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ABSTRACT Broadly cross-reactive antibodies (Abs) that recognize conserved epitopes
within the influenza virus hemagglutinin (HA) stalk domain are of particular interest for
their potential use as therapeutic and prophylactic agents against multiple influenza vi-
rus subtypes, including zoonotic virus strains. Here, we characterized four human HA
stalk-reactive monoclonal antibodies (MAbs) for their binding breadth and affinity, in
vitro neutralization capacity, and in vivo protective potential against an highly patho-
genic avian influenza virus. The monoclonal antibodies were isolated from individuals
shortly following infection with (70-1F02 and 1009-3B05) or vaccination against (05-2G02
and 09-3A01) A(H1N1)pdm09. Three of the MAbs bound HAs from multiple strains of
group 1 viruses, and one MAb, 05-2G02, bound to both group 1 and group 2 influenza
A virus HAs. All four antibodies prophylactically protected mice against a lethal chal-
lenge with the highly pathogenic A/Vietnam/1203/04 (H5N1) strain. Two MAbs, 70-1F02
and 09-3A01, were further tested for their therapeutic efficacy against the same strain
and showed good efficacy in this setting as well. One MAb, 70-1F02, cocrystallized with
H5 HA and showed heavy-chain-only interactions similar to those seen with the previ-
ously described CR6261 anti-stalk antibody. Finally, we show that antibodies that com-
pete with these MAbs are prevalent in serum from an individual recently infected with
the A(H1N1)pdm09 virus. The antibodies described here can be developed into broad-
spectrum antiviral therapeutics that could be used to combat infections by zoonotic or
emerging pandemic influenza viruses.

IMPORTANCE The rise in zoonotic infections of humans by emerging influenza vi-
ruses is a worldwide public health concern. The majority of recent zoonotic human
influenza cases were caused by H7N9 and H5Nx viruses and were associated with
high morbidity and mortality. In addition, seasonal influenza viruses are estimated to
cause up to 650,000 deaths annually worldwide. Currently available antiviral treat-
ment options include only neuraminidase inhibitors, but some influenza viruses are
naturally resistant to these drugs, and others quickly develop resistance-conferring
mutations. Alternative therapeutics are urgently needed. Broadly protective antibod-
ies that target the conserved “stalk” domain of the hemagglutinin represent poten-
tial potent antiviral prophylactic and therapeutic agents that can assist pandemic
preparedness. Here, we describe four human monoclonal antibodies that target con-
served regions of influenza HA and characterize their binding spectrum as well as
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their protective capacity in prophylactic and therapeutic settings against a lethal
challenge with a zoonotic influenza virus.

KEYWORDS H5N1, HA stalk, hemagglutinin, hemagglutinin stalk, influenza, influenza
virus, monoclonal antibody

Seasonal influenza virus infections cause acute respiratory illness in humans and are
responsible for an estimated 290,000 to 650,000 deaths annually on a global scale

(1). In addition, influenza pandemics occur at irregular intervals and are usually caused
by viruses that emerge from reassortments between human viruses and viruses circu-
lating in the animal reservoir (2). These pandemics are not predictable and can cause
high numbers of fatalities (3). Furthermore, influenza viruses that circulate in avian or
mammalian species can cause severe zoonotic infections. Since 2004, human infections
with avian origin influenza A viruses of the H5N1 (4), H5N6 (5), H6N1 (6), H7N2 (7, 8),
H7N3 (9–11), H7N7 (12), H7N9 (13), H9N2 (14), and H10N8 (15) subtypes have been
documented. Most of these zoonotic infections were sporadic, but they have also
resulted in epidemics, as in the case of A(H7N9) infections in China (13). Human
infections with A(H7N9) viruses were first reported in 2013, and since then those viruses
have triggered multiple waves of infection that overlapped the Northern Hemisphere
seasonal influenza virus epidemics (13, 16).

Annual vaccination against seasonal influenza virus strains remains the most effec-
tive means to protect humans against influenza. Vaccines that elicit antibodies (Abs)
specific for hemagglutinin (HA) are associated with providing the best protection (17).
Seasonal vaccines are generally most efficacious when the vaccine is antigenically well
matched to the circulating strains (18). However, many severe cases of seasonal
influenza virus infections still occur due to poor vaccine coverage, vaccine mismatch,
and weak immune responses to vaccination in some target populations (19). Vaccines
against viruses with pandemic potential, such as H5 and H7 subtypes, have been
prepared and tested in humans but are often poorly immunogenic (20). Furthermore,
it is hard to predict which zoonotic virus would cause a future pandemic, and therefore
it is unlikely that a matched vaccine would be available in sufficient quantities in time
to provide effective protection to the population.

Current therapeutic treatment options for seasonal, pandemic, and zoonotic influ-
enza virus infections are restricted to neuraminidase inhibitors (e.g., oseltamivir, zana-
mivir, peramivir, and laninamivir) (21). Therapeutic agents of a second type, M2 ion
channel inhibitors (amantadine), show little or no efficacy against the 2009 pandemic
H1N1 [A(H1N1)pdm09] strains or current seasonal H3N2 strains since most of these
viruses harbor resistance mutations in their M2 gene (21). Neuraminidase inhibitors
show efficacy against influenza virus infections when administered prophylactically or
within 2 days following the onset of symptoms (22). However, when given at a later
time point, these inhibitors lose effectiveness. In addition, viruses have been shown to
develop resistance against neuraminidase inhibitors rapidly and often without loss of
viral fitness in experimental settings (23) or in populations (24) and some zoonotic
viruses (e.g., H7N9) already carry mutations conferring resistance to neuraminidase
inhibitors (25). Therefore, novel treatment options are urgently needed.

Broadly cross-reactive antibodies that recognize conserved structures in the
membrane-proximal “stalk” domain of the HA (anti-HA-stalk), comprising the HA1/HA2
interface, have been isolated from mice and from humans (26). These anti-HA stalk
antibodies are typically not induced at high levels after regular seasonal influenza virus
vaccination but have been shown to be induced at increased levels in humans
following primary exposure to novel viruses such as A(H1N1)pdm09, H5N1, and H7N9
(27–33). Anti-HA stalk antibodies have been shown to be broadly cross-reactive with a
variety of influenza A viruses and can provide protection against lethal viral challenge
in animal models (34–38). Considerable efforts are under way to develop broad-
spectrum therapeutics based on anti-HA stalk monoclonal antibodies (MAbs) that could
provide therapeutic and/or prophylactic efficacy against future seasonal, zoonotic, and
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pandemic influenza virus infections (39–41). Anti-HA stalk MAbs could also be used
prophylactically in at-risk populations during seasonal epidemics and in the event of a
pandemic to protect health care personnel, public safety personnel, and essential
community personnel.

Anti-stalk MAbs have been shown to bind a broad variety of HAs within a subtype
(37) or different HA subtypes within a phylogenetic group (42–44) or, rarely, different
HAs from different phylogenetic groups (i.e., group 1 and group 2 HAs [45, 46]). MAbs
70-1F02 and 1009-3B05 were derived from plasmablasts isolated from patients recently
infected with A(H1N1)pdm09 virus (29). Both MAbs are encoded by the IGHV1-69 germ
line, and both competed for binding with the previously reported C179 anti-HA stalk
MAb (29, 47–49), neutralized a panel of H1N1 viruses, and protected mice from lethal
challenge with A(H1N1)pdm09 in prophylactic and therapeutic settings. MAbs 05-2G02,
1009-3B05, and 09-3A01 were derived from plasmablasts isolated from healthy volun-
teers following vaccination with the monovalent A(H1N1)pdm09 vaccine (27). 05-2G02
and 09-3A01 are encoded by germ lines IGHV1-18 and IGHV4-39, respectively, bound
to H1 and H5 HAs (27), competed for binding with 70-1F02, and also neutralized a panel
of H1N1 viruses. In addition, 05-2G02 bound and neutralized an H3N2 virus, indicating
a binding profile across both phylogenetic groups. The aim of this study was to further
characterize the breadth and functionality of these antibodies, determine their protec-
tive potential in vivo against a highly pathogenic avian influenza virus, shed light on
their molecular interactions with an avian influenza virus HA, and determine their
prevalence in convalescent human sera.

RESULTS
MAbs 70-1F02, 1009-3B05, and 09-3A01 bind broadly to group 1 HAs whereas

05-2G02 shows a cross-group influenza A virus HA binding pattern. The binding
spectrum of anti-influenza MAbs dictates their therapeutic and prophylactic potential.
We therefore performed quantitative enzyme-linked immunosorbent assays (ELISAs)
with the four MAbs as well as a control immunoglobulin G 1 (IgG1) MAb [EM4-C04;
A(H1N1)pdm09 H1 specific] to determine their binding to a panel of HAs derived from
all influenza virus subtypes, with a focus on novel subtypes and HAs from viruses with
pandemic potential. MAbs 70-1F02, 1009-3B05, and 09-3A01 showed very similar
binding patterns across group 1 HA subtypes (H1, H2, H5, H6, H8, H9, H11, H12, H13,
H16, H17, and H18) (Fig. 1). Of note, all three MAbs bound to an H2 HA from a recent
avian isolate and to an H6 HA from a recent human case in Taiwan as well as to H17
and H18, which have recently been isolated from bats. None of the three MAbs showed
high-affinity binding to the group 2 HAs tested (H3, H4, H7, H10, H14, and H15) or to
influenza B virus HA, and only 70-1F02 recognized the H2 HA from the 1957 pandemic
H2N2 strain (group 1). Overall, MAb 70-1F02 gave the strongest binding signal whereas
MAbs 1009-3B05 and 09-3A01 showed weaker or no binding to H11, H12, H13, and H16.
MAb 05-2G02 showed broad cross-group influenza A virus HA binding, including
binding to important group 2 HAs such as the H7 HA from H7N9, but did not bind
influenza B virus HA.

We next determined the binding affinity of the MAbs for a panel of HAs, including
H1, H2, H5, H6, H8, H9, H11, H12, H13, and H16 HAs, by biolayer interferometry. All
MAbs bound with nanomolar affinity to the H1 HA from A/California/07/2009 (Cal09)
and with various levels of affinity to other HA subtypes (Table 1). Consistent with the
ELISA data, 70-1F02, 1009-3B05, and 09-3A01 bound only to group 1 HA subtypes,
whereas 05-2G02 bound to all group 1 and group 2 HAs tested. In summary, we
characterized three pan-group 1 HA binding MAbs as well as one pan-influenza A virus
HA binding MAb.

MAbs 70-1F02, 09-3B05, 09-3A01, and 05-2G02 neutralize H5N1 in vitro. Bind-
ing, as assessed above, is not a sufficient indicator for antiviral activity. To test if the four
MAbs show antiviral activity, we assessed their neutralizing potency against a repre-
sentative zoonotic virus, H5N1. Microneutralization assays with all four MAbs were
performed against an H5N1 virus expressing the HA from A/Vietnam/1203/04 (low-
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pathogenicity version). We found that all MAbs potently neutralized H5N1 with slightly
higher neutralization activity for 05-2G02 and 70-1F02 (50% inhibitory concentrations
[IC50] of 0.244 �g/ml and 0.263 �g/ml, respectively) than for 09-3A01 and 1009-3B05
(IC50s of 0.395 �g/ml and 0.604 �g/ml, respectively) (Fig. 2). No neutralization was
detected with the isotype control MAb.

70-1F02 and 09-3A01 show therapeutic protective efficacy against highly
pathogenic H5N1 challenge in mice. Next, we measured the protective efficacy of this
panel of broadly reactive MAbs in a mouse model of infection with a highly pathogenic
avian influenza virus. One of the MAbs, 70-1F02, was previously shown to protect mice
against infection with an H1N1 virus when administered as a prophylactic or a thera-
peutic agent (29). All four MAbs have been shown to neutralize a panel of H1N1 viruses
(27, 29) and a low-pathogenicity version of H5N1 (see above). However, it was unclear
if these MAbs would also show a protective effect in vivo against a stringent challenge
with a highly pathogenic H5N1 virus, which represents a pandemic threat.

In a first experiment, the four MAbs were administered via intraperitoneal (i.p.)
injection 24 h prior to infection at a dose of 20 mg/kg of body weight. This dose was
chosen based on our experience with antibody prophylaxis and therapy in the mouse
model. It is on the higher side of the range that we typically use because highly
pathogenic H5N1 viruses are very lethal in this model and because the high contain-
ment level made it impracticable to test dose ranges (including lower doses). Animals
were then challenged intranasally (i.n.) with 10� the 50% lethal dose (LD50) (6 PFU) of
the highly pathogenic A/Vietnam/1203/04 (H5N1) virus. The H1 head-specific MAb
EM4-C04 was included as a negative control. Of note, we did test the in vivo half-life of
a subset of MAbs, including EM-C04 (control MAb), 70-1F02, and 1009-3B05 in mice

FIG 1 Heat map of antibody binding profile by ELISA. Antibodies were tested by ELISA against recombinantly produced HA proteins. A
heat map was generated based on minimal binding concentration and plotted next to a phylogenetic tree (based on amino acid
difference) to indicate the similarity of HAs that were tested. Each MAb was tested once in duplicate.

Nachbagauer et al. Journal of Virology

August 2018 Volume 92 Issue 16 e00949-18 jvi.asm.org 4

http://jvi.asm.org


TA
B

LE
1

A
ffi

ni
ty

m
ea

su
re

m
en

ts

Su
b

ty
p

e
St

ra
in

n
am

e

A
n

ti
b

od
y

af
fin

it
ya

70
-1

F0
2

9-
3A

01
10

09
-3

B
05

05
-2

G
02

K D
(M

)
K o

n
K o

ff
K D

(M
)

K o
n

K o
ff

K D
(M

)
K o

n
K o

ff
K D

(M
)

K o
n

K o
ff

H
1N

1
A

/C
al

ifo
rn

ia
/0

7/
20

09
1.

03
�

10
�

1
0

2.
59

�
10

5
2.

86
�

10
�

5
7.

93
�

10
�

1
1

2.
14

�
10

5
1.

69
�

10
�

5
2.

18
�

10
�

1
1

1.
65

�
10

5
3.

59
�

10
�

6
1.

63
�

10
�

1
0

2.
41

�
10

5
3.

94
�

10
�

5

H
1N

1
A

/S
ol

om
on

Is
la

nd
s/

03
/2

00
6

7.
49

�
10

�
1

2
1.

83
�

10
5

1.
29

�
10

�
6

1.
79

�
10

�
1

0
1.

87
�

10
5

3.
34

�
10

�
5

1.
45

�
10

�
1

1
1.

37
�

10
5

1.
98

�
10

�
6

3.
52

�
10

�
1

1
1.

58
�

10
5

5.
55

�
10

�
6

H
1N

1
A

/B
ris

b
an

e/
59

/2
00

7
8.

84
�

10
�

1
1

2.
91

�
10

5
2.

57
�

10
�

5
3.

34
�

10
�

1
0

2.
79

�
10

5
9.

3
�

10
�

5
6.

30
�

10
�

1
1

2.
03

�
10

5
1.

28
�

10
�

5
2.

55
�

10
�

1
0

2.
28

�
10

5
5.

81
�

10
�

5

H
1N

1
A

/S
ou

th
C

ar
ol

in
a/

01
/1

91
8

7.
07

�
10

�
1

2
3.

39
�

10
5

2.
54

�
10

�
6

2.
63

�
10

�
1

1
3.

13
�

10
5

8.
23

�
10

�
6

2.
52

�
10

�
1

0
2.

4
�

10
5

6.
05

�
10

�
5

6.
16

�
10

�
1

2
2.

73
�

10
5

1.
68

�
10

�
6

H
1N

1
A

/S
w

in
e/

Io
w

a/
15

/1
93

0
8.

96
�

10
�

1
1

4.
46

�
10

5
4.

00
�

10
�

5
9.

15
�

10
�

1
1

5.
26

�
10

5
4.

81
�

10
�

5
8.

82
�

10
�

1
1

3.
58

�
10

5
3.

16
�

10
�

5
1.

25
�

10
�

1
0

4.
7

�
10

5
5.

88
�

10
�

5

H
2N

2
A

/J
ap

an
/3

05
/1

95
7

9.
21

�
10

�
1

0
1.

8
�

10
5

1.
66

�
10

�
4

6.
93

�
10

�
9

1.
73

�
10

5
1.

20
�

10
�

3
3.

55
�

10
�

1
1

6.
0

�
10

4
2.

13
�

10
�

6
5.

73
�

10
�

8
2.

29
�

10
5

1.
31

�
10

�
2

H
5N

1
A

/V
ie

tn
am

/1
20

3/
20

04
6.

88
�

10
�

1
0

7.
72

�
10

4
5.

31
�

10
�

5
6.

62
�

10
�

9
8.

58
�

10
4

5.
68

�
10

�
4

2.
65

�
10

�
1

0
5.

3
�

10
4

1.
41

�
10

�
5

1.
37

�
10

�
8

8.
37

�
10

4
1.

15
�

10
�

3

H
5N

1
A

/H
ub

ei
/0

5/
20

10
1.

04
�

10
�

1
1

2.
43

�
10

5
2.

54
�

10
�

6
5.

44
�

10
�

1
0

2.
76

�
10

5
1.

5
�

10
�

4
9.

16
�

10
�

1
1

1.
73

�
10

5
1.

59
�

10
�

5
4.

08
�

10
�

1
0

2.
28

�
10

5
9.

29
�

10
�

5

H
6N

2
A

/c
hi

ck
en

/N
Y/

14
67

7-
13

/1
99

8
9.

77
�

10
�

1
2

9.
7

�
10

4
9.

48
�

10
�

7
7.

18
�

10
�

1
0

5.
14

�
10

4
3.

7
�

10
�

5
4.

46
�

10
�

9
2.

67
�

10
4

1.
23

�
10

�
4

5.
45

�
10

�
1

0
6.

12
�

10
4

3.
34

�
10

�
5

H
8N

4
A

/T
ur

ke
y/

O
nt

ar
io

/1
96

8
1.

59
�

10
�

1
0

2.
01

�
10

5
3.

21
�

10
�

5
3.

27
�

10
�

1
0

2.
61

�
10

5
8.

53
�

10
�

5
1.

50
�

10
�

9
1.

65
�

10
5

2.
48

�
10

�
4

2.
18

�
10

�
1

3
2.

59
�

10
5

5.
66

�
10

�
8

H
9N

2
A

/H
on

gK
on

g/
19

99
3.

08
�

10
�

1
0

8.
39

�
10

5
2.

58
�

10
�

4
1.

51
�

10
�

9
7.

9
�

10
5

1.
19

�
10

�
3

1.
17

�
10

�
9

7.
09

�
10

5
8.

25
�

10
�

4
4.

59
�

10
�

9
1.

81
�

10
6

6.
29

�
10

�
3

H
11

N
9

A
/D

uc
k/

M
em

p
hi

s/
19

74
3.

44
�

10
�

1
1

6.
9

�
10

4
2.

37
�

10
�

6
1.

30
�

10
�

9
7.

8
�

10
4

1.
02

�
10

�
4

9.
49

�
10

�
9

2.
48

�
10

5
2.

36
�

10
�

3
1.

73
�

10
�

8
1.

59
�

10
5

2.
76

�
10

�
3

H
12

N
5

A
/M

al
la

rd
/A

lb
er

ta
/1

97
6

4.
07

�
10

�
9

2.
07

�
10

5
8.

44
�

10
�

4
1.

57
�

10
�

8
2.

86
�

10
4

4.
49

�
10

�
4

1.
63

�
10

�
8

2.
28

�
10

5
3.

72
�

10
�

3
9.

32
�

10
�

1
4

6.
0

�
10

4
5.

59
�

10
�

9

H
13

N
9

A
/S

ho
re

b
ird

/D
E/

68
/2

00
4

3.
39

�
10

�
9

3.
55

�
10

4
1.

20
�

10
�

4
3.

28
�

10
�

8
8.

96
�

10
4

2.
93

�
10

�
3

4.
78

�
10

�
8

3.
73

�
10

4
1.

78
�

10
�

3
3.

12
�

10
�

8
8.

94
�

10
4

2.
78

�
10

�
3

H
16

N
3

A
/S

ho
re

b
ird

/D
E/

17
2/

20
06

6.
62

�
10

�
1

0
3.

27
�

10
4

1.
84

�
10

�
5

1.
32

�
10

�
8

1.
61

�
10

5
2.

14
�

10
�

3
N

A
N

A
N

A
2.

31
�

10
�

8
2.

0
�

10
5

4.
62

�
10

�
3

H
3N

2
A

/B
ris

b
an

e/
10

/2
00

7
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
9.

87
�

10
�

1
0

1.
81

�
10

5
1.

79
�

10
�

4

a
K D

,e
qu

ili
b

riu
m

di
ss

oc
ia

tio
n

co
ns

ta
nt

;K
o

n
,r

at
e

co
ns

ta
nt

fo
r

th
e

as
so

ci
at

io
n

of
th

e
an

tib
od

y-
an

tig
en

co
m

p
le

x;
K o

ff
,r

at
e

co
ns

ta
nt

fo
r

th
e

di
ss

oc
ia

tio
n

of
th

e
an

tib
od

y-
an

tig
en

co
m

p
le

x;
N

A
,n

ot
ap

p
lic

ab
le

.

In Vivo Protective Human Influenza HA Stalk Antibodies Journal of Virology

August 2018 Volume 92 Issue 16 e00949-18 jvi.asm.org 5

http://jvi.asm.org


and— unsurprisingly– detected very similar half-lives of 8.98, 8.14, and 7.01 days,
respectively. MAbs 70-1F02, 1009-3B05, and 09-3A01 protected animals against
infection-induced morbidity (Fig. 3A), and survival rates for these groups were 80%,
70%, and 90%, respectively (Fig. 3B). Animals that received 05-2G02 exhibited more
weight loss than animals that received the other 3 cross-reactive MAbs and had a lower
survival rate of 37.5% (Fig. 3). Mice that received the control MAb (EM4-C04, which
binds to the H1 head domain [29]) or phosphate-buffered saline (PBS) were not

FIG 2 H5N1 (A/Vietnam/1203/2004) microneutralization assay on MDCK cells. Antibodies were tested in
a neutralization assay against a low-pathogenicity H5 reassortant virus. The x axis shows the amount of
monoclonal antibody tested, and the y axis indicates percent inhibition in the assay. Each point shows
the mean of data from two replicates, and error bars indicate errors of the means. A nonlinear curve fit
was performed for all antibody dilution series (colored lines). Each MAb was tested once in duplicate.

FIG 3 In vivo challenge with highly pathogenic H5N1 after prophylactic treatment. Mice were intraperitoneally injected with antibodies
or PBS (no-antibody control) 24 h before infection with highly pathogenic H5N1 virus. Survival was checked daily, and weight was
recorded every other day. (A) Weight loss curves after challenge. Each point shows the average percentage of the initial body weight of
the group, and error bars indicate the standard errors of the means. (B) Kaplan-Maier curves show the survival rate for each of the groups
post-H5N1 challenge. Survival rates of all groups were compared to the rate determined for the group that received the isotype control
EM4-C04 in a log rank (Mantel-Cox) test. MAbs 70-1F02 (P � 0.0001), 09-3A01 (P � 0.0001), 1009-3B05 (0.0005), and 05-2G02 (P � 0.0022)
all conferred statistically significant protection compared to the isotype control, and no statistically significant difference was observed
between mice receiving PBS and those receiving EM4-C04 (Bonferroni-corrected significance threshold � �0.01). Challenge studies were
performed once with 8 to 10 mice per group.
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protected and succumbed to infection, with the exception of a single mouse in the PBS
control group. MAbs 70-1F02 and 09-3A01 were then chosen for follow-up experiments
to test their protective potential in a therapeutic setting. The experimental design was
similar to that of the previous experiment, but the groups were injected with the MAbs
24 or 72 h postinfection. In this experiment, therapeutic treatment after 24 h with
70-1F02 protected 100% of animals from mortality, and treatment after 72 h protected
90% of animals from mortality (Fig. 4). Results for 09-3A01 were similar, with 89% or
63% survival when the MAb was given 24 or 72 h postinfection, respectively (Fig. 4). In
summary, all four MAbs increased survival after a lethal H5N1 challenge in mice, with
70-1F02, 1009-3B05, and 09-3A01 showing protection superior to that seen with the
pan-influenza A virus HA antibody 05-2G02.

Characterization of the 70-1F02 epitope. Due to the high level of protection

conferred by 70-1F02 in the challenge experiments, we selected this MAb for further
characterization of its interaction with avian H5 HA. To comprehensively determine the

FIG 4 Therapeutic treatment postchallenge with highly pathogenic H5N1. Mice were intraperitoneally injected with 70-1F02, 09-3A01, or PBS
(negative control) 24 h (A and B) or 72 h (C and D) postinfection with highly pathogenic H5N1 virus. Therapeutic treatment with both antibodies
protected mice from weight loss (A and C) and mortality (B and D). As shown in panel B, all groups were compared to the PBS control group in
a log rank (Mantel-Cox) test. MAbs 70-1F02 (P � 0.0001) and 09-3A01 (P � 0.0001) both conferred statistically significant protection compared
to PBS (Bonferroni-corrected significance threshold � �0.025). In panel D, the same testing showed that MAbs 70-1F02 (P � 0.0002) and 09-3A01
(P � 0.0104) both conferred statistically significant protection compared to PBS (Bonferroni-corrected significance threshold � �0.025). Challenge
studies were performed once with 8 to 10 mice per group.
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70-1F02 epitope, we crystallized the 70-1F02 Fab in complex with recombinant HA from
the well-characterized A/Vietnam/1203/04 H5N1 (VN04) strain.

The crystallographic asymmetric unit contained two VN04 HA trimers and six
70-1F02 Fabs, with each FAb bound to a single HA1/HA2 heterodimer, as depicted in
Fig. 5A. Data collection and refinement statistics are presented in Table 2. The overall
structure of the VN04 HA trimer was equivalent to those described previously, with no
significant conformational rearrangements upon 70-1F02 interaction. The 70-1F02

FIG 5 Crystal structure of the 701-F02 Fab/VN/04 HA complex. (A) Overview of the 70-1F02 FAb/H5 complex structure. Ribbons
represent a single HA trimer bound to three 70-1F02 FAbs. For clarity, a single HA1 protomer and a single HA2 protomer are colored
in magenta and cyan, respectively, with the 70-1F02 FAb heavy and light chains colored in green and blue, respectively.
N-carbohydrates are indicated as yellow sticks. (B) The Ab 70-1F02 epitope on H5 HA. Residues on A/Vietnam/1203/2004 (H5N1) HA
contacted by 70-1F02 are indicated. The primarily component of the epitope is the helical strand of the HA2 (11 residues). Residues
within the 70-1F02 epitope are indicated as sticks on a ribbon representation of the H5 HA. Contact residues in the HA1 and HA2
subdomains are colored in magenta (HA1) and cyan (HA2), respectively. The epitope spans the two HA1 and HA2 subunits in a single
HA trimer and does not contact the subunits of adjacent monomers. Residues are numbered consecutively, according to the mature
protein.

TABLE 2 Data collection and refinement statistics

Parameter Result(s)

Data collection 70-1F02/H5
Space group P212121

Cell dimensions 174.6 Å, 205.4 Å, 222.3 Å; 90°, 90°, 90°
Resolution (Å) 50–3.9 (4.0–3.9)a

Rsym (%) 10.1 (94.4)
I/� 17.1 (1.8)
Completeness (%) 98.8 (94.4)
Redundancy 6.6 (5.9)

Refinement
Resolution (Å) 50.3–3.92 (4.03–3.92)
No. of reflections (total) 64,141
No. of reflections (test) 3,422
Rwork/Rfree 28.6/32.9
No. of atoms 44,024
RMSD; bond length (Å) 0.0012
RMSD; bond angle (°) 1.607

MolProbity scores
Favored (%) 90.5
Allowed (%) 99.0
Outliers (%) (no. of outliers/total no. of residues) 1.0 (55/5,458)
aNumbers in parentheses refer to the highest-resolution shell.
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epitope within the membrane-proximal stalk region of VN04 HA was revealed at the
junction of the HA1 and HA2 domains, such that the hydrophobic N-terminal strand of
the HA2, which is involved in membrane fusion, formed a central component of the
interface. Notably, the 70-1F02 binding site was restricted to a single HA1/HA2 mono-
mer and did not span the HA trimerization interface. The footprint of the 70-1F02 Fab
on the surface of H5 HA included 4 residues in the HA1 domain (His8, His28, Gln30, and
Ala315) and 13 in the HA2 domain (Val18, Gly20, Trp21, Lys38, Glu39, Thr41, Gln42,
Ile45, Asp46, Val48, Thr49, Val52, and Asn53). The relative locations of these residues are
illustrated in Fig. 5B. Notably, the light chain of 70-1F02 did not contact VN04, and the
interaction was mediated entirely by contacts with the heavy-chain subunit, reminis-
cent of previously described broadly neutralizing Abs that recognize epitopes in the HA
stalk, such as CR6261 (42, 44). Superimposition of these Fab/HA complex structures
with that of the 70-1F02-VN04 complex highlights the similarity of these epitopes (Fig.
6). For CR6261, 19 contact residues are described for VN04 H5 HA (44). Of these, 11
overlap the contact residues found for 70-1F02. In summary, the crystal structure
revealed that 70-1F02 binds a membrane-proximal site of a single HA monomer with
only the MAb’s heavy-chain subunit, similarly to previously described HA stalk-specific
antibodies.

Analysis of the epitope-specific component of IgG within sera from patients
infected with pandemic H1N1. It has previously been reported that infection with
A(H1N1)pdm09 virus in humans with preexisting immunity to seasonal H1N1 viruses
leads to the preferential induction of stalk-specific antibodies (32). This is an interesting
phenomenon, specifically because a high prevalence of anti-stalk antibodies could have
a protective effect against subsequent infections with seasonal as well as emerging
pandemic or zoonotic influenza viruses. Having established that multiple antibodies
that are broadly cross-reactive to the HA stalk bind overlapping or similar epitopes, we
designed a competition assay to measure reactivity to highly conserved epitopes within
the HA stalk within human sera using biolayer interferometry. We used MAbs that
bound either the globular head (MAb EM4-C04 [29]) or the stalk (MAb 70-1F02 and MAb
05-2G02) of H1 from Cal09, to block these respective epitopes, within serum from a
patient infected with the A(H1N1)pdm09 virus. To specifically identify highly cross-
reactive antibodies, we assessed the competition shown by serum antibodies binding
to recombinant HA from both homologous pandemic H1N1 virus and the phyloge-
netically distinct VN04 H5N1 virus (Fig. 7) (Table 3). Biosensors coupled to HAs and IgGs
were probed with serum diluted 1:80 in kinetics buffer (Table 3), and the relative
(percent) levels of inhibition of binding to Abs within the sera were determined by
comparison with the value observed for Ab binding to HA alone (Table 3). Of note,
binding of either MAb 70-1F02 or MAb 05-2G02 to the stalk of Cal09 H1 did not prevent
binding of MAb EM4-C04 to the globular head of HA (Fig. 7A). To confirm that the
observed inhibition of Ab binding to the stalk was not due to steric blockade from the
Fc (noninteracting) component of 70-1F02 IgG, we used the 70-1F02 Fab fragment and

FIG 6 Overlap of 70-1F02 and CR6261 bound to an H5 monomer. An overlay of the previously crystallized
human MAbs CR6261 and 70-1F02 reveals similar binding profiles of these antibodies.
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detected inhibition equivalent to that observed with the intact IgG, indicating that the
Fc component did not significantly influence the results of this experiment (Table 3).

Under the conditions of this assay, significant, dose-dependent binding of poly-
clonal antibodies to Cal09 HA was observed. Approximately 50% of this serum response
was blocked by 70-1F02 or 05-2G02 Ab, while 40% of the binding was blocked by MAb
EM4-C04 (Fig. 7A) (Table 3). Importantly, a significant dose-dependent binding of
polyclonal antibodies to H5 HA was also observed; however, 100% of this response was
blocked by the 70-1F02 or 05-2G02 Ab, indicating the presence of broadly cross-
reactive IgG against the HA stalk within the serum of this pandemic-H1N1-infected
patient (Fig. 7B) (Table 3). Hence, a component of the HA-specific Ab pool within this
human serum targeted the conserved stalk region. To assess the extent to which the

FIG 7 Inhibition of binding to Abs within RDE-treated sera at 1/80 dilution. Recombinant Cal09 HA (A) and VN04
H5 HA (B) were bound, in parallel, to eight Octet Red biosensors (HA binding) and analyzed. Each curve represents
a separate biosensor, bound to an equivalent quantity of HA. After washing was performed to remove excess HA,
biosensors were incubated with EM4-C04 (see Ab1 [head]; red, blue, and green traces) and then washed with
kinetics buffer prior to incubation with Ab2 (stalk), either Ab 70-1F02 (see blue and orange traces) or Ab 05-2G02
(red trace), or 70-1F02 MAb Fab (purple trace). Controls without antibody or serum (black trace) and serum only
(yellow trace) were included as well. Biosensors were subsequently washed again in kinetics buffer to remove
unbound Ab and then incubated in RDE-treated serum. Following incubation with serum, the biosensors were
washed once more to remove unbound IgG prior to data analysis. The instrument detects binding to the biosensor
tip, which results in a wavelength shift (measured in nanometers). This experiment was performed once with 5 to
7 different MAb concentrations.
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observed blockade of immunoglobulin from sera was due to the inhibition of IgG, we
repeated the competition analyses using IgG purified from sera. The results of the
blockade experiment were highly similar to those obtained using whole sera (Table 3),
indicating that the majority of the stalk-specific response was associated with serum
IgG. Therefore, as indicated by our MAb competition data in a biolayer inferometry
assay, we could confirm previous findings that patients, after exposure with pandemic
H1N1, have high cross-reactive antibody titers mediated against the HA stalk domain.

DISCUSSION

Therapeutic options to treat influenza virus infections include neuraminidase and
M2 ion channel inhibitors. M2 ion channel inhibitors are currently not in use due to
widespread viral resistance. Neuraminidase inhibitors work optimally when given
within a short window of time after infection/onset of disease, and their use can also
lead to the quick emergence of viral escape mutants within the patient. Furthermore,
some viruses—including H7N9 isolates—might be naturally resistant to these inhibi-
tors. In recent years, efforts have been made to develop novel treatment options based
on the use of broadly protective monoclonal antibodies that target conserved parts of
the virus, including the M2 ectodomain and the stalk domain of the HA (39, 40, 50).

Here we characterized four human monoclonal antibodies that had been isolated
from individuals infected with or vaccinated against pandemic H1N1 and provide novel
insights into their binding breadth, protective efficacy against highly pathogenic avian
influenza viruses in vivo, the molecular interactions of one of the MAbs with H5 HA, and
the prevalence of these antibodies in human serum. The MAbs had shown broad
neutralizing activity in initial studies (27, 29), which we have now shown extends to
binding of three MAbs (70-1F02, 1009-3B05, and 09-3A01), to broad binding of group
1 HA subtypes, and, for a fourth MAb (05-2G02), to binding broadly to both group 1 and
group 2 influenza A virus HAs. All antibodies showed neutralizing activity against H5N1
in vitro, and, in a stringent challenge experiment performed with a highly pathogenic
H5N1 virus, three of the four MAbs showed excellent prophylactic activity. Two MAbs
were also tested in a therapeutic setting and provided a high percentage of protection
for the challenged mice, even when given 72 h after infection. While we did not extend
the treatment window further, these two MAbs might show efficacy even at later time
points.

We also characterized the interactions of MAb 70-1F02 with H5 HA in detail. The
crystallographically determined footprint of 70-1F02 on the surface of H5 HA revealed
interfacing residues predominantly within the invariant HA2 subunit of HA, with
conservation in the sizes and charges of residues at structurally equivalent positions
among HAs of the H1, H2, and H5 subtypes, providing the basis for broad cross-
reactivity of 70-1F02. Highly conserved, solvent-accessible residues in the HA stalk that
comprise the potential epitopes for broadly cross-reactive antibodies represent a small
proportion of the total surface area of the HA trimer. Crystal structures of other broadly
cross-reactive antibodies, derived from the IGHV1-69 genetic lineage as well as from
different genetic lineages, illustrate the close distribution of these epitopes within the
spatially restrictive region of the HA stalk (42, 44). We therefore analyzed the percent-

TABLE 3 Relative levels of inhibition of binding to Abs within RDE-treated sera with 1/80
dilution and purified IgG

Antibody Response (nm) (% inhibition)

1 2 Cal09 (H1) VN04 (H5) Cal09 (H1), pure IgG

None None 2.55 (0) 0.84 (0) 0.88 (0)
EM4-C04 None 1.54 (39.7) 0.76 (9) 0.45 (48.9)
None 70-1F02 1.29 (49.9) 0 (100) 0.33 (62.5)
None 05-2G02 NA 0.02 (99) 0.32 (64)
None 70-1F02 Fab 1.3 (49.9) 0.03 (99) 0.33 (62.5)
EM4-C04 70-1F02 0.51 (80) 0 (100) 0.043 (95.1)
EM4-C04 05-2G02 0.54 (79.9) 0 (100) 0.034 (96.1)
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age of stalk-reactive antibodies in serum from a pandemic-H1N1-infected patient and
found that a large proportion (approximately 50%) of the serum response against H1
competed with stalk MAbs. This suggests a high prevalence of anti-stalk antibodies in
sera of pandemic-H1N1-infected individuals, a finding that is corroborated by other
studies (32). The patients in this study were all adults and had therefore likely been
preexposed to influenza viruses. The antibody response to influenza viruses is primarily
directed against the immunodominant HA head region. However, responses against
the HA stalk are induced as well. When individuals who have been primed are then
exposed to a novel virus with a different HA head domain but a similar HA stalk, B cells
that recognize these conserved epitopes are preferentially boosted (28, 30–32, 51, 52).
Of note, while all antibodies in this study showed neutralizing activity, it had been
previously shown that some broadly binding MAbs do not have neutralizing activity
and mediate their protective effect through Fc-dependent effective functions (53, 54).
It is therefore possible that a proportion of the stalk response measured here in
polyclonal sera consists of nonneutralizing antibodies that might nevertheless be useful
for protection against infection and/or disease.

Given the rise of emerging influenza A viruses with pandemic potential and the
increasing number of zoonotic infections (5, 13, 55, 56), the described MAbs could be
important future tools for therapeutic treatment (41). These MAbs might also be useful
in treating severe cases of seasonal influenza virus infection or could be used to
prophylactically protect health care personnel, public safety personnel, and essential
community personnel. Importantly, combinations of multiple MAbs could increase the
protective effect and breadth of antibodies as has been recently shown against Ebola
virus (57).

MATERIALS AND METHODS
Cells, viruses, and monoclonal antibodies. The initial isolation of monoclonal antibodies 70-1F02,

9-3A01, 1009-3B05, 05-2G02, and EM4-C04 was described elsewhere (27, 29). MAbs were expressed in
293A cells and purified using a protein A Sepharose column (27). Madin-Darby canine kidney (MDCK)
cells (sourced from the American Type Culture Collection) were grown in complete Dulbecco’s modified
Eagle medium (Life Technologies) supplemented with antibiotics (100 U/ml penicillin–100 �g/ml strep-
tomycin [Pen-Strep]; Gibco) and 10% fetal bovine serum (HyClone).

Virus nomenclature is as follows: A/California/07/2009 [A(H1N1)pdm09, Cal09], A/Solomon Islands/03/06
(prepandemic seasonal H1N1, SI06), A/Brisbane/59/07 (prepandemic seasonal H1N1, Bris07), A/South Caroli-
na/01/18 (1918 pandemic H1N1, SC18), A/swine/Iowa/15/30 (H1N1, Iowa30), A/Japan/305/57 (1957 pandemic
H2N2, JA57), A/mallard/Netherlands/5/99 (H2N9, mallNL99) A/Brisbane/10/2007 (H3N2, Bris10), A/harbor
seal/Massachusetts/1/11 (H3N8, hsMass11), A/Indiana/10/11 (human H3N2 variant isolate, Ind10), A/duck/
Czechoslovakia/56 (H4N6, dCZ56), A/Vietnam/1203/04 (human highly pathogenic H5N1 isolate, VN04), A/Tai-
wan/2/13 (human H6N1 isolate, TW13), A/chicken/NY/14677-13/98 (H6N2, ckNY98), A/Shanghai/1/13 (human
H7N9 isolate, SH13), A/mallard/Sweden/24/02 (H8N4, mallSwe02), A/turkey/Ontario/6118/68 (H8N4, tkOn68),
A/guinea fowl/Hong Kong/WF10/99 (H9N2, gfHK99), A/Hong Kong/1073/99 (H9N2, HK’99), A/Northern pin-
tail/Alaska/44161-018/06 (H10N7, npAla06), A/Jiangxi Donghu/346/13 (human H10N8 isolate, JD13), A/shov-
eler/Netherlands/18/99 (H11N7 sNeth99), A/duck/Memphis/546/74 (H11N9, duck74), A/mallard/Interior Alas-
ka/7MP0167/07 (H12N5, mallIA07), A/mallard/Alberta/60/76 (H12N5, mallAlb76), A/black-headed gull/
Sweden/1/99 (H13N6, bhgSwe99), A/shorebird/DE/68/04 (H13N9, sbD04), A/mallard/Gurjev/263/82 (H14N5,
mallGur82), A/wedge-tailed shearwater/Western Australia/2576/79 (H15N9, wtsWA79), A/black-headed gull/
Sweden/5/99 (H16N3, bhgSwe99), A/shorebird/DE/172/06 (H16N3, sbDE06), A/yellow-shouldered bat/Guate-
mala/060/10 (H17N10, ysbGua10), A/bat/Peru/33/10 (H18N11, batPeru10), and B/Yamagata/16/88 (B Yam88).

Highly pathogenic A/Vietnam/1203/2004 (H5N1) influenza virus was grown in the allantoic cavity of
embryonated chicken eggs for 48 h at 35°C under biosafety level 3E (BSL-3E) conditions. Infectious titers
were measured by titration on monolayers of MDCK cells as PFU per milliliter. The 50% lethal dose (LD50)
in mice was determined by inoculation of naive BALB/c mice with 10-fold serial dilutions of virus and
calculated using the Reed and Muench method (58) and was determined to be 6 PFU.

Human sera. Deidentified human sera from individuals infected with H1N1 virus and from individ-
uals vaccinated with H1N1 virus were collected with the approval of the Internal Review Boards (IRB) of
Emory University (principal investigator, Rafi Ahmed; IRB approval numbers 22371 and 555-2000) and of
the University of Chicago (principal investigator, Patrick Wilson; IRB approval number 16851E), respec-
tively. All work with samples from infected patients was performed in a designated BSL2� facility. Plasma
samples were stored at �80°C. All subjects provided informed consent.

Mouse challenge experiments. All animal experiments were conducted according to the guidelines
of the UGA Institutional Animal Care and Use Committee (IACUC; approval number A2011 06-001).
Challenge experiments were performed in a BSL3� facility. Female 6-to-8-week-old BALB/c mice (Charles
River) were randomly assigned into groups of 8 to 10 mice. Initially, all MAbs were tested in a
prophylactic setting. Mice were dosed with MAb at 20 mg/kg of body weight (given i.p. in 600 �l in sterile
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PBS) 24 h prior to infection. Control mice received PBS or control MAb EM4-C04 (specific to pandemic
H1N1). After transfer of the mice to the BSL-3E facility, the mice were anesthetized using 2,2,2-
tribromoethyl alcohol and challenged i.n. with 10 LD50s (6 PFU) of highly pathogenic VN04 H5N1 virus
in a volume of 50 �l. Following challenge, weights were monitored every 2 days and humane endpoints
(�25% weight loss or signs of paresis) assessed daily. A follow-up experiment examined the therapeutic
efficacy of MAbs 70-1F02 and 09-3A01. One group of mice was dosed with MAb at 20 mg/kg (given in
600 �l i.p.) 24 h before challenge (prophylactically), another group was dosed 24 h postchallenge
(therapeutically), and a third group was dosed 72 h postchallenge (therapeutically). For each of the
groups, a control group was added to the experiment. Animals in the control groups received
phosphate-buffered saline (PBS). For the challenge experiments, animals were anesthetized using
2,2,2-tribromoethyl alcohol and infected i.n. with 10 LD50s (6 PFU) of highly pathogenic VN04 H5N1 virus
in a volume of 50 �l. Mice were monitored twice daily postchallenge for humane endpoints, and weights
were recorded every other day.

Recombinant hemagglutinins. Production of proteins for ELISAs was performed as follows. High
Five insect cells (Trichoplusia ni; BTI-TN-5B1-4 Vienna Institute of Biotechnology subclone; 59) for use in
expression of protein for ELISAs were grown in SFX serum-free insect cell medium supplemented with
antibiotics (penicillin-streptomycin mix [100 units/ml of penicillin and 100 �g/ml of streptomycin];
Gibco). Residues comprising the HA ectodomains from H1 SC18, H2 JA57, H2 mallNL99, H3 hsMass11, H3
Ind10, H4 dCZ56, H5 VN04, H6 TW13, H7 SH13, H8 mallSwe02, H9 gfHK99, H11 sNeth99, H10 npAla06,
H10 JD13, H12 mallIA07, H13 bhgSwe99, H13 sbD04, H14 mallGur82, H15 wtsWA79, H16 bhgSwe99, H17
ysbGua10, H18 batPeru10, and B Yam88 were cloned into modified pFastBac transfer plasmids and
expressed as described previously (60). Purification was performed in a manner similar to that described
above following an established protocol. However, to guarantee trimer stability in ELISAs (60, 61), the
foldon sequence (and the hexahistidine tag) was not removed.

For production of proteins for affinity measurements, High Five insect cells (T. ni; BTI-TN-5B1-4 cells)
were grown in HyClone SFX-Insect cell culture media. Residues comprising the mature HA ectodomains
from H1 Cal09, H1 SI06, H1 Bris07, H1 SC18, H1 Iowa30, H2 JA57, H3 Bris10, H5 VN04, H6 ckNY98, H8
tkOn68, H9 HK99, H11 duck74, H12 mallAlb76, H13 sbD04, and H16 sbDE06 were cloned into baculovirus
shuttle vector pAcGP67-A (BD Pharmingen) and expressed as described previously (62–65). Briefly, High
Five cells (Invitrogen) were infected with recombinant baculovirus at a multiplicity of infection of 5 to 10
at 28°C for 72 h. The secreted recombinant HA protein was purified from tissue culture supernatant by
metal affinity chromatography and subsequent size exclusion gel filtration chromatography (Superdex
200 16/60 column; GE Healthcare). For crystallization, the C-terminal foldon sequence/histidine tag was
removed from VN04 HA by thrombin treatment using 3 units of enzyme per mg HA overnight at 4°C.

Biolayer interferometry. An Octet Red instrument (Fortebio, Inc., Menlo Park, CA) was used for all
binding studies. Data were analyzed using the system software and exported as a Microsoft Excel file for
analysis and presentation in other software packages. For antibody kinetics and binding assays, recom-
binant HA protein was immobilized on anti-hexahistidine biosensors at 50 to 100 �g/ml in kinetics buffer
(PBS [pH 7.4], 0.01% bovine serum albumin [BSA], 0.002% Tween 20). For subtype specificity studies,
biosensors were probed with MAb at a concentration of 10 �g/ml in each well. For comparisons of levels
of MAb binding to recombinant HAs, 5 to 7 different concentrations of each MAb species were used, with
the highest concentration being 21 nM. Baseline and dissociation steps were carried out in 1� kinetics
buffer. For serum-antibody epitope blockade assays, recombinant HA protein from the Cal09 pH1N1 virus
bearing a C-terminal hexahistidine tag was immobilized on anti-hexahistidine biosensors at 50 to 100
�g/ml in kinetics buffer (PBS [pH 7.4], 0.01% BSA, 0.002% Tween 20). Biosensors were probed sequen-
tially with either one or two MAbs or Fabs at a concentration of 10 �g/ml in each well. Clarified sera from
patient EM4-C04 was pretreated with receptor-destroying enzyme (RDE) overnight, to reduce nonspecific
HA binding.

ELISA. To further characterize binding of MAbs to all 18 HA subtypes, including HAs from viruses of
concern and viruses with pandemic potential, we performed quantitative ELISAs (52) with the minimum
binding concentration as the readout. EM4-C04 was used as the isotype control. Briefly, Immulon 4HBX
flat-bottom 96-well microtiter plates (Thermo Fisher Scientific) were coated for approximately 16 h with
2 �g/ml of recombinant protein in coating buffer (0.1 M Na2CO3, NaHCO3 [pH 9.4]; 50 �l/well) at 4°C.
Then, the coating buffer was discarded and plates were blocked using 3% nonfat dry milk powder–PBS
containing 0.1% Tween 20 (PBST). After 1 h at room temperature the blocking buffer was removed and
was replaced with dilution buffer (1% nonfat dry milk powder–Tris-PBS [TPBS]). MAbs were diluted in 1:3
steps in the plate with a starting concentration of 30 �g/ml. After 1 h of incubation, the MAb dilutions
were removed, plates were washed three times with TBPS, and secondary antibody (anti-human IgG;
Sigma catalog no. A0293) was added in dilution buffer. After another 1-h incubation step, the secondary
antibody was discarded and the plates were washed three times with TPBS and were developed using
o-phenylenediamine dihydrochloride (SigmaFast OPD; Sigma) as the substrate. After 10 min of incuba-
tion, the reaction was stopped using 3 M HCl and the plates were read at 490 nm on a Synergy H1 plate
reader (BioTek). The minimal binding concentration was calculated using a cutoff corresponding to the
average blank values plus 3 standard deviations. The procedure followed a standard protocol to
guarantee maximum comparability between ELISA HA substrates.

Microneutralization assays. Incubations were performed with 96-well cell culture plates containing
100 �l of cell culture media with 1.5 � 107/ml to 1.8 � 107/ml Madin Darby canine kidney (MDCK) cells
at 37°C overnight. Antibodies (starting concentration of 200 �g/ml; EM4-C04 served as the isotype
control) were 3-fold serially diluted in minimum essential media containing tosylsulfonyl phenylalanyl
chloromethyl ketone (TPCK) trypsin at a concentration of 1:1,000 (T-MEM) and incubated at 50 �l each
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with H5N1 (7 � 1 reassortant) virus at a concentration of 200,000 PFU per ml at room temperature to
allow antibody binding. After 1 h, 100 �l of the serum and virus mix was transferred onto the plates
containing MDCK cells and incubated for 1 h at 37°C. Cells were then washed and incubated with sera
serially diluted in T-MEM without virus for at 37°C. After 24 h, the cells were washed and fixed with
ice-cold 70% acetone and refrigerated at �20°C for at least 1 h. Acetone was removed, cells were washed
3 times, and 100 �l of 3% hydrogen peroxide was added. After 30 min, the hydrogen peroxide was
removed and 250 �l of blocking solution was added. After 30 min, the blocking solution was removed,
50 �l of blocking solution containing mouse anti-nucleoprotein antibody conjugated to biotin (Millipore)
antibody at a concentration of 1:2,000 was added, and the cells were incubated at room temperature.
After 1 h, the plates were washed 3 times, 50 �l of blocking solution containing streptavidin antibody
conjugated to horseradish peroxidase (HRP) (Millipore) at a concentration of 1:5,000 was added, and the
cells were incubated at room temperature. The plates were washed 3 times and developed with 100 �l
of SigmaFast OPD (Sigma) per well. The reaction was stopped after 30 min with 50 �l of 3 M HCl and read
at an absorbance of 490 nm with a Synergy H1 plate reader (BioTek).

Formation and purification of the 70-1F02 complexes. Purified 70-1F02 IgG was digested to Fab
and Fc fragments by exposure to 40 �g of activated papain protease (Sigma) per mg IgG, in a solution
containing 10 mM cysteine, 100 mM sodium acetate (pH 5.5), and 125 �M EDTA, for 2 to 4 h at 37°C. Fab
fragments were subsequently purified from Fc by affinity chromatography using a protein A HiTrap
column (GE Healthcare) and purified to homogeneity by size exclusion gel filtration chromatography
(Superdex 75 10/30; GE Healthcare). To ensure saturation of the HA trimer with Fab, Fab 70-1F02 was
mixed with purified, hexahistidine-tag-depleted, recombinant VN04 HA trimers at a molar ratio of 5 parts
FAb to 1 part HA. The resulting 70-1F02 Fab-VN04 HA (70/H5) complexes were purified from unbound
substrates by size exclusion gel filtration chromatography (Superdex 200 10/30 column; GE Healthcare)
in a buffer comprising 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl. The 70-1F02/H5 complexes eluted as
single peaks between the 158-kDa and 670-kDa molecular weight markers and were concentrated to 15
mg/ml.

Crystallization and structure determination of the 70-1F02/H5 complex. To ensure saturation
with Fab, 70-1F02 Fab was mixed with purified, hexahistidine-tag-depleted, recombinant VN04 HA
trimers at a molar ratio of 5 parts Fab to 1 part HA. The resulting 70-1F02 Fab-VN04 HA (70/H5) complex
was purified from unbound substrates by size exclusion gel filtration chromatography and crystallized.
Subsequently, the complex structure was determined by the molecular replacement (MR) method using
Phaser (66). A strong solution was obtained for the HA component of the complex using a single
monomer of VN04 HA (chains A and B of PDB 2FK0 [62]). An initial search for 70-1F02 Fab determined
the position of the variable (Fv) domains using the Fv component of a mouse IgG1 Fab (PDB 1WEJ [67])
as a search model. A subsequent search using the constant (Fc) domains of a mouse IgG2a Fcb (PDB 3F09
[68]) located the Fc region.

Initial sparse-matrix crystallization screening was carried out using a Topaz Free Interface Diffusion
(FID) Crystallizer system (Fluidigm Corporation, San Francisco, CA). Hits were obtained after 24 h under
several conditions containing the precipitant polyethylene glycol (PEG) 4000. Following optimization,
diffraction quality crystals were obtained at 23°C by the use of the vapor batch diffusion method under
an oil layer (comprising 6 parts paraffin oil and 4 parts silicon oil) in 1.0-�l drops containing 70-1F02/HA,
25% PEG 3350, 200 mM NaCl, and 100 mM Bis/Tris-HCl (pH 5.5). The 70-1F02 Fab-HA complex data set
was collected from a single crystal at 3.9-Å resolution at the Advanced Photon Source (APS) Southeast
Regional Collaborative Access Team (Ser-CAT) 22-ID beamline. 70-1F02 Fab-HA crystallized in ortho-
rhombic space group p212121. Data were processed and scaled using HKL2000 and Denzo software (69).
Rigid body refinement and restrained refinement of the molecular replacement solution were carried out
using REFMAC v5.5 (70), and model building was performed in Coot v0.8.8 (71). The modest resolution
of the data limited analysis of the VN04 srHA/70-1F02 Fab interaction for determination of the relative
positions of the molecules within the complex. Nevertheless, the model may be interpreted with
confidence, given the high resolution of the HA (2.9-Å) and Fab (2.8-Å) structures used as search models
for molecular replacement (MR). 2Fo-Fc electron density was well defined throughout the model. Notably,
residues 79 to 85 of HA1 adopted a conformation different from those in the apo-H5 HA structure.
Additional positive electron density was observed in the region of 27 potential N-linked glycosylation
sites. Sixty-six carbohydrate moieties were built into this density at these positions. Restrained refine-
ment of the structure was completed in REFMAC5. Residues were numbered in the H5 HA of both
complexes according to the mature H5 HA. Residues in the 70-1F02 Fab were numbered according to the
Wu and Kabat numbering system (72). Structural validation was carried out using MolProbity (73) and
Procheck software as well as the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data
Bank (PDB) validation server. The connectivity and nomenclature of carbohydrate moieties were vali-
dated using PDBCARE (Glycosciences.de). Model manipulations, root-mean-square-deviation (RMSD)
calculations, and distance measurements were carried out using Coot and Pymol (74). Solvent-accessible
surface area calculations were carried out using Proteins, Interfaces, Structures, Assemblies (PISA)
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) (75) and Protorp applications.

Immunoglobulin G purification. Human sera were diluted 1:10 in PBS (pH 7.4) and were filtered
through a 0.22-�m-pore-size filter unit. Immunoglobulin G (IgG) was then purified as described before
(14) using 4 FastFlow Sepharose G resin (GE Healthcare) on a gravity flow column (Qiagen). Briefly,
diluted and filtered serum was passed over the column three times; the resin was then washed with four
column volumes of PBS, and IgG was eluted using a 0.1 M glycine/HCl buffer at pH 2.7. The eluate was
immediately neutralized with 2 M Tris/HCl buffer at pH 10. Purified IgG was then concentrated and buffer
exchanged against PBS using Amicon Ultra centrifugal filter units (Millipore) with a 30-kDa molecular
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weight cutoff in a swinging bucket rotor. Protein concentration was measured with a NanoDrop 2000
spectrophotometer using the A280 method.

Statistical analysis. Animal survival data were analyzed using a log rank (Mantel-Cox) test in
GraphPad Prism, and the significance levels were adjusted using the Bonferroni method.

Accession number(s). The atomic coordinates and structure factors for the 70-1F02/H5 complex are
available from the Research Collaboratory for Structural Bioinformatics (RCSB) PDB under accession no.
6B3M.
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