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Abstract: The avian influenza A virus H7N9 causes severe human infections with more than
30% fatality despite the use of neuraminidase inhibitors. Currently there is no H7N9-specific
prevention or treatment for humans. From a 2013 H7N9 convalescent case occurred in Hong
Kong, we isolated four H7 hemagglutinin (HA)-reactive monoclonal antibodies (mAbs) by
single B cell cloning, with three mAbs directed to the HA globular head domain (HA1) and one
to the HA stem region (HA2). Two clonally related HA1-directed mAbs, H7.HK1 and H7.HK2,
potently neutralized H7N9 and protected mice from a lethal H7TN9/AH1 challenge. Cryo-EM
structures revealed that H7.HK1 and H7.HK?2 bind to a f14-centered surface partially
overlapping with the antigenic site D of HA1 and disrupt the 220-loop that makes hydrophobic
contacts with sialic acid on the adjacent protomer, thus affectively blocking viral entry. The more
potent mAb H7.HK2 retained full HA1 binding and neutralization capacity to later H7N9
isolates from 2016-2017, which is consistent with structural data showing that the antigenic
mutations of 2016-2017 from the 2013 H7N9 only occurred at the periphery of the mAb epitope.
The HA2-directed mAb H7.HK4 lacked neutralizing activity but protected mice from the lethal
H7N9/AHI1 challenge when engineered to mouse IgG2a enabling Fc effector function in mice.
Used in combination with H7.HK?2 at a suboptimal dose, H7.HK4 augmented mouse protection.
Our data demonstrated an allosteric mechanism of mAb neutralization and augmented protection
against H7N9 when a HA1-directed neutralizing mAb and a HA2-directed non-neutralizing mAb

were combined.
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INTRODUCTION

H7NO is an avian influenza A group 2 virus first transmitted to humans in the spring of 2013
most likely through live poultry market exposure in China (/-3). The virus reemerged in the fall
of 2013 and in the winter of later years, with the largest epidemic reported as the 5 wave in
2016-2017 (4-6). Though there is limited evidence for human-to-human transmission, few
mutations in the hemagglutinin (HA) gene of the virus might be sufficient to overcome its
inefficiency for human transmission (7-/0). Like other influenza virus infections, the most
common treatment against H7N9 is the neuraminidase inhibitor oseltamivir, but oseltamivir-
resistant strains have emerged (//-13). Intravenous (i.v.) zanamivir, though not clinically
approved, has been used on a compassionate basis in some severe cases because of favorable
pharmacokinetics and in vitro susceptibility against oseltamivir-resistant strains (/4, 15);
however, the effectiveness of 1.v. zanamivir against H7N9 has not been validated in large clinical
trials. Despite the use of neuraminidase inhibitors, H7N9 case-fatality rate remains higher than
30%, and currently there is no licensed vaccine against H7N9 for humans. An endonuclease
inhibitor baloxavir marboxil, targeting the virus polymerase acid, protected mice from lethal
H7NO challenge (16), but treatment for human H7N9 infection with this inhibitor has not been
reported. Concerns for a major outbreak and lack of effective treatment warrant further studies to
identify and develop human monoclonal antibodies (mAbs) with potent antiviral functions

against H7NO.

Because HA is the major target for influenza neutralizing antibodies, H7-reactive human mAbs
have been isolated and characterized from H7N9 acute infections (/7), convalescent cases (/8),
and H7N9 experimental vaccinees (/9-217). The binding sites of these mAbs have been mapped

to the HA globular head (HA1) and stem (HA2) domains. A subset of HA1-directed mAbs
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potently neutralized H7N9 and protected mice from H7N9 challenges at doses of 0.3, 1, 5 mg/kg
or higher (/7-20). These HA1-directed mAbs typically neutralized H7N9 by direct interference
with or around the receptor (sialic acid) binding site (/7, 19, 22). These epitopes correspond to
the antigenic sites of A and B as previously mapped on the surface of H3 HA (23-25). Of note,
significant antigenic drift has been documented in the HA gene of 2016-2017 H7N9 from the
initial 2013 isolates (/7, 26, 27). For example, Huang et al isolated 17 neutralizing mAbs from
four cases infected in 2013 and 2014, yet only three of these mAbs were active against viral
isolates from 2016-2017 (/7). A broad mAb FluA-20 targeting the HA1 trimer interface did not
mediate neutralization in vitro, but protected mice from viral challenges by disrupting HA
trimers and inhibiting cell-to-cell spread of virus (27). HA2-directed mAbs typically lacked
neutralizing activity, yet a few of them protected mice from H7N9 challenges at 5 mg/kg (20),
especially when the mAbs were engineered as mouse IgG2a that has the highest Fc-mediated
effector functions in mouse (28). These studies have not tested the combination of two or more

mADbs that target different regions of H7N9 HA.

In the post COVID-19 era, preparedness for future pandemics has risen with high enthusiasm.
We aim to facilitate the development of human mAbs against H7N9, which has been considered
one of the most serious pandemic threats. We have obtained peripheral blood mononuclear cells
(PBMCs) from a 2013 H7N9 convalescent case in Hong Kong with the virus isolated as A/Hong
Kong/470129/2013 H7NO (14). The course of this infection lasted for about one month and the
treatment required extracorporeal membrane oxygenation (ECMO) and 1.v. zanamivir (/4).
Development of plasma neutralizing antibodies was evident at recovery. The PBMC sample we

used to isolate mAbs was collected one year post recovery.



10

15

20

RESULTS

H7-reactive mAb isolation

For H7-specific mAb isolation, we purchased a soluble recombinant H7 HA protein based on
A/Shanghai2/2013 H7N9 for biotinylation, followed by streptavidin-PE conjugation. With this
H7-PE bait, we stained 5 million PBMCs from the H7N9 HK2013 donor and sorted a total of 68
IgG" B cells (defined as CD3°CD19"CD20"IgG") that are H7-PE" (Fig. 1A). Most of the sorted
cells were at the borderline of H7-PE staining, but a few stained brightly for H7-PE. From the
sorted B cells, we performed single B cell RT-PCR and recovered four H7-reactive mAbs —

namely, H7.HK1, H7.HK2, H7.HK3, and H7.HK4.

Measured by ELISA, the four reconstituted mAbs bound tightly to the H7N9 HA antigen used
for H7-PE staining and to a recombinant H7N7 HA antigen based on A/Netherlands/219/2003
H7N7 (Fig. 1B, upper panels). Pre-treating the H7N9 HA with Endoglycosidase H (Endo H) had
no effect on the mAb binding profiles, indicating that these mAbs do not rely on H7 glycans for
binding (Fig. 1B, upper panels). After switching the ELISA coating antigen to HA1 of the
matching H7N9 HA from A/Shanghai2/2013, the binding curves of H7.HK1, H7.HK2, and
H7.HK3 were fully retained, indicating that these mAbs bind to the globular head domain HA1;
in contrast, H7.HK4 lost binding to H7N9 HA1, indicating that its binding epitope is likely
located in the HA2 stem domain (Fig. 1B, middle panels). Because of the documented antigenic
drift for 2016-2017 H7N9 isolates, we also tested the mAb binding to HA1s from A/Guangdong/
17SF003/2016 H7N9 and A/Hong Kong/125/2017 H7NO. The binding curves of H7.HK1,
H7.HK2, and H7.HK3 to both 2016 and 2017 HA1s were fully retained, and H7.HK4 did not
bind to any HA s (Fig. 1B, middle panels). Additionally, we tested these mAbs for binding to 6

other non-H7 HA proteins. Though H7.HK1 and H7.HK2 did not react with any non-H7 HA,
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H7.HK3 cross-reacted with HISN8 HA, and H7.HK4 cross-reacted with HION8 and H15N8&
HAs (Fig. 1B, lower panels), which sequence-wise are the closest to H7 in group 2 influenza HA

genes (29).

H7-reactive mAb neutralization

Using expression plasmids separately encoding H7 and N9 genes from A/Shanghai/4664T/2013
to pseudotype with HIV-1 NL4-3-lucAenv backbone (30), we generated the H7N9 2013
pseudotype particles and tested mAb neutralization by a luciferase readout from single round
infection of MDCK cells (Fig. 1C, left). H7.HK1 and H7.HK2 each potently neutralized the
H7N9 2013 pseudovirus with ICses of 5 and 2 ng/mL respectively, while the other two mAbs
H7.HK3 and H7.HK4 did not neutralize at up to 10 pg/mL (Fig. 1C, left, Table 1). Similarly, we
generated pseudovirus using an expression plasmid encoding H7 from A/Guangdong/17SF003/
2016 H7N9. H7.HK2 fully retained its potent neutralization against the H7N9 2016 pseudovirus
with an ICso of 2 ng/mL, and H7.HK1’s neutralization was reduced to an ICso of 16 ng/mL,
while the other two mAbs H7.HK3 and H7.HK4 did not neutralize (Fig. 1C, right, Table 1). We
further assessed the mAb neutralization against three live replicating H7N9 viruses, Anhuil
(AH1), Zhejiang (ZJ), and the donor’s autologous isolate A/Hong Kong/470129/2013, for
multiple rounds of infection in MDCK cells. Scored by the presence of cytopathic effect, mAbs
H7.HK1 and H7.HK2 neutralized all three H7N9 live isolates with ICsos ranging 0.3-1 pg/mL;
however, they did not neutralize any non-H7N9 influenza isolates tested, indicating that these
mAbs are specific to H7N9 (Table 1). The other two mAbs H7.HK3 and H7.HK4 did not
neutralize any of the tested H7N9 and therefore were not tested against non-H7N9 viruses. The
neutralization ICsos of H7.HK1 and H7.HK2 using the pseudovirus were about 100-fold more

potent than those using the live replicating viruses, suggesting that the pseudovirus neutralization
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is more sensitive thus useful for initial screening of neutralizing mAbs, which could then be
confirmed with live replicating viruses. Similar differences in ICso values have been reported for

other HA-reactive mAbs tested by both pseudovirus and live replicating virus (317).

Table 1 Neutralization ICso of H7.HK mAbs against pseudovirus or live replicating virus

Neutralization ICso (ng/mL) in MDCK cells

Ab ID H7N9 2013  H7N92016 H7N9/ H7N9/ H7N9/HK H3N2/ HIN1/ H5N1/ HS5SNI/  HON2/
m

pseudovirus  pseudovirus ~ AHI1 VA 470129 400500 415742 459094 1194 1073
H7.HK1 0.005 0.016 0.3 0.3 0.4 >30 >30 >30 >30 >30
H7.HK2 0.002 0.002 0.3 1.0 0.9 >30 >30 >30 >30 >30
H7.HK3 >10 >10 >30 >30 ND ND ND ND ND ND
H7.HK4 >10 >10 >30 >30 ND ND ND ND ND ND

“ND” indicates “not done”.

H7-reactive mAb sequences

Sequence analysis revealed that all four H7.HK mAbs are IgG1 (Table 2). H7.HK1 and H7.HK2
are clonal variants using IGHV4-59 for heavy chain with 8-10% somatic hypermutation (SHM)
and a complementarity-determining region (CDR) H3 of 11 amino acids according to the
Chothia definition (32-34), and IGK'V2-28 for light chain with 6% SHM and a CDR L3 of 9
amino acids. Though clonally related, H7.HK1 and H7.HK2 share only 3 out of 13-15 amino
acid SHMs in the heavy chain V-gene and 1 out of 8 amino acid SHMs in the light chain V-gene
(Supplementary Fig. 1). A putative N-linked glycosylation site is present in the light chain CDR
L1 of H7.HK1 and H7.HK2. H7.HK3 uses IGHV7-4-1 for heavy chain with 7% SHM and a
CDR H3 of 14 amino acids, and IGKV1-5 for light chain with 5% SHM and a CDR L3 of 8
amino acids. A putative N-linked glycosylation site is also present in H7.HK3 at the heavy chain
CDR H2. H7.HK4 uses IGHV4-61 for heavy chain with 7% SHM and a CDR H3 of 13 amino
acids, and IGKV1-16 for light chain with 5% SHM and a CDR L3 of 9 amino acids (Table 2,

Supplementary Fig. 1).
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Table 2 Genetic composition, epitope, and neutralization function of H7.HK mAbs

.. . . V-gene CDRS3 length . s
mAb ID Origin Time point Isotype (SHM%) in amino acid Epitope Neutralization
1 year post HV4-59 (8%) . .
H7.HK1 Human recovery IgGl1 KV2-28 (6%) H3:11,L3:9 H7 HA1 Yes
H7.HK2  Human  lyearpost oGy HV4-59(10%)  py3.11,13:9 H7 HAL Yes
recovery KV2-28 (6%)
1 year post HV7-4-1 (5%) . .
H7.HK3 Human recovery IgGl KV1-5 (7%) H3:14,L3: 8 H7 HA1 No
H7HK4  Human 1 YSrPOSt  qoqp  HVA-61(7%)  y3.13 13.9 H7 HA2 No
recovery KV1-16 (5%)

H7-reactive mAb structures

For structural analysis, we generated the antibody fragments for antigen binding (Fabs) and
expressed the H7 HA trimer by transient transfection of Expi293F cells. We froze grids
containing the Fab:HA complexes and determined cryo-EM structures of each Fab bound to an
H7 HA trimer. A resolution of 3.62 A for H7.HK1 and 3.69 A for H7.HK2 was achieved (Fig.
2A, Supplementary Fig. 2, Table S1). These complex structures demonstrate that H7.HK1 and
H7.HK2 are highly superimposable (Fig. 2B) and their interactions with H7 are centered at 14
and extended to the surfaces of B10 and B19 (Fig. 2C). This B14-targeting surface partially
overlaps with the antigenic site D towards sites A and B as previously mapped on H3 (23, 25).
Analysis of the H7.HK1 epitope demonstrates that most interactions are driven by the heavy
chain and consist of seven hydrogen bonds (Y52:E111, R97:G114, G102:S158, D103:T116,
Y104:T156, Y104:S158, S106:T116) and one salt bridge (H53:E111) (Fig. 2D). The light chain
is less involved in binding, making only one hydrogen bond (Y54:Q154) and weak hydrophobic
interactions (Fig. 2E). The light chain of both H7.HK1 and H7.HK2 are glycosylated in CDR
L1; this glycan plays no role in binding, but there is good density to support its presence. The
epitope of H7.HK?2 is similar to that of H7.HK1, only differing in slight contacts on the

periphery (Supplementary Fig. 3A). Additionally, nearly all hydrogen bonds are conserved
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between the two antibodies (Supplementary Fig. 3B). However, the substitution of F61S in
CDR L2 of H7.HK2 results in an additional hydrogen bond with HA G119. This substitution
also shifts the orientation of H7.HK2 CDR L2 slightly so that Y54 interacts with T156 for
H7.HK2 instead of Q154 for H7.HK1 (Supplementary Fig. 3C). Finally, as H53 is substituted

with tyrosine in the heavy chain of H7.HK?2, it does not make the H53:E111 salt bridge.

To analyze the mechanism of neutralization, we first compared the binding site of H7.HK1 to
that of four other H7-reactive antibodies with published structures, L4A-14, L4B-18, L3A-44
(PDB: 6114, 6118, 6119) (17) and H7.167 (PDB: 5V2A) (19). This analysis demonstrates that the
binding site of H7.HK1 is almost completely distinct from that of these previously published
antibodies, which compete for the receptor binding site (RBS) (Fig. 2F). The binding site of
H7.HKI is also distant from that of 07-5F01, which was mapped to an escape mutation R65K
(corresponding to R47K here) of HA1 (20) (Fig. 2F). Strikingly, the epitope of H7.HK1 (f14-
centered) is extremely distal to the RBS of the protomer it interacts with and is closer to the RBS
on the adjacent protomer. To further examine the relationship between the mAb binding site and
RBS, the human receptor analogue Sialylneolacto-N-tetraose ¢ (LSTc) was modeled into the
RBS of H7 (PDB: 4BSE) (35) in the H7.HK1 complex. Interestingly, there were no steric clashes
between H7.HK1 and sialic acid bound to the adjacent protomer, and no mAb interaction with
RBS (Fig. 2G). However, the HA 220-loop (G209-G219) that makes hydrophobic contacts with
sialic acid has no density present in the structure of H7.HK1 or H7.HK2 bound to HA,
suggesting that these antibody binding causes 220-loop to become disordered. All previously
examined H7 structures, as well as an additional cryo-EM structure in which Fab 1D12 is bound

to the stem region of H7 HA (PDB: 6WXL) (36) have consistent electron density accounting for
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this loop. Alignments of the H7.HK1 complex structure with the crystal structure of H7 HA
bound to LSTc¢ (PDB: 4BSE) (35) demonstrate where the 220-loop would be when receptor is
bound and that the light chain of H7.HK1 would clash with this loop (Fig. 2H), further
supporting that H7.HK1 and H7.HK2 act by causing 220-loop to become disordered, thus
preventing its interactions with the sialic acid receptor. The HA1 trimer interface mAb FluA-20
interacts with the non-RBS side of 220-loop on the protomer it interacts with (27). To our
knowledge, the allosteric mechanism of neutralization employed by H7.HK1 and H7.HK?2 is
distinct from previously reported HA 1-directed H7N9 neutralizing mAbs, which all directly

compete with sialic acid for binding to HA on the protomer they interact with (17, 19, 21, 22,

37).

Since the H7TN9 HA gene has significantly evolved and changed in 2016-2017 compared to that
of 2013 (with up to 13 amino acid substitutions in HA1), we examined the locations of mutated
residues in the epitopes of H7.HK 1 and H7.HK2 that consist of 32 contacting residues in HA1
for both mAbs (Supplementary Fig. 4A). There are four mutations in the binding site of
H7.HK1 and H7.HK2 — namely, A112T/P, S118N, G119E, and R163K, appeared in 2016-2017
compared to the 2013 H7N9, and all four mutations are located at one side edge of the epitopes
(Supplementary Fig. 4B), thus not altering the mAb interactions with HA 1. This analysis is in
consistency with the intact binding of H7.HK1 and H7.HK2 to both 2016 and 2017 HA1s
aligned to the 2013 HA1 (Fig. 1B, middle panels) and H7.HK2’s full retention of neutralization

against the H7N9 2016 pseudovirus (Fig. 1C).

10
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H7-reactive mAb mouse protection

We next assessed the prophylactic and therapeutic effect of H7.HK mAbs as human IgG1 in a
mouse lethal challenge model. To assess mAb prophylactic effect, balb/c mice (n = 5-10 per
group from 1-2 experiments) were injected intraperitoneally (i.p.) with human H7N9 mAbs one
day before intranasal (i.n.) challenge of 10-fold 50% lethal dose (10 LDso) of A/Anhui/1/2013
H7NO virus. Given 100 pg per mouse (equivalent to 5 mg/kg), the neutralizing mAbs H7.HK1
and H7.HK?2 each fully protected mice without apparent weight loss (Fig. 3A, top panels); given
20 pg per mouse (equivalent to 1 mg/kg), H7.HK2 still fully protected mice from death (defined
as > 20% weight loss), with up to 8% average weight loss; H7.HK1 protected 7 out of 10 mice
from death, with up to 12% average weight loss for mice that survived (Fig. 3A, upper middle
panels). By day 2 post challenge, the weight preservation was significantly better in mice
receiving 20 pg of H7.HK1 or H7.HK2 than mice receiving the placebo mAb or phosphate
buffered saline (PBS). Mice receiving the non-neutralizing mAbs H7.HK3 or H7.HK4 (100 pg
or 20 pg) were not protected and showed no difference from placebo mAb and PBS controls

(Fig. 3A, top and upper middle panels).

Since anti-HA2 stem mAbs have demonstrated Fc-mediated protection against influenza (38), we
converted the anti-HA2 non-neutralizing mAb H7.HK4 to mouse IgG2a (mIgG2a) — an isotype
that mediates strong Fc effector function in mice, and tested it for prophylaxis in the mouse
challenge model, along with mouse IgG1 (mIgG1), which lacks Fc effector function in mice
(28). Given 100 pg per mouse, H7.HK4 mIgG2a but not mIgG1 protected 4 out of 5 mice from
death, with up to 17% average weight loss for mice that survived (Fig. 3A, lower middle panels).

By day 3 post challenge, the weight preservation was significantly better in mice receiving

11
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H7.HK4 mlgG2a than mice receiving H7.HK4 mIgG1 or placebo mIgG2a. Though survived,
mice receiving 100 ug H7.HK4 mIgG2a lost more weight than those receiving 20 ug neutralizing
mAbs H7.HK1 or H7.HK2 (Fig. 3A, upper middle panels), indicating less prophylaxis efficiency

for H7.HK4 (as mIgG2a) than H7.HK1 and H7.HK?2.

Since the H7.HK2 and H7.HK4 mAbs bind to different sites on the HA and protect through
different mechanisms, we tested the combination of suboptimal dose of 20 pg H7.HK2 (as
human IgG1) with 100 pg H7.HK4 mIgG2a in the mouse challenge model, using 20 ug H7.HK?2
(as human IgG1) with 100 pg H7.HK4 mlIgG1 as a control. Compared to this control group,
which protected 9 out of 10 mice from death and lost up to 11% body weight for mice that
survived, the combination of 20 pg of H7.HK2 (as human IgG1) with 100 ug H7.HK4 mlgG2a
fully protected mice from death, with only up to 7% weight loss, and the weight difference was
statistically significant between these two groups since day 3 post challenge (Fig. 3A, bottom

panels), indicating a beneficial role of H7.HK4 in the mAb combination regimen.

To assess mADb therapeutic effects, we first i.n. challenged mice (n = 5-10 per group from 1-2
experiments) with 10 LDso of A/Anhui/1/2013 H7N9 virus, waited for one day, and then on day
1 post challenge i.p. injected mice with 100 pg H7.HK1 or H7.HK2 as human IgG1, or H7.HK4
as mlgG2a (Fig. 3B). Twelve and 13 out of 15 mice receiving 100 pg H7.HK1 or H7.HK2 one
day after viral challenge initially lost weight similarly to placebo and PBS controls but then
started to recover on day 5 after challenge. Therefore, the neutralizing mAbs H7.HK1 and
H7.HK?2 showed both prophylactic and therapeutic efficacies in the mouse lethal challenge

model. None of the 5 mice receiving 100 pg H7.HK4 mlIgG2a one day after challenge survived

12
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(Fig. 3B), indicating that H7.HK4 as mIgG2a demonstrated measurable prophylactic effect but

not therapeutic efficacy.

DISCUSSION

Already endemic, adapted, and evolved in humans for 10 years, H7N9 continues to post risk and
infect human cases exposed to infected poultry in China. While the current risk to public health
is low, the pandemic potential of H7NO is especially concerning if it were to gain the ability of
sustained human-to-human transmission. Based on its biological features such as dual affinity for
avian and human receptors, high case-fatality rate, resistance to neuraminidase inhibitors, and
lack of pre-existing immunity in the human populations, there is an immediate need and interest
to develop human mAb prophylaxis and therapeutics against H7N9, to which a specific treatment

or licensed vaccine (for humans) is not available.

In this study, we identified two HA 1-directed clonally related human mAbs, H7.HK1 and
H7.HK2, that neutralized H7N9 with potencies and mouse protection efficacies (prophylactic
and therapeutic) in line with the best of previously reported H7N9 mAbs. Specifically, a
combined phage library from three H7N9 convalescent cases yielded a single neutralizing mAb
clone (/8). Despite possible nonnative heavy and light chain pairing from phage display, the best
member of the mAb clone, HNIgGA®6, neutralized H7N9 and protected mice against a lethal
challenge at 5 mg/kg with up to about 10% weight loss (/8). Likewise, from a study of four
H7N9 acutely infected cases, the best mAb L4A-14 cloned from plasmablast protected mice
against a lethal challenge at 10 mg/kg with up to about 10% weight loss (/7). The most potent

mAb H7.167 from a study of EBV transformed B cells from five representative H7N9

13
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experimental vaccinees neutralized H7N9 and protected mice against a sub-lethal challenge of
H7-PR8 at 1.65 mg/kg without apparent weight loss (/9). The best HA 1-directed neutralizing
mADb 07-5F01 from a study of H7N9 experimental vaccinees’ plasmablasts protected mice
against a lethal challenge at 0.3 mg/kg without apparent weight loss (20). The broad HA1 trimer
interface mAb FluA-20 from a healthy donor with extensive influenza vaccinations lacked in
vitro neutralization but protected mice against a sub-lethal challenge of H7-PR8 at 10 mg/kg
without apparent weight loss (27). In comparison, H7.HK1 and H7.HK2 protected mice against a

lethal challenge at 1 mg/kg with up to 12% weight loss.

We have also structurally defined the epitopes of H7.HK1 and H7.HK2 to the f14-centered
surface of H7 HA1, partially overlapping with the antigenic site D rather than the commonly
targeted RBS and trimer interface by previous H7N9 mAbs (37), including the best reported
human mAbs discussed above. Structural alignments and comparisons demonstrated that
H7.HK1 and H7.HK2 interacted with H7 completely differently from L4A-14, H7.167, 07-5F01,
and FluA-20. By escape mutations, a previous H3 neutralizing mAb D1-8 was mapped to the
lower part of antigenic site D towards site E (39); this epitope partially overlaps with the
H7.HK1 and H7.HK2 epitope described here. However, without structural data, the action of
neutralization by D1-8 cannot be determined. Importantly, D1-8 does not react to H7, and
likewise, H7.HK1 and H7.HK?2 do not react to H3. Hence, D1-8 cannot replace the anti-H7N9
function of H7.HK1 and H7.HK2. The unique 14-targeting epitope on HA1 would render
H7.HK1 and H7.HK2 favorable candidates for combination prophylaxis and therapy against

H7N9 to augment protection efficacy and increase the genetic barrier for viral escape.
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H7NO9 has evolved over time and its HA gene has significantly changed in 2016-2017 compared
to that of 2013. Consequently, most neutralizing mAbs isolated from individuals infected or
vaccinated with the 2013 H7 HA lost reactivity to 2016-2017 isolates, requiring updated H7
immunogens for mAb and vaccine development (/7). We show that four mutations appeared in
2016-2017 are located at the periphery of the H7.HK1 and H7.HK2 epitopes and confirmed that
the binding profiles of H7.HK1 and H7.HK2 are intact to both 2016 and 2017 HA1s as compared
to 2013 HA1. We also showed that H7.HK2 fully retained its potent neutralization (ICso of 2
ng/mL) against the H7N9 2016 pseudovirus, while H7.HK1’s neutralization ICso was weakened
from 5 to 16 ng/mL. Previous protective mAbs such as HNIgGA6 (/8), H7.167 (19), and 07-
S5F01 (20) were not evaluated for reactivity to H7N9 2016-2017 isolates. L4A-14 was active
against A/Guangdong/TH005/2017 (an avian virus related to A/Guangdong/17SF003/2016) but
required 10 mg/kg, compared to 1 mg/kg of H7.HK 1 and H7.HK2, for mice protection with up to
about 10% weight loss (/7). Compared to a 2013 H7N9 isolate, the neutralization 1Cso of 07-
5F01 was reduced by more than 100-fold against A/mallard/Netherlands/12/2000 H7N7 (20),
and H7.167 did not recognize H7 from A/Netherlands/219/2003 H7N7 (19), to which all four

H7.HK mAbs from the present study bound tightly.

Lastly, we tested a suboptimal dose of H7.HK2 combining with the HA2-directed non-
neutralizing mAb H7.HK4 against mouse lethal challenge. Compared to HA1 (head region of
HA), HA2 (stem region) is genetically more conserved. Hence, HA2-directed mAbs typically
display broader recognition of HA subtypes than HA1-directed mAbs. This is indeed the case for
H7.HK4, i.e., in addition to H7N9 and H7N7, it also recognized the HAs from HI1ONS8 and

H15N8, to which both H7.HK 1 and H7.HK2 had no reactivity. When converted to mouse IgG2a
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enabling Fc effector function in mice, H7.HK4 demonstrated measurable prophylactic protection
at 5 mg/kg and augmented mouse protection of H7.HK2, supporting the inclusion of HA2-

directed antibodies in a mAb combination regimen against H7N9.

In summary, from a 2013 H7N9 convalescent case occurred in Hong Kong, we isolated two
clonally related HA 1-directed neutralizing mAbs, H7.HK1 and H7.HK?2, that demonstrated
prophylactic and therapeutic efficacies in a mouse lethal challenge model. Cryo-EM structures
revealed a B14-centered site of vulnerability targeted by H7.HK1 and H7.HK?2, which allowed
full binding and neutralization capacity of H7.HK2 to the later 2016-2017 H7N9 isolates. This
unique epitope renders H7.HK?2 a favorable candidate for combination prophylaxis and therapy
against H7N9, which may include multiple HA 1-directed neutralizing mAbs targeting different

epitopes and benefit from the inclusion of HA2-directed mAbs as well.

METHODS

Collection of human specimens

A blood specimen was collected from the H7N9 HK2013 patient about one year after recovery
from a hospitalized severe H7N9 infection. Written informed consent was obtained from the
patient. The study was approved by the Institutional Review Board (IRB) of the University of

Hong Kong and the Hospital Authority (Reference number: UW-13-265).

Plasmids, viruses, antibodies, and cells
Expression plasmids encoding the H7 hemagglutinin and N9 neuraminidase based on
A/Shanghai/4664T/2013 H7NO strain were obtained from Dr. Jianqing Xu (30). Codon-

optimized gene encoding the H7 hemagglutinin of A/Guangdong/17SF003/2016 H7N9 was
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synthesized (Twist Bioscience) and cloned into pcDNA3.1 (Invitrogen). HIV-1 pNL4-3.Luc.R-
E- backbone was obtained through the NIH HIV Reagent Program, as contributed by Dr.
Nathaniel Landau. These plasmids were used to co-transfect 293T cells (ATCC, Manassas, VA)
to generate H7N9 2013 and 2016 pseudoviruses. All live replicating influenza A viruses used in
this study were isolated from patients and include A/Hong Kong/470129/2013 H7NO (14),
A/Zhejiang/DTID-ZJU01/2013 H7NO9 (3), A/Anhui/1/2013 H7N9 (obtained from the China
Center for Disease Control and Prevention), A/Vietnam/1194/2004 H5N1, A/Hong Kong/
459094/2010 H5N1, A/Hong Kong/1073/1999 HON2, A/Hong Kong/415742/2009 HINI1, and
A/Hong Kong/400500/2015 H3N2. The non-H7N9 placebo mAb used in this study, AD358 nl,
has been described (40) and is specific to HIV-1 gp120. Human embryonic kidney 293 cell line,
of which the sex is female, is the parental cell for 293T and Expi293F cell lines. 293T was
obtained from ATCC and maintained as adherent cells in complete DMEM medium at 37°C.
293T is highly transfectable and contains SV40 T-antigen. Expi293F was obtained from
ThermoFisher and adapted to suspension culture in Expi293 Expression Medium at 37°C. The
Madin-Darby Canine Kidney (MDCK) cell line, of which the sex is female, was obtained from

ATCC and maintained as adherent cells in complete DMEM medium at 37°C.

Single B cell sorting by fluorescence activated cell sorter (FACS)

A soluble recombinant HA antigen based on A/Shanghai/2/2013 H7N9 (Immune Technologies,
New York, NY) was biotinylated, followed by streptavidin mediated conjugation of
phycoerythrin (PE) (Invitrogen). PBMCs were stained with an antibody cocktail to CD3-PE-
CF594 (BD Biosciences, San Jose, CA), CD19-PE-Cy7 (BioLegend, San Diego, CA), CD20-

APC-Cy7 (BioLegend), IgG-FITC (BD Biosciences), and IgM-V450 (BD Biosciences). In
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addition, live/dead yellow stain (Invitrogen) was used to exclude dead cells. After washing, cells
were sorted using a multi-laser MoFlo sorter (Beckman Coulter, Jersey City, NJ). Fluorescence
compensation was performed with anti-mouse Ig kappa chain beads (BD Biosciences) stained
with each antibody in a separate tube. Individual B cells were sorted into a 96-well PCR plate,
each well containing 20 pL lysis buffer, composed of 0.5 pLL RNaseOut (Invitrogen), 5 uLL 5x
first-strand buffer, 1.25 uL 0.1M DTT, and 0.0625 uL Igepal (Sigma, St. Louis, MO). The PCR
plate with sorted cells was frozen on dry-ice and then stored at -80°C. The total cell sample

passing through the sorter was analyzed with FlowJo (TreeStar, Cupertino, CA).

Single B cell RT-PCR, sequencing, and cloning

From each sorted cell, the variable regions of IgG heavy and light chains were amplified by RT-
PCR and cloned into expression vectors as previously described (40). Briefly, frozen plates with
single B-cell RNA were thawed at room temperature, and RT was carried out by adding into
each well 3 pL random hexamers at 150 ng/uL (Gene Link, Hawthorne, NY), 2 uLL dNTP (each
at 10 mM), and 1 pLL SuperScript II (Invitrogen), followed by incubation at 42°C for 2 h. We
note that these RT parameters may be suboptimal to those described previously (417, 42). After
RT, 25 puLL water was added to each well to dilute cDNA, and the cDNA plates were stored at -
20°C for later use. The variable regions of heavy, kappa, and lambda chains were amplified
independently by nested PCR in 50 uL, using 5 uL cDNA as template, with HotStarTaq Plus
DNA polymerase (Qiagen) and primer mixes as described (41, 43). Cycler parameters were 94°C
for 5 m, 50 cycles of 94°C for 30 s, 52-55°C for 30 s, and 72°C for 1 m, followed by 72°C for 10
m. The PCR amplicons were subjected to direct Sanger sequencing, and the antibody sequences

were analyzed using IMGT/V-QUEST. Selected PCR sequences that gave productive gamma,
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kappa, and lambda chain rearrangements were re-amplified with custom primers containing
unique restriction digest sites and cloned into the corresponding human gamma, kappa, and
lambda chain expression vectors as described (40-42). Full IgG1 was expressed by co-
transfecting Expi293F cells (ThermoFisher) with equal amounts of paired heavy and light chain

plasmids and purified using recombinant Protein A agarose (ThermoFisher).

ELISA, with and without Endo H treatment

H7N9 HA and HA1 based on A/Shanghai/2/2013, A/Guangdong/17SF003/2016, A/Hong
Kong/125/2017, and H7N7 HA based on A/Netherlands/219/2003 were purchased (Immune
Technologies, New York, NY). Other non-H7 HA proteins were also purchased (Sino
Biological, Chesterbrook, PA). ELISA plates were coated with HA or HA1 antigens at 2 pg/mL
in PBS overnight at 4°C. For Endo H treatment, the required amount of antigen was diluted in
10x buffer and mixed with 1 uLL Endo H (New England BioLabs, Ipswich, MA) for 1 h at 37°C;
an equal amount of antigen (untreated) was processed under identical condition without Endo H.
Both treated and untreated antigens were then diluted in PBS to coat ELISA plates at 2 pg/mL.
Coated plates were blocked with 1% BSA (bovine serum albumin) in PBS for 1 h at 37°C,
followed by incubation with serially diluted mAbs for 1 h at 37°C. Horseradish peroxidase
(HRP)-conjugated goat anti-human IgG Fc (Jackson ImmunoResearch, West Grove, PA) was
added at 1:10,000 for 1 h at 37°C. All ELISA incubation volumes were 100 pL/well except that
200 pL/well was used for blocking. Plates were washed between steps with 0.1% Tween 20 in
PBS and developed with 3,3",5,5 -tetramethylbenzidine (TMB) (Novex, Life Technologies) for 5

m, with 1 M H2SO4 as terminator and read at 450 nm.
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H7N9 neutralization assays

H7NO9 neutralization was first measured with a single-round infection of MDCK cells using
H7N9 2013 and 2016 pseudoviruses as described (30). Neutralization curves were fitted by a 5-
parameter nonlinear regression built in Prism (GraphPad Software, La Jolla, CA). The 50%
inhibitory titers (ICsos) were reported as the antibody concentrations required to inhibit infection
by 50%. H7N9 neutralization was next measured using live replicating influenza viruses to infect
MDCK cells as described (44). Briefly, serially diluted mAbs were incubated with 100 TCIDso
(50% tissue culture infective dose) of an influenza virus at 37°C for 2 h, and 100 pL virus-mAb
mixture was added to MDCK cells. After 1 h incubation, the virus-mAb mixture was removed,
and minimum-essential medium with 2 pg/mL L-1-tosylamide-2-phenylethylchloromethyl
ketone-treated trypsin (TPCK-trypsin) was added to each well. The plates were then incubated
for 72 h, and cytopathic effects were recorded. The mAb concentration that protected 50% of 5

replicate wells from cytopathology was reported as ICso.

H7 HA production

Soluble, disulfide-stabilized, fully cleaved H7 HA trimers were produced by transient co-
transfection of plasmids encoding H7 HA (H7 SH13 DS2 6R) and Furin of Expi293F cells (Life
Technologies) using Turbo293 transfection Reagent (Speed biosystem). After 5 days at 37°C,
culture supernatants were harvested by centrifugation and concentrated 5-fold by Tangential
Flow Filtration. The recombinant HA trimer was captured by Ni-NTA (Sigma-Aldrich) through
a C-terminal 6xHis-tag. The imidazole eluant was combined 1:1 (v/v) with saturated ammonium
sulfate, centrifuged at 4°C, and pellet removed. The supernatant was dialyzed against 500 mM
NacCl, 50 mM Tris pH 8, and purified by size exclusion chromatography on a Superdex 200

Increase 10/300 GL column (Cytiva).
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Human mAb Fab preparation

Human mAb Fab fragments were produced by digestion of the full IgG antibodies with
immobilized Papain (ThermoFisher) equilibrated with 25 mM phosphate, 150 mM NaCl, pH 10,
and 2 mM EDTA for 3 h. The resulting Fabs were purified from the cleaved Fc domain by
affinity chromatography using protein A. Fab purity was analyzed by SDS-PAGE. All Fabs were

buffer-exchanged into 25 mM phosphate, 150 mM NacCl, pH 7.0 prior to cryo-EM experiments.

Cryo-EM sample preparation, data collection, and structure determination

To determine the structures of H7.HK1 and H7. HK2 with H7 HA trimer, trimer was mixed with
the antibody Fab at 1 to 1.2 molar ratio at a final total protein concentration of ~1 mg/mL and
adjusted to a final concentration of 0.005% (w/v) n-Dodecyl B-D-maltoside (DDM) to prevent
preferred orientation and aggregation during vitrification. Cryo-EM grids were prepared by
applying 3 pL of sample to a freshly glow discharged carbon-coated copper grid (CF 1.2/1.3 300
mesh). The sample was vitrified in liquid ethane using a Vitrobot Mark IV with a wait time of 30
s, a blot time of 3 s, and a blot force of 0. Cryo-EM data were collected on a Titan Krios
operating at 300 keV, equipped with a K3 detector (Gatan) operating in counting mode. Data
were acquired using Leginon (45). The dose was fractionated over 50 raw frames. For all
structures, the movie frames were aligned and dose-weighted (46) using cryoSPARC 3.4 (47);
the CTF estimation, particle picking, 2D classifications, ab initio model generation,
heterogeneous refinements, homogeneous 3D refinements and non-uniform refinement

calculations were carried out using cryoSPARC 3.4 (47).

21



10

15

20

Atomic model building and refinement

For structural determination, a model of the antibody Fab was generated using SAbPred (48).
The Fab model and the crystal structure of an H7 HA mutant (PDB: 6IDD) (/0) was docked into
the cryo-EM density map using UCSF Chimera (49) to build an initial model of the complex.
The model was then manually rebuilt to the best fit into the density using Coot (50) and refined
using Phenix (57). Interface calculations were performed using PISA (52). Structures were
analyzed and figures were generated using PyMOL (http://www.pymol.org) and UCSF Chimera

(49). Final model statistics are summarized in Table S1.

Mouse prophylactic and therapeutic studies

The mouse prophylactic and therapeutic studies were approved by the Committee on the Use of
Live Animals in Teaching and Research (CULATR) of the University of Hong Kong (Reference
number: 4011-16) and conducted in biosafety level 3 animal facilities as described previously
(53). Female BALB/c mice of 6-8 weeks of age were obtained from the Laboratory Animal Unit
of The University of Hong Kong. For prophylactic study, one day before virus inoculation, each
mouse was administered with 100 pL of mAb at 1 mg/mL intraperitoneally. For therapeutic
study, infected mice were administered with 100 pL. of mAb at 1 mg/mL intraperitoneally at day
1 post viral challenge. Mice in the control groups were administered with either PBS or with a
non-H7N9 mAb. On the day of virus infection, each mouse was inoculated with 10 LDso (40 uL)
of H7TN9/AHI1 virus through intranasal route. Virus inoculation was performed under ketamine
(100 mg/kg) and xylazine (10 mg/kg) anesthesia. The mice were monitored for 14 days with
disease severity score and body weight recorded daily. Disease severity were scored as follow:

Score 0, apparently healthy; Score 1 (mild disease symptom), ruffled fur but still active; Score 2
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(medium disease symptom), ruffled fur, reduced activity and no weight gain; Score 3 (severe
disease symptoms), ruffled fur, hunched posture, labored breathing and weight loss; Score 4
(moribund): very inactive, showing difficulty moving around and accessing to food and water,
and weight loss. The predefined humane endpoints were either a weight loss of >20% or a

disease severity score of 4. Mice were euthanized if the humane endpoints were reached.

Statistical analysis

GraphPad Prism was used to plot the ELISA data using sigmoidal dose-response with variable
slope for curve fitting and the neutralization data using 5-parameter nonlinear regression for
curve fitting. All quantitative data are presented as mean + standard error (SEM). GraphPad
Prism was also used to plot the mouse Survival curves. Unpaired student’s t-test in GraphPad
Prism was used for comparisons between groups, and a P value of less than 0.05 was considered

statistically significant.

Data availability

Sequences of the heavy and light chain variable regions of four H7N9 human mAbs are available
in GenBank under accession # xxxxxxxx to xxxxxxxX. The Cryo-EM reconstruction of H7.HK1
and H7.HK?2 Fabs in complex with H7 SH13 DS2 6R HA has been deposited in the Electron
Microscopy Data Bank as EMD-41422 and EMD-41441 and the Protein Data Bank (PDB: 8TNL
and 8TOA). Materials will be made available to researchers with appropriate materials transfer

agreements (MTAs). All inquiries should be sent to the corresponding authors.
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Fig. 1 Isolation and characterization of human H7N9 mADbs in vitro. (A) FACS depicting the
staining and selection of H7-specific B cells from donor H7N9.HK2013 PBMCs 1 year post
recovery. SSC-A, side scatter area; FSC-A, forward scatter area. (B) ELISA binding curves of
the indicated mAbs to soluble recombinant H7N9 HA and H7N7 HA (upper panels), with or
without Endo H treatment, to the matching H7N9 HA1 from 2013 or HA1s from 2016 and 2017
(middle panels), and to 6 other non-H7 HA or HA1 proteins (lower panels). (C) Neutralization
curves of H7.HK mAbs against H7N9 2013 (left) and 2016 (right) pseudoviruses infecting
MDCK cells. Data shown are mean + SEM.
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Fig. 2 Structural analysis of H7.HK1 and H7.HK2 in complex with H7 HA trimer. (A) Cryo-EM structures of
H7.HK1 and H7.HK2 bound to H7 HA in the head region. (B) Top view of alignment of H7.HK1 and H7.HK2
complex structures. (C) Surface presentation of the H7.HK1 epitope (orange) on H7 HA1, with interacting CDRs
shown. (D) H7.HK1 heavy chain forms seven hydrogen bonds and one salt bridge with H7 HA1. (E) H7.HK1 light
chain forms one additional hydrogen bond with H7 HA1, and the interactions are stabilized by hydrophobic residues
on the periphery of the light chain interface. (F) Modeling published structures of H7 HA1-binding antibodies
(PDB: 6114, 6118, 6119, 5V2A) onto the H7.HK1 bound structure, with an escape mutation R47K (green) reported for
mAb 07-5F01. (G) Modeling the binding site of human receptor analogue LSTc (red) based on a previous crystal
structure (PDB: 4BSE) onto H7 from the H7.HK1 complex, showing that H7.HK 1 does not compete with sialic acid
on the adjacent protomer (black). (H) Alignment of the H7.HK1 complex with a previous crystal structure of H7
(PDB: 4BSE) shows that the 220-loop (pink) required for sialic acid binding (G209-G219) is disorder in the
complex structure and would clash with the H7.HK1 light chain if it were present. Green asterisk symbol denotes
the <2 A clash between the CDR L1 N33 and the predicted location of P212 on HA1.
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Fig. 3 Prophylactic and therapeutic effects of human H7N9 mAbs in mice i.n. challenged with
10 LDso of A/Anhui/1/2013 H7N9. (A) Mice were i.p. injected with 100 pg (equivalent of 5 mg/kg)
or 20 pg (equivalent of 1 mg/kg) of the indicated mAbs (as human IgG1 unless otherwise specified)
one day before viral challenge; % survival (less than 20% weight loss) and % body weight of
survived mice were plotted over time. (B) Mice were i.p. injected with 100 pg of the indicated mAbs
one day after viral challenge; % survival and % body weight of survived mice were plotted over
time. Arrows indicate the time when mAbs were administered. Control groups of a non-H7 placebo
mADb and PBS were included. Data for each group were combined from 1-2 experiments and shown
as mean — SEM. Asterisk symbols denote statistical significance with P values < 0.05.
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Supplementary Fig. 1 H7.HK mAb sequences. Protein sequences of the heavy and light chain variable regions of the
H7.HK mAbs are aligned to the putative germline V-genes at top, with amino acid substitutions in red, and in magenta for
substitutions shared between the clonally related mAbs H7.HK1 and H7.HK2. Spaces are added to maintain alignment;
framework regions (FR) and complementarity-determining regions (CDRs) are indicated based on the Chothia
nomenclature. Highlighted in yellow are the mAb residues (paratopes of H7.HK1 and H7.HK?2) contacting the H7
antigen. The putative N-linked glycosylation sites on the light chain CDR L1 of H7.HK1 and H7.HK2 and the heavy

chain CDR H2 of H7.HK3 are underlined.
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Supplementary Fig. 2 Cryo-EM details of H7.HK1 and H7.HK2 in complex with H7 SH13 DS2 6R HA trimer.
(A) Representative micrograph of H7.HK1 (left) and H7.HK2 (right). (B) Representative 2D class averages of H7.HK1
and H7.HK2. (C) The gold-standard Fourier Shell Correlation (FSC) resulted in a resolution of 3.62 A for the overall
map of H7.HK1 and 3.69 A for the overall map of H7.HK2. Non-uniform refinement with C3 symmetry was used for
both reconstructions. (D) The orientations of all particles used in the final refinement are shown as a heatmap. (E) The
local resolution of the final overall map is shown contoured at 0.0989 for both structures. Resolution estimation was
generated through cryoSPARC using an FSC cutoff of 0.5. (F) Representative density is shown for the interface of
H7.HK1 heavy chain, light chain, and H7 HA. (G) Representative density is shown for the interface of H7.HK2 heavy
chain, light chain, and H7 HA.
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Supplementary Fig. 3 Comparison of H7.HK1 and H7.HK2 binding to H7. (A) Differences in epitopes of H7.HK1

and H7.HK2. Majority of surface contacts are conserved, shown in orange. H7.HK1 specific surfaces are shown in

magenta, and H7.HK2 specific surfaces are shown in cyan. (B) Hydrogen bonds and salt bridges formed by H7.HK1 and
H7.HK2 with H7. (C) Differences in CDR L2 binding to H7 by H7.HK 1 and H7.HK2 as a result of F61S substitution in

H7.HK2. S61 forms an additional hydrogen bond with G119 of H7. Additionally, position of Y54 is shifted so that it

forms a hydrogen bond with T156 for H7.HK?2 instead of Q154 for H7.HK1.



A 10 20 30 40 50 60 70 80 920 100

e e [ [ e [ [ I I I e e |
Hongkong470129/2013H7N9 DKICLGHHAVSNGTKVNTLTERGVEVVNATETVERTNIPRICSKGKRTVDLGQCGLLGTITGPPQCDQFLEFSADLIIERREGSDVCY PGKFVNEEALRQ

Shanghai2/2013 HTNOD ...ttt et e e e e e e
Shanghaid664T/2013 HTNOD . .. ... ..ttt e e e e e e e e e e e e e e e e e
Anhuil/2013 HTNO e e e e
Zhejiangl/2013 HTNO ...ttt e e e e e
Netherlands/219/2003H7N7. .. ... ... ... ..ttt /225
Guangdongl7SFO0032016HTNO. .. ... ... ... . ...t 2
Hongkong/125/2017 HTNO . ...t ettt e e e e e e e e e e e e e e
110 120 130 140 150 160 170 180 190 200
S [ [ e o Sy [ [ I P I I I e |
Hongkong470129/2013H7N9 ILRESGGIDKEAMGETYSCIRANGATSACRRSGSSFYAEMKWLLSNTDNAAFBOMTKSYKNTRKSPALIVWGIHHSVSTAEQTKLYGSGNKLVTVGESSNY
Shanghai2/2013 H7N9 ................ I [ P PO I ...............................................
Shanghai4664T/2013 HTN9 ......... | BT B
Anhuil/2013 H7N9  ......... | BT B
Zhejiangl/2013 H7N9 .........L...... [ T I | - . A
Netherlands/219/2003H7N7......... Tl T T R D....I...... G..T....v it I.......
Guangdongl7SF0032016H7N9. .. ... ... .P. E..T.. V... il KE b I P
Hongkong/125/2017 HTN9 ......... .T. T..V. S P P
210 220 230 240 250 260 270 280 290 300

JRR R VU [PRURR IVUPROUY [DRURRDR IDUPRURRY [UPUPRNSY IDRPUPRN ISR (DRRPIR IVUPRURRY [UUR ISR IUSPRPR) [DRPRIRY ISR ISR ISP IR
Hongkong470129/2013H7N9 QQSFVPSPGARPQVNGLSGRIDFHWLMLNPNDTVTISFNGAFIAPIASFLRGKSMGIQSGVQVDANCEGDCYHSGGTIISSLPFQNIDSRAVGKCPRYV

Shanghai2/2013 H7NO ... ... ... il e PP
Shanghaid664T2013 HTNO . ..................couiiieoeooonn.. | | Ho....... Nooooooin
Anhuil/2013 HTNO ... ...l | | Nooooiiiiiiians
Zhejiangl/2013 HTNO . ... ...ttt M e Nt
Netherlands/219/2003H7N7................ Q... I........8.........B¢8............. Bt e N...... N.o'ouunoo..
Guangdongl7SF0032016H7N9. ... ............ Q... I........p.-.......\®#............. 2 N.ooo oot
Hongkong/125/2017 HTN9 . ...............uiiueeo.o.. S S P P
310 320
P [ I e I
Hongkong470129/2013H7N9 KQRSLLLATGMKNVPEIPKGR
Shanghai2/2013 H7N9 . .............c....u..
Shanghai4664T2013 H7N9 .....................
Anhuil/2013 HTN9 ... ... ...
Zhejiangl/2013 H7N9 . .................u..
Netherlands/219/2003H7N7..E................ R.
Guangdongl7SF0032016H7N9. .. ............. V..RK
Hongkong/125/2017 HIN9 . ....................

B

G119E

S118N Light Chain

A112T/P

R163K

Supplementary Fig. 4 Antigenic drift of H7 HA1 in 2016-2017. (A) H7 HA1 protein sequences from the indicated viral
isolates are aligned to the 2013 Hong Kong H7N9 autologous isolate at top, with identical amino acids shown in dots.
Highlighted in yellow are the H7 residues (epitope) forming contacts with both mAbs H7.HK1 and H7.HK2. H7. HK1
specific epitopes are in magenta; H7.HK2 specific epitopes are in cyan. (B) Surface presentation of the H7 HA1 domain
highlighting the epitopes (orange) of mAbs H7.HK1 and H7.HK2, with four mutations in red that appeared in the 2016-
2017 viral isolates of H7N9. The sticks are interacting CDRs of mAb H7.HK1 heavy and light chains.



Supplementary Table 1 Cryo-EM data collection, refinement, and validation
statistics for H7 SH13 DS2 6R HA in complex with H7.HK1 and H7.HK2 Fabs.

H7 SH13 DS2 6R H7 SH13 DS2 6R

H7.HK1 H7.HK2
(EMD-41422) (EMD-41441)
(PDB: 8TNL) (PDB: 8TOA)

Data collection and processing
Magnification 105000 105000
Voltage (kV) 300 300
Electron exposure (e—/A?) 58 58
Defocus range (um) 0.8-2 0.8-2
Pixel size (A) 0.83 0.83
Symmetry imposed C3 C3
Initial particle images (no.) 5713957 2339643
Final particle images (no.) 178347 191469
Map resolution (A) 3.62 3.69

FSC threshold 0.143 0.143
Refinement
Initial model used (PDB code) 61DD 8TNL
Model resolution (A) 3.62 3.69

FSC threshold 0.143 0.143
Model composition

Non-hydrogen atoms 16487 15570

Protein residues 2112 2109

Ligands 7 11
B factors (A?)

Protein 39.71 58.34

Ligand 58.78 48.38
R.m.s. deviations

Bond lengths (A) 0.005 0.007

Bond angles (°) 1.121 1.231

Validation

MolProbity score 1.65 2.23

Clashscore 5.45 12.08

Poor rotamers (%) 0.06 1.62

Ramachandran plot
Favored (%) 94.86 92.30
Allowed (%) 5.14 7.41

Disallowed (%) 0.0 0.29
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