural H7N9 infection and vaccination are expanding similar
repertoires of B cells. This may bode well for the development of
effective antibody-inducing vaccines.

Methods

Ethics. The study was in compliance with good clinical practice guidelines and
the Declaration of Helsinki. The protocol was approved by the Research and
Ethics Committee of Chang Gung Memorial Hospital, Beijing Ditan Hospital
and Weatherall Institute of Molecular Medicine. All subjects provided written
informed consent.

Patients and samples. Four patients, two adults and two children who were
diagnosed with acute H7N9 infections were prospectively enrolled in Ditan
Hospital, Beijing, China and Chang Gung Memorial Hospital, Taoyuan, Taiwan,
in 2013 and 2014. Acute H7N9 infection was diagnosed by a positive laboratory
test for H7N9 by RT-PCR and/or viral isolation in the respiratory specimens with
or without the presence of fever and respiratory illnesses. The demographic and
clinical features of patients are shown in Table 1. Whole bloods were taken during
the acute and convalescent stage of infection.

Monoclonal antibodies. Peripheral blood mononuclear cells were freshly isolated
and resuspended in staining buffer (PBS/1% fetal calf serum). One aliquot of
cells (~1 % 10° cells in 100 pl of staining buffer) was incubated with antibodies,
including Pacific Blue anti-CD3 (clone UCHT1, BD), fluorescein isothiocyanate
(FITC) anti-CD19 (clone HIB19, BD), phycoerythrin-cyanin-7 anti-CD27
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(clone M-T271, BD), allophycocyanin-cyanine tandem anti-CD20 (clone L27,
BD), PE-Cy5 anti-CD38 (clone HIT2, BD) and allophycocyanin anti-IgM (clone
G20-127, BD), for 30 min at 4°C. After incubation, cells were washed twice with
staining buffer and passed through a cell strainer to avoid clogs in the cytometer.
The gating strategy (CD3#/CD20"8/CD19%/CD27"/CD38"/IgM"¢) was applied
to identify plasmablasts, and single plasmablasts were sorted into a 96-well PCR
plate containing 10 pl of RNase-inhibiting catch buffer. Cloning of the variable
domain of immunoglobulin derived from the single plasmablasts was performed
as previously described>*’. Supernatants were collected from 293T cells co-
transfected with the heavy chain and light chain variable domains inserted in
plasmids designed to express human IgG1*.

Expression of H7 and H3 haemagglutinins in MDCK-SIAT1 cells and
production of single cycle virus pseudotypes for neutralization assays.
MDCK-SIAT1 cells’ were transduced to express a variety of H7 or H3
haemagglutinins with codon optimized sequences (Supplementary Table 5) and
sorted by fluorescence-activated cell sorting (FACS) as described in ref. *'. All

high pathogenic H7 sequences had their polybasic cleavage sites removed and
converted to the low pathogenic sequence of A/Anhui/1/2013 (PEIPKGRGLFGAI),
which requires trypsin for cleavage in vitro. Pseudotypes were made by seeding
haemagglutinin transduced cells with the signal sequence-inactivated single

cycle influenza virus that has the H1 coding sequence of A/Puerto Rico/8/1934
replaced with an enhanced green fluorescent protein (eGFP) reporter’*. In

some cases the N1 sequence of A/Puerto Rico/8/1934 was replaced with the N2

of A/Victoria/361/2011 to optimize replication. Seed S-FLU viruses were doubly
cloned and then expanded in the presence of trypsin on H7 haemagglutinin
expressing MDCK-SIAT1 cells to provide single cycle viruses coated in the desired
haemagglutinin (but that do not encode a viable haemagglutinin sequence) for use
in neutralization assays in BSL-2 containment®.

Initial screening of monoclonal antibodies. Antibodies were screened by either
fluorescence microscopy or FACS staining. For fluorescence microscopy, various
haemagglutinin-transduced MDCK-SIAT1 cells were distributed at 3 x 10* per
well in 96-well flat-bottomed plates and incubated overnight. The medium was
removed and supernatants from transfected 293T cells were added for 1h, then
cells were washed with PBS and developed with a goat anti-human IgG labelled
with FITC (cat. no. H10301, Life Technologies) for 1h. The wells were fixed with
1% formalin and binding antibodies detected by fluorescence microscopy.

For FACS staining, trypsinized MDCK-SIAT1 haemagglutinin-expressing cells
were washed, resuspended in 96-well plates at 3 X 10° cells per well, and incubated
with the antibody preparation for 1h at 4°C. Convalescent serum of H7N9-
infected patients, day 28 serum of a 2013-2014 seasonal influenza vaccinee, and
pandemic H1 head-specific antibody T3-11D* were used as controls. Cells without
incubation with antibody and sera were included as controls. After washing, cells
were incubated with goat anti-human IgG antibody conjugated with FITC (cat.
no. 31628, Invitrogen) for 1h at 4°C. After washing, cells were examined using a
FACSCalibur flow cytometer. For each sample at least 10,000 events were collected
and analysed using Flow]Jo v.7 software (Tree Star).

The antibodies were tested for binding and neutralization of single cycle
influenza coated in H3 and H7 haemagglutinins. Twelve representative neutralizing
antibodies were expanded, purified and characterized in detail for their binding
to H7 and H3, neutralizing and haemagglutination-inhibition activity against a
variety of H7 and H3 pseudotypes and wild-type viruses.

Microneutralization of single cycle S-FLU pseudotyped with H7 proteins.
Microneutralization assays based on the method of Rowe*® were performed as
described in detail previously’"*. Briefly, a saturating dose of the single cycle
influenza virus S-FLU encoding an eGFP reporter’* (50 ul), was mixed with
titrated antibodies (50 ul) for 1h, and then 3 X 10* indicator MDCK-SIAT1 cells
were added (100 pl) and the mix was incubated at 37 °C overnight in 96-well plates.
Neutralization was measured by suppression of eGFP or nucleoprotein
expression in the indicator MDCK-SIAT1 cells, and EC,, (concentration of added
antibody in 50 pl that suppressed eGFP expression by 50%) was calculated

by linear interpolation. Cross-reactive anti-stem antibody MEDI8852*' and
anti-H3 head antibody Q11C9 (produced in house) were used as controls for
microneutralization assays. In addition, post-infection mice sera were used as
controls in the microneutralization assays for A/Netherlands/219/2003 and
A/Guangdong/8H324/2017 pseudotypes.

Microneutralization of wild-type H7N9 viruses. In brief, MDCK cells cultured
in 96-well plates were washed twice with PBS and incubated in 100 ul per well of
medium without fetal bovine serum before the beginning of the experiment. The
MAbs (starting at 0.8 mgml™') were serially diluted twofold in triplicate, mixed
with an equal volume of A/Guangdong/TH005/2017 (H7N9) or A/Anhui/1/2013
(H7ND9) viruses, for which the virus titre was 100 TCID,, (50% tissue culture
infective dose). After incubation for 1h at 37°C, the mixture was added to MDCK
cells for an additional 1h incubation. The medium was then replaced with fresh
medium supplemented with 2 ugml~' TPCK-trypsin with a subsequent incubation
of 20h at 37°C. Both the virus control and cell control were included on each plate.

The cell monolayers were then washed with PBS and fixed with cold acetone for
10min. The viral antigen was detected by enzyme-linked immunosorbent assay
using the mouse MAb against influenza A nucleoprotein (Medix Biochemica)

and horseradish peroxidase conjugated goat anti-mouse IgG (Santa Cruz) as the
primary antibody and secondary antibody, respectively. After being developed with
tetramethylbenzydine (Sigma) chromogenic reagent, the optical density of each
well was read at 490 nm (OD,,,). Neutralizing activities of MAbs were expressed

as EC,, determined by Graphpad Prism software version 5. A minimum of three
independent repeats, an irrelevant antibody used as negative control, and a positive
antibody used as positive control were included in the assay.

Haemagglutination-inhibition assay. Haemagglutination-inhibition assay was
performed in V-bottomed plates, as described in the World Health Organization
Manual on Animal Influenza Diagnosis and Surveillance WHO/CDS/CSR/
NCS/2002.5 Rev.1*". Human red cells (1% vol/vol) were used for development, and
the assay was read 1h after the addition of red cells. The end point was recorded as
the last dilution of antibody to give complete inhibition of agglutination, as defined
by a clear tear drop pattern on tilting the plate. Tilted plates were photographed to
confirm the end-points.

Selection of H7N9 escape mutants. Escape mutants of H7N9 A/Anhui/1/2013
were selected in a single-step protocol similar to that previously described*. Briefly,
50 ul of monoclonal antibody L4A-14 (1 mgml™') was mixed with 50 pl

of tenfold serially diluted LPAI H7N9 virus (stock virus of 1.72 x 10°p.f.u.ml™").
The mixtures were incubated at 37 °C for 1 h before inoculation into 10-day-old
embryonated chicken eggs at 35°C for 48 h. The haemagglutinin-positive egg
allantoic fluid with the lowest virus concentration was used to infect MDCK

cells for single plaque picking. The plaque purified viruses were expanded once

in MDCK cells. Viral RNA was extracted from the viruses using a QlAamp

Viral RNA Mini kit (Qiagen) and reverse-transcribed to cDNA using a Verso
cDNA synthesis kit (Thermo Scientific) with universal flu primer (sequence:
5'AGCAAAAGCAGGS3'). The haemagglutinins were PCR-amplified using PfuUltra
High-Fidelity DNA Polymerase (Agilent) by haemagglutinin-specific primers

(5’ AGCAAAAGCAGGGG3' (forward); 5’ AGTAGAAACAAGGGTGTTTT3’
(reverse)). The PCR products were then Sanger sequenced (Source Bioscience).

Haemagglutinin expression and purification. For the production of recombinant
H?7 haemagglutinin for crystallization, the codon-optimized ectodomain gene of
haemagglutinin from A/Anhui/1/2013 was synthesized by Genewiz and cloned
into the baculovirus transfer vector pFastBacl (Invitrogen) in-frame with an
N-terminal gp67 signal peptide for secretion, a C-terminal thrombin cleavage site,
a trimeric foldon sequence to promote proper trimerization and a His6-tag at the
extreme C terminus for purification. The recombinant baculovirus was prepared
according to the Bac-to-Bac baculovirus expression system manual (Invitrogen)*.
Trichoplusia ni (High Five) cells (Invitrogen) were infected with recombinant
baculovirus at a multiplicity of infection of 0.5-10 at 27 °C for 48 h. The secreted
soluble H7 haemagglutinin was recovered from cell supernatants by metal affinity
chromatography using a HisTrap HP 5-ml column (GE Healthcare), then purified
by ion-exchange chromatography using a Mono-Q 4.6/100 PE column (GE
Healthcare). The purified proteins were subjected to thrombin treatment (Sigma,
three units per mg haemagglutinin, overnight at 4°C) to remove the C-terminal
histidine tags. The proteins were further purified by subsequent size-exclusion gel
filtration chromatography using a Superdex 200 16/60 GL column (GE Healthcare)
with a running buffer (pH 8.0) of 20mM Tris-HCl and 150 mM NaCl.

IgG expression and Fab preparation for crystallography. Full-length cDNA

of the heavy chain and light chain of each H7-reactive antibody were codon-
optimized, commercially synthesized (Genewiz) and inserted into the baculovirus
transfer vector pFastBac-Dual (Invitrogen) for generation of IgG using the Bac-
to-Bac baculovirus expression system. The heavy chain and light chain of each
H7-reactive antibody were expressed under the control of p10 and polyhedrin
promotors, respectively, given that the polyhedrin promotor is more powerful
than the p10 promotor. Soluble IgG was harvested from the culture supernatants
by Protein A affinity chromatography (GE Healthcare) and subsequently purified
by gel filtration on a Hiload 16/60 Superdex200 PG column (GE Healthcare)

in PBS buffer. The acquired IgG antibodies were used for functional evaluation
during microneutralization, in the haemagglutination-inhibition assay and in the
protection test in vivo.

To produce the Fab, antibodies were concentrated to ~20 mgml™" and
digested using papain (cat. no. 20341, Pierece) protease at an antibody to papain
ratio of 160:1 (wt/wt) at 37°C for 6 h. The digestion mixture was loaded into
a Protein A column (GE Healthcare) by applying the flow-through mode to
separate the Fab fragment with the Fc region and undigested antibody. Fab
fragments were collected, concentrated and purified to homogeneity by size-
exclusion gel filtration chromatography (HiLoad 16/600 Superdex 200 pg, GE
Healthcare) with PBS buffer.

Binding kinetics. The binding affinity of H7 haemagglutinin with antibody was
measured by surface plasmon resonance using an BIAcore T100 device
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(GE Healthcare) at room temperature (25 °C). The buffers for all proteins used

for kinetic analysis were exchanged to PBST (consisting of PBS and 0.005% (vol/
vol) Tween-20) via gel filtration. Goat anti-human antibody diluted at 20 ugml™" in
10 mM sodium acetate (pH 5.5) was immobilized on a CM5 sensor chip (CM-series
sensor chips carrying a matrix of carboxymethylated dextran covalently attached to
the gold surface, Biacore) with the standard 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) coupling method to 7,000
response units (RU). Then, each of the human monoclonal anti-H7 antibodies
diluted at 0.6 ugml~ in PBST was injected at a rate of 10 ulmin~' for 60s, resulting
in a final antibody-capturing density of 100 RU. Twofold dilutions (~15.6-500 nM
for L4A-14 and L3A-44, and ~62.5-2,000 nM for L4B-18) of A/Anhui/1/2013

HA monomer were prepared and sequentially injected at a rate of 30 ulmin~! for
60s, followed by a dissociation step for 120s. After each cycle, a short injection of
10mM NaOH was employed to regenerate the sensor surface. The association and
disassociation curves were recorded, and the background binding was subtracted.
The kinetic binding was analysed, and affinity constants were calculated using
BIAcore T100 Evaluation software version 1.0.

Purification of the Fab-H7 complex. Fabs were mixed with purified A/
Anhui/1/2013 haemagglutinin monomer protein at a molar stoichiometry of 1.5:1
to ensure saturation with Fab and then incubated on ice for 1h. The complexes
of Fab and HA protein were separated from unbound Fab by size-exclusion

gel filtration chromatography and the buffer was changed to 20 mM Tris-HCl
(pH 8.0) and 50 mM NaCl. The H7 haemagglutinin/Fab complexes were further
concentrated to 10mgml~' and used for subsequent crystallization studies.

Crystallization, data collection and structure determination. To define the
epitopes on haemagglutinin of avian H7N9 virus, the crystal structures of L4A-
14, L3A-44 and L4B-18, each in complex with H7 of A/Anhui/1/2013, were
determined at resolutions of 3.3, 3.5 and 3.3 A, respectively.

Crystallization trials were performed in sitting drops (1 ul 4 1ul) vapour
diffusion at 4 and 18°C. The crystallization conditions for the H7-antibody
complex were as follows: L4A-14/H7, 0.2 M ammonium citrate tribasic pH7.0, 20%
wt/vol PEG3350, at 18 °C; L3A-44/H7, 0.2 M magnesium chloride hexahydrate,
0.1 M HEPES pH7.5, 22% wt/vol poly(acrylic acid sodium salt) 5100, at 4 °C; L4B-
18/H7, 35% vol/vol TacsimateTM pH 7.0, at 18°C. Diffractable crystals were sent
for X-ray analysis and the diffraction data were collected at Shanghai Synchrotron
Radiation Facility (SSRF). For crystal diffraction, all crystals were cryo-protected
by briefly soaking in reservoir solution supplemented with 20% (vol/vol) glycerol
before flash-cooling in liquid nitrogen. All data sets were processed with HKL2000
software. The complex structures of H7 haemagglutinin and Fab were determined
by the molecular replacement method with Phaser using the previously reported
H?7 protein structure of A/Anhui/1/2013 virus (PDB: 4KOL) and the Fab structure
in the IL-17A/CAT-2200 Fab complex (PDB: 2VXS) as the search model. The
atomic models were built with Coot and further rounds of refinement were
completed with Phenix®. The stereochemical qualities of the final models
were validated with MolProbity. Data collection and refinement statistics are
summarized in Supplementary Table 6.

Animal study. Animal experiments were performed in accordance with the
protocol approved by the Institutional Animal Care and Use Committee in

the Genomics Research Center, Academia Sinica, Taiwan, the Institute of
Microbiology, Chinese Academy of Sciences, China and the MRC Weatherall
Institute of Molecular Medicine, University of Oxford, UK. The experiments were
carried out in accordance with the ‘Guide for the Care and Use of Laboratory
Animals, the recommendations of the Institute for Laboratory Animal Research,
and Association for Assessment and Accreditation of Laboratory Animal Care
International standards.

The virus challenge with A/Guangdong/TH005/2017 (H7N9) was performed
using six-week-old specific pathogen-free (SPF) female BALB/c mice (Vital River
Laboratories). Mice were housed in biosafety level 3 bio-containment cages in the
animal biosafety level 3 facilities. In the prophylactic studies, groups of five mice
(n=5) were passively inoculated with a dose of 10, 20 or 30 mgkg™" of H7-reactive
antibody (namely, L4A-14, L4B-18 and L3A-44) in a volume of 100 ul
via intravenous injection 24 h before virus challenge. Mice in control groups were
given an equal dose of anti-ebola MAb 13C6 as an antibody isotype control or an
equivalent volume of PBS. For virus challenge, mice were anaesthetized and then
intranasally inoculated with 100 median lethal dose (LDs,) of H7N9 A/Guangdong/
THO005/2017 virus diluted with 50 ul PBS. In the therapeutic studies, groups of five
mice were infected with 100 LD, of A/Guangdong/TH005/2017 virus first, and
then treated with a dose of 10, 20 or 30 mgkg™" of H7-reactive antibody (L4A-14,
L4B-18 and L3A-44) at 24 h post infection. Body weights and survival rates of
mice were monitored and recorded for 14 days after infection. Survival rates were
calculated based on institutional guidelines for defining dead mice as either actual
death or displaying 25% or more loss of their initial body weight and subsequently
euthanized. Animal care and housing were in compliance with ethical guidelines
and approved by the Experimental Animal Ethic and Welfare Committee.

For challenge with A/Taiwan/1/2013, the A/Taiwan/1/2013 virus, a clinical
strain collected from the first imported human H7N9 case in Taiwan in April
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2013, was used. The H7N9 A/Taiwan/1/2013 virus is antigenically similar to the
A/Anhui/1/2013 virus based on haemagglutination-inhibition assay data, which is
consistent with the finding that their haemagglutinin sequences are closely related
to each other™. Eight-week-old SPF BALB/c mice were purchased from BioLASCO
Taiwan Co. and randomly distributed in experimental groups of six animals. These
were anaesthetized with 0.2 ml intraperitoneal injection of 10X PBS-diluted Zoletil
50 (Virbac) injectable anaesthetic (tiletamine 2.5 mgml™', zolazepam 2.5 mgml™)
prepared under aseptic conditions before virus infection. In the prophylaxis
experiment, each group received a dose of intraperitonal antibodies (20 mgkg™")
administration 24 h before intranasal infection with H7N9 A/Taiwan/1/2013

virus (5LDs). In the therapeutic experiment, each group received a dose of
intraperitonal antibodies (20 mgkg™") 24 h after intranasal infection with A/
Taiwan/01/2013 virus (5LD;,). Mice in control groups were given an equal dose of
anti-H1 head MAb T2-5D as an antibody isotype control or an equivalent volume
of PBS. Baseline body weight and rectal temperature were recorded for each
mouse on the day of infection. Body weight and rectal temperatures were recorded
each day for 14 days after infection. Mice that fell below 70% of their initial (pre-
infection) body weight were euthanized.

For the challenge with A/Aichi/2/1968-X31 H3N2 and A/California/7/2009-
X179A HIN1 animals were purchased from Envigo RMS and housed in
individually vented cages. Six- to eight-week-old DBA/2 (DBA/20laHsd) H2d
and BALB/c (BALB/cOlaHsd) mice were used for X179A and X31 virus challenge
experiments, respectively. After acclimatization, mice were given 10 mgkg™" of
antibody (intraperitoneally) in a 0.5 ml volume. After 24 h, mice were infected
with either X179A or X31 virus (provided by the National Institute for Biological
Standards and Control) at a dose of 10* TCID;, and 32 haemagglutination unit
(HAU), respectively. Virus infection was carried out on mice anaesthetized with
isoflurane (Abbot) and 50 ul of virus given intranasally. Mice were weighed and
scored throughout the study, and mice with 20% weight loss or morbid clinical
scores were humanely killed.

Cell lines. 293T cells used for the production of S-FLU seed virus and human
monoclonal antibodies were obtained from Sir William Dunn School of Pathology,
University of Oxford and were not further authenticated. The ExpiCHO expression
system used for the production of human MAbs in bulk was purchased from
ThermoFisher and was not further authenticated. MDCK-SIAT1 cells were
obtained from the European Collection of Cell Cultures distributed by Sigma (cat.
no. 05071502) and were not further authenticated. Trichoplusia ni (High Five)

cells were purchased from Invitrogen and were not further authenticated. All cell
lines were tested for the presence of mycoplasma (MycoAlert Assay, Lonza and

by Hoechst 33258 staining on A2H indicator cells (Sigma 85011441)) and were
mycoplasma free.

Statistics. Graphs were presented using Microsoft Excel for Mac 2008 version
12.3.6, Microsoft PowerPoint for Mac 2008 for Mac version 12.3.6, BIAcore T100
Evaluation version 1.0 (GE Healthcare), HKL2000 and GraphPad Prism version

5 softwares. The statistical analyses were performed using GraphPad Prism
version 5 and SPSS software version 20. A P value of less than 0.05 was considered
significant.

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

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Atomic coordinates for the H7-FabL4A-14,
H7-FabL4B-18 and H7-FabL3A-44 complex as well as structure factors have been
deposited to the Protein Data Bank under accession codes 6114, 6118 and 6119.
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