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ABSTRACT Recent studies have shown that Fc-Fc� receptor (Fc�R) interactions are
required for in vivo protection against influenza viruses by broadly reactive anti-
hemagglutinin (HA) stem, but not virus strain-specific, anti-receptor binding site (RBS),
antibodies (Abs). Since only a few Abs recognizing epitopes in the head region but
outside the RBS have been tested against single-challenge virus strains, it remains
unknown whether Fc-Fc�R interactions are required for in vivo protection by Abs
recognizing epitopes outside the RBS and whether the requirement is virus strain
specific or epitope specific. In the present study, we therefore investigated the re-
quirements for in vivo protection using two pan-H5 Abs, 65C6 and 100F4. We gener-
ated chimeric Abs, 65C6/IgG2a and 100F4/IgG2a, which preferentially engage acti-
vating Fc�Rs, and isogenic forms, 65C6/D265A and 100F4/D265A, which do not bind
Fc�R. Virus neutralizing activity, binding, antibody-dependent cellular cytotoxicity
(ADCC), and in vivo protection of these Abs were compared using three H5 strains,
A/Shenzhen/406H/2006 (SZ06), A/chicken/Shanxi/2/2006 (SX06), and A/chicken/Neth-
erlands/14015526/2014 (NE14). We found that all four chimeric Abs bound and neu-
tralized the SZ06 and NE14 strains but poorly inhibited the SX06 strain. 65C6/IgG2a
and 100F4/IgG2a, but not 65C6/D265A and 100F4/D265A, mediated ADCC against
target cells expressing HA derived from all three virus strains. Interestingly, both
65C6/IgG2a and 65C6/D265A demonstrated comparable protection against all three
virus strains in vivo; however, 100F4/IgG2a, but not 100F4/D265A, showed in vivo
protection. Thus, we conclude that Fc-Fc�R interactions are required for in vivo pro-
tection by 100F4, but not by 65C6, and therefore, protection is not virus strain spe-
cific but epitope specific.

IMPORTANCE Abs play an important role in immune protection against influenza vi-
rus infection. Fc-Fc�R interactions are required for in vivo protection by broadly neu-
tralizing antistem, but not by virus strain-specific, anti-receptor binding site (RBS),
Abs. Whether such interactions are necessary for protection by Abs that recognize
epitopes outside RBS is not fully understood. In the present study, we investigated
in vivo protection mechanisms against three H5 strains by two pan-H5 Abs, 65C6
and 100F4. We show that although these two Abs have similar neutralizing, binding,
and ADCC activities against all three H5 strains in vitro, they have divergent require-
ments for Fc-Fc�R interactions to protect against the three H5 strains in vivo. The Fc-
Fc�R interactions are required for in vivo protection by 100F4, but not by 65C6.
Thus, we conclude that Fc-Fc�R interactions for in vivo protection by pan-H5 Abs is
not strain specific, but epitope specific.
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Human influenza epidemics cause 3 to 5 million cases of severe infection and up to
half a million deaths per year worldwide (1). Zoonotic infections, in which humans

have no preexisting immunity, could result in influenza pandemics and outbreaks, such
as the emergence of the pandemic H1N1 virus in 2009 and the avian H5N1 and H7N9
viruses (2–4).

Influenza viruses are enveloped, negative-sense, single-strand RNA viruses with
segmented genomes. Hemagglutinin (HA), neuraminidase (NA), and matrix 2 (M2) are
three virion surface proteins. HA is composed of two major domains: the globular head
(HA1) and the stem (HA2). These domains assemble into trimers of covalently linked
HA1/HA2 heterodimers. HA1 mediates binding to sialic acid receptors, and HA2 medi-
ates viral and endosomal membrane fusion (5). HA is also a major target of host
antibody responses. It is well documented that anti-HA antibody responses elicited by
vaccinations and passive administrations of anti-HA antibodies provide protection
against influenza infection in humans (6).

In past years, quite a few antibodies (Abs) against the stem of HA have been
isolated, and the epitopes for these Abs have been mapped. These Abs also provide
various degrees of cross-protection (7–16). Epitopes of some of the Abs are (i) con-
served within the HA subtypes of group 1 (7–12) or group 2 (13, 14), (ii) found in both
groups 1 and 2 (15), or (iii) present even between influenza A and B viruses (16). In
addition, Abs against the globular head with different degrees of cross-reactivity have
also been isolated (17–30). Many of these Abs are virus strain specific and recognize
epitopes located in the receptor binding site (RBS), but some Abs recognize conserved
epitopes within or outside the RBS of diverse strains of different subtypes (17–19) or
within a HA subtype (20–30). The antibody repertoire against epitopes located in the
head is more diverse than those Abs targeting epitopes in the stem (31). This could be
due to the occlusive (less accessible) nature of epitopes in the stem on virions. Few Abs
with specific modes of action may be able to interact with these epitopes (32). As a
result, antibody responses against the head of HA are more potent and dominant than
those against the stem (31).

Recent studies have shown that interactions between the Fc portion of antibodies
and family members of the Fc� receptor (Fc�R) are required for in vivo protection
against influenza viruses by both broadly neutralizing or nonneutralizing, but not
strain-specific, Abs (25, 33–35). For example, a study by DiLillo et al. (33) showed that
broadly neutralizing antistem Abs require Fc-Fc�R interactions to mediate antibody-
dependent cellular cytotoxicity (ADCC) for in vivo protection, whereas strain-specific
anti-RBS Abs do not. Another study by DiLillo et al. (34) tested the contribution of
Fc-Fc�R interactions to in vivo protection against the A/Netherlands/602/2009 (Neth09)
H1N1 strain, using a panel of 13 anti-HA human Abs, which included 8 antihead Abs.
They showed that broadly cross-reactive antibodies, regardless whether they are
neutralizing and nonneutralizing or whether they are antihead or antistem Abs, depend
upon the Fc-Fc�R interactions for in vivo protection. However, since the epitopes
recognizing the antihead Abs were not mapped, it is not clear whether these antibodies
are directed to epitopes within or outside the RBS. Furthermore, Henry Dunand et al.
(35) examined the contribution of Fc-Fc�R interactions for in vivo protection against the
A/Shanghai/1/2013 H7N9 strain using three nonneutralizing anti-H7 stem Abs. For the
comparison, they also tested a neutralizing anti-RBS Ab 07-5G01. They found that two
broadly cross-reactive antistem Abs, 07-5E01 and 41-5D06, but not a narrowly cross-
reactive Ab, 24-4C01, or the anti-RBS Ab 07-5G01, are protective through Fc-mediated
effector cell recruitment. In this study, antibodies directed to epitopes outside the RBS
were not tested. Tan et al. (25) described four mouse Abs raised against the H7 HA. Of
these Abs, only Ab 1H5 was used for testing the contribution of Fc-Fc�R interactions to
in vivo protection against the A/Shanghai/1/2013 H7N9 strain. Ab 1H5, a nonneutral-
izing antibody, reacts to H7 viruses from the North American lineage. Diminished
binding of 1H5 was found in an HA mutant carrying the R65K mutation, suggesting that
it binds to an epitope at the interface between the head and stem domains. The results
of in vivo testing indicate that both Fc-Fc�R interactions and Fc-complement interac-
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tions contribute to the protective effect of 1H5. More recently, it has been shown that
optimal activation of Fc-mediated effector functions by anti-HA antibodies requires not
only Fc-Fc�R interactions but also interactions between HA and sialic acid receptor on
effector cells (36–38). Since the requirement of the Fc-Fc�R interactions for in vivo
protection by the Abs in these studies was studied using a single-challenge virus strain
and because among antihead Abs tested, 1H5 is the only Ab whose epitope was
tentatively mapped to the head region outside the RBS, it remains to be determined
whether the observed association between Fc-Fc�R interactions and in vivo protection
by these Abs is strain specific or epitope specific. It is also unknown whether Fc-Fc�R
interactions are necessary for in vivo protection by Abs that recognize epitopes in the
head region but outside the RBS.

Previously, we isolated two human Abs 65C6 and 100F4 from a highly pathogenic
avian influenza (HPAI) H5N1-infected individual. These Abs potently neutralize all clades
and subclades of HPAI H5N1 viruses except subclade 7.2. Furthermore, they protect
against lethal challenge of both homologous and heterologous H5N1 strains (26, 27).
More recently, we showed that 65C6 and 100F4 Abs also cross-neutralize newly emerging
HPAI H5N6 and H5N8 reassortants. In mice, a single injection of 0.5 mg of 100F4 Ab/kg
of body weight prophylactically or 10 mg/kg 100F4 therapeutically outperformed a
5-day course of 10-mg/kg/day oseltamivir treatment against lethal H5N6 or H5N8
challenge (39). Epitope mapping by cocrystal structures of Fab-HA complexes showed
that the 65C6 epitope consists of 18 contact residues from the loop consisting of
residues 121 to 129 and the �-strand consisting of residues 162 to 171 in the globular
head region. The 100F4 epitope consists of 21 contact residues located right below the
65C6 epitope (40, 41). Among these 21 contact residues, single mutations of D77 or
E119 almost completely abolish the neutralization activity of 100F4 (27, 40, 41). Thus,
Abs 65C6 and 100F recognize two conformational epitopes in the head region outside
the RBS. Mechanistically, in vitro neutralization mediated by Abs 65C6 and 100F4 differs
from anti-RBS antibodies that block binding of virus to receptors and antistem anti-
bodies that block HA-mediated viral-endosomal membrane fusion (27). Both 65C6 and
100F4 bind virus before and after virus attaches to target cells. Antibody-bound viruses
are internalized into the perinuclear region. Antibody-bound HA on virion surfaces fails
to mediate low-pH-triggered membrane fusion (27). Importantly, although Abs 65C6
and 100F4 neutralize A/Shenzhen/406H/2006 (SZ06) H5N1 and A/chicken/Netherlands/
14015526/2014 (NE14) H5N8 strains but poorly neutralize or fail to neutralize the
A/chicken/Shanxi/2/2006 (SX06) H5N1 strain, both Abs effectively protect against all
three strains in vivo (26, 39). Thus, using Abs 65C6 and 100F4 would allow us to obtain
definitive answers as to whether the requirement of Fc-Fc�R interactions for in vivo
protection is virus strain specific or epitope specific and whether Fc-Fc�R interactions
are necessary for in vivo protection by Abs that recognize epitopes in the head region
but outside the RBS. To address these issues, we first compared in vitro neutralization
and in vivo protection of Abs 65C6 and 100F4 against these three H5 viruses. We then
constructed chimeric heavy chains by linking the Fv of the heavy chains of Abs 65C6
and 100F4 to the Fc of mouse IgG2a, which preferentially engages activating Fc�Rs, or
a D265A mutant, which cannot bind Fc�Rs (40, 41). Chimeric Abs (cAbs) containing the
chimeric heavy chains of 65C6 or 100F4 and corresponding light chains were produced
and purified. The in vitro neutralizing, binding, and ADCC activity of these cAbs against
the three HPAI H5 viruses were carefully studied and correlated with their ability to
protect mice in challenge experiments with these viruses.

RESULTS
Abs 100F4 and 65C6 potently neutralize SZ06 and NE14 virus strains but have

no or little neutralization against SX06 in vitro. In this study, three representative
HPAI H5 strains SZ06, SX06, and NE14 were selected for evaluation (Table 1). Previously,
using pseudotype-based neutralization (PN) assays, it was found that Abs 65C6 and
100F4 potently neutralized SZ06 and NE14 pseudotypes, but poorly neutralized or did
not neutralize a SX06 pseudotype (26, 39). To test whether the different neutralizing
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activities could be reproduced with replication-competent SZ06, NE14, and SX06
viruses, we performed microneutralization (MN) and plaque reduction assays.

Figure 1A to C show the titrations of neutralizing activity of Abs 100F4 and 65C6
along with a control Ab VRC01 as measured by the microneutralization assay. Clearly,
Ab 100F4 at concentrations of 1.25 �g/ml or higher or Ab 65C6 at concentrations of 2.5
�g/ml or higher completely neutralized SZ06 infection. In contrast, the control Ab,
VRC01, even at a concentration of 20 �g/ml, did not have any neutralizing activity
against this virus (Fig. 1A). Similarly, Abs 100F4 and 65C6 completely neutralized NE14
infection at concentrations of 1.25 �g/ml or higher (Fig. 1B). In contrast, neither 100F4
nor 65C6 neutralized SX06 infection, even at concentrations of 40 �g/ml (Fig. 1C).

Similar, but slightly different, results were also obtained when neutralization was
measured by a plaque reduction assay (Fig. 1D). Ab 100F4 at a concentration of 1.25
�g/ml or Ab 65C6 at concentrations of 5 and 1.25 �g/ml completely blocked plaque

TABLE 1 Three HPAI H5 strains used in the present study

Virus strain Strain abbreviation Subtype Clade TCID50/ml PFU/ml MLD50/ml

A/Shenzhen/406H/2006 SZ06 H5N1 2.3.4 1.5 � 108 1.1 � 108 1.0 � 108

A/chicken/Shanxi/2006 SX06 H5N1 7.2 1.8 � 106 1.1 � 106 3.0 � 104

A/chicken/Netherlands/14015526/2014 NE14 H5N8 2.3.4.4 2.9 � 107 1.9 � 107 6.2 � 107

FIG 1 Assessment of neutralization by 100F4 and 65C6 antibodies and control antibody VRC01 using a microneutralization assay (A to C) or plaque reduction
assay (D). Neutralization of the antibodies against virus strain SZ06 (A), NE14 (B), and SX06 (C) by a microneutralization assay (A to C) or plaque reduction assay
(D) is shown. CPE, cytopathic effect.
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formation of the SZ06 and NE14 strains, respectively. As expected, control Ab VRC01,
even at a concentration of 20 �g/ml, did not inhibit these viruses (the left and middle
panels in Fig. 1D). In contrast to those results, Ab 100F4 did not reduce plaque
formation by the SX06 strain, even at a concentration of 40 �g/ml. However, a 60%
reduction in plaque formation occurred with Ab 65C6 at the concentration of 40 �g/ml
(the right panel in Fig. 1D). Thus, we conclude that similar to what was found using the
PN assay (26, 39), Abs 100F4 and 65C6 potently neutralize both SZ06 and NE14 strains
but have very little to no neutralizing activity against the SX06 strain in vitro, even
though they both bind to the H5 HA of SX06 strain with much lower binding activity
(see below).

Abs 65C6 and 100F4 completely or almost completely protect mice from lethal
challenge in vivo. Figure 2 shows the prophylactic efficacies of 5 mg/kg of Abs 100F4
and 65C6 or control Ab VRC01 against 10 MLD50 (50% mouse lethal dose) lethal
challenges with virus strains SZ06 (Fig. 2A and D), NE14 (Fig. 2B and E), and SX06 (Fig.
2C and F). Mice infused with control Ab VRC01 followed by lethal challenge with SZ06,
NE14, or SX06 strain exhibited severe sickness on day 6 or 7 postchallenge, and all mice
died. In contrast, all mice infused with Ab 100F4 followed by lethal challenge with SZ06
or NE14, or given Ab 65C6 followed by lethal challenge using SZ06, NE14, or SX06
exhibited no signs of illness, and all survived. While the mice given Ab 100F4 followed
by lethal challenge with SX06 lost about 10% of their weight, they all survived the
infection. Taking all these results together, we conclude that Abs 65C6 and 100F4
completely or almost completely protected mice from lethal challenges using virus
strain SZ06, NE14, or SX06, even though they have no or very little neutralizing activity
against SX06 strain in vitro (Fig. 1 and 3).

Chimeric Abs 65C6/IgG2a and 65C6/D265A or 100F4/IgG2a and 100F4/D265A
have comparable neutralization activity in vitro. Several recent studies have dem-
onstrated the importance of Fc-Fc�R interactions in the clearance of influenza virus
infection in vivo (25, 33–35). To test whether Fc-Fc�R interactions are critical for in vivo
protection by Abs 100F4 and 65C6, we constructed four chimeric Abs (cAbs) by linking
the Fv regions of Ab 100F4 or 65C6 heavy chain to mouse IgG2a or a D265A mutant.
The latter mutation abrogates binding of mouse IgG2a to Fc�R (40, 41). These fusion

FIG 2 In vivo efficacy of Abs 100F4 and 65C6 along with the VRC01 control Ab against virus strains SZ06, NE14, and SX06. (A and D) Time course of body weight
changes (A) and survival rate of each group (D) against SZ06 strain. (B and E) Time course of body weight changes (B) and survival rate of each group (E) against
strain NE14. (C and F) Time course of body weight changes (C) and survival rate of each group (F) against strain SX06. The survival rate was calculated as percent
survival within each experimental group (five mice in each group).
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genes encoding chimeric heavy chains of 100F4 or 65C6, along with their correspond-
ing human light chains (26), were cotransfected into Drosophila S2 cells. Stably trans-
fected S2 clones were selected, grown in a BioWAVE reactor, and cAbs in the culture
supernatants were purified. Figure 3A shows the Coomassie blue staining of the heavy-
and light-chain bands of the four purified cAbs, 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a,
and 100F4/D265A, separated using 12% SDS-PAGE.

To ensure that Fab functions of 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and 100F4/
D265A were unaffected by altering the Fc region, we verified their binding (see below)
and neutralizing activity using the PN assay. Figure 3B to D and Table 2 show that
100F4/IgG2a and 100F4/D265A had similar potent neutralizing activity against strain
SZ06 (the 50% inhibitory concentrations [IC50s] of 100F4/IgG2a and 100F4/D265A were
0.009 and 0.007 �g/ml, respectively) and NE14 (the IC50s of both 100F4/IgG2a and
100F4/D265A were 0.01 �g/ml). In contrast, both 100F4/IgG2a and 100F4/D265A did
not neutralize SX06. Similarly, 65C6/IgG2a and 65C6/D265A potently neutralized SZ06
(the IC50s of 65C6/IgG2a and 65C6/D265A were 0.008 and 0.004 �g/ml, respectively)
and NE14 (the IC50s of 65C6/IgG2a and 65C6/D265A were 0.014 and 0.005 �g/ml,
respectively) but had very little neutralizing activity against SX06 (the IC50s of 65C6/
IgG2a and 65C6/D265A were 21 and 20 �g/ml, respectively) (Fig. 3E to G and Table 2).

FIG 3 Detection and neutralizing activity of cAbs 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and 100F4/D265A. (A) Purified 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a,
and 100F4/D265A detected by SDS-PAGE followed by Coomassie blue staining. The top bands are chimeric heavy chains, and the bottom bands are kappa or
lambda light chains. The positions of molecular mass markers (in kilodaltons [KD]) are shown to the left of the gel. (B to D) The titration and IC50s of neutralizing
activity of 100F4/IgG2a and 100F4/D265A as well as human Ab 100F4 against SZ06 (B), NE14 (C), or SX06 (D) using a pseudotype-based neutralization (PN) assay.
(E to G) The titration and IC50s of neutralizing activity of 65C6/IgG2a and 65C6/D265A as well as human Ab 65C6 against SZ06 (E), NE14 (F), or SX06 (G) using
a PN assay. N D, not determined.
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For comparison, we also tested the neutralizing activity of human Abs 100F4 and 65C6
against all three H5 pseudotypes and observed IC50s comparable to those of cAbs
65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and 100F4/D265A (Fig. 3B to G). Thus, taking
these results together, we conclude that cAbs 65C6/IgG2a and 65C6/D265A as well as
100F4/IgG2a and 100F4/D265A had neutralizing activities against all three representa-
tive H5 strains that were comparable to the neutralizing activities of the parental
human Abs 100F4 and 65C6.

cAbs 65C6/IgG2a and 65C6/D265A or 100F4/IgG2a and 100F4/D265A retain
binding, but differ in their ADCC, capability. To test the binding activity of cAbs, we
first performed enzyme-linked immunosorbent assays (ELISAs) against virus-like parti-
cles (VLPs) derived from SZ06, NE14, and SX06 strains (Fig. 4 and Table 2). Both
100F4/IgG2a and 100F4/D265A bound well against SZ06 and NE14 with 50% effective
concentrations (EC50s) of 4.4 and 13.1 ng/ml to SZ06 and 7.3 and 27.0 ng/ml to NE14,
respectively (Fig. 4A and B), but they bound poorly to SX06 with EC50s of 417 and 343
ng/ml, respectively (Fig. 4C). Similarly, both 65C6/IgG2a and 65C6/D265A bound well to
SZ06 and NE14 with EC50s of 13.6 and 8.1 ng/ml to SZ06 and 23.8 and 8.8 ng/ml to
NE14, respectively (Fig. 4D and E). However, 65C6/IgG2a and 65C6/D265A bound poorly
to SX06 with EC50s of 446 and 381 ng/ml, respectively (Fig. 4F).

To further test binding activity of cAbs, we generated stably transduced CEM.NKR

CCR5� Luc� (CEM.NKR) cells expressing trimeric forms of His-tagged glycosylphosphati-
dylinositol (GPI)-HA ectodomains from SZ06, NE14, or SX06 strain using recombinant
lentiviral vectors (Fig. 5A). Figure 5B shows that the GPI-HA ectodomains of SZ06, NE14,
or SX06 were expressed on the surfaces of stably transduced CEM.NKR cells, as mea-

TABLE 2 Summary of the results of ELISA binding, neutralization, FACS analysis, ADCC,
and in vivo testing of chimeric Abs 100F4/IgG2a, 100F4/D265A, 65C6/IgG2a, and 65C6/
D265A

Parameter and cAb

Value for parameter in virus straina:

SZ06 NE14 SX06

IC50 (�g/ml)
100F4/IgG2a 0.009 0.010 ND
100F4/D265A 0.007 0.010 ND
65C6/IgG2a 0.008 0.014 20
65C6/D265A 0.004 0.005 21

EC50 (ng/ml)
100F4/IgG2a 4.4 7.3 417.0
100F4/D265A 13.1 27.0 340.0
65C6/IgG2a 13.6 23.8 446.0
65C6/D265A 8.1 8.8 381.0

MFIb

100F4/IgG2a 254 155 137
100F4/D265A 216 145 127
65C6/IgG2a 290 214 128
65C6/D265A 294 260 138

ADCC (%) (mean � SEM)
100F4/IgG2a 18.2 � 2.6 21.2 � 2.5 24.1 � 6.6
100F4/D265A 5.0 � 3.1 0.3 � 0.4 2.4 � 3.2
65C6/IgG2a 20.1 � 2.7 13.9 � 2.0 17.2 � 2.8
65C6/D265A 1.5 � 3.4 5.5 � 1.7 �0.6 � 5.5

Survival rate (no. of mice that survived/total
no. of mice)

100F4/IgG2a 4/5 5/5 5/5
100F4/D265A 0/5 1/5 1/5
65C6/IgG2a 4/5 5/5 5/5
65C6/D265A 4/5 5/5 5/5

aND, not detected.
bMFI, median fluorescence intensity of FACS staining by chimeric Abs.

In Vivo Protection by Two Pan-H5 Antibodies Journal of Virology

June 2017 Volume 91 Issue 11 e02065-16 jvi.asm.org 7

http://jvi.asm.org


sured by an anti-His tag Ab. Figure 5C and D and Table 2 show that 65C6/IgG2a and
65C6/D265A as well as 100F4/IgG2a and 100F4/D265A bound well to the GPI-HA
ectodomain from SZ06. Furthermore, 65C6/IgG2a and 65C6/D265A also bound well to
the GPI-HA ectodomains from strain NE14. Binding of 65C6/IgG2a and 65C6/D265A, as
well as binding of 100F4/IgG2a and 100F4/D265A, to the GPI-HA ectodomain from SX06
was relatively low. Poor binding of 100F4/IgG2a and 100F4/D265A to the GPI-HA from
NE14 was also observed. We speculate that the difference in the binding of 100F4/
IgG2a and 100F4/D265A to NE14 as measured by fluorescence-activated cell sorting
(FACS) analysis (Fig. 5C) and by ELISA (Fig. 4B) may be due to the different methods for
displaying the HA antigens used in these two assays. For the ELISAs, VLPs expressing H5
HA were coated on the wells of the plates. However, for the FACS analysis, the
ectodomains of H5 HAs were displayed on the surfaces of cells as a GPI-anchored form.
Interestingly, although the levels of cAb binding differed among transduced cells
expressing the different GPI-HA ectodomains, for each of the GPI-HA-modified cells, the
levels of binding of 65C6/IgG2a and 65C6/D265A, as well as 100F4/IgG2a and 100F4/
D265A, were always very similar, indicating that cAb pair 65C6/IgG2a and 65C6/D265A
as well as cAb pair 100F4/IgG2a and 100F4/D265A had similar binding capabilities.

Richard et al. (42) recently developed an alternative flow cytometry-based assay to
measure ADCC responses against target cells expressing HIV-1 envelope protein. By
staining target and effector cells with different dyes, it allows precise gating and the
calculation of the number of surviving target cells by normalization to the number of
flow cytometry particles. To adopt this assay for measuring ADCC against target cells
expressing influenza HA, we measured ADCC of cAbs 65C6/IgG2a, 65C6/D265A, 100F4/
IgG2a, and 100F4/D265A along with control Ab VRC01 against target CEM.NKR cells
stably transduced with lentiviral vectors expressing the GPI-HA ectodomains of SZ06,
SX06, or NE14 strain (see above). Figure 6A and B show the gating strategy and
calculation to determine the percentage of cells killed by ADCC from a representative
experiment with 65C6/IgG2a at a concentration of 10 �g/ml.

Figure 6C to H and Table 2 summarize the relative levels of ADCC against CEM.NKR

cells stably expressing GPI-HA ectodomains of strain SZ06, NE14, or SX06 and mediated
by cAb pair 100F4/IgG2a and 100F4/D265A or by cAb pair 65C6/IgG2a and 65C6/
D265A, compared to the VRC01 control Ab. At a concentration of 10 �g/ml, the VRC01
control Ab exhibited no ADCC activity; cAb 100F4/IgG2a had averages of 18.2%, 21.2%,

FIG 4 Measurement of binding activity of cAbs 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and 100F4/D265A using an ELISA. The titration and EC50s of binding
activity of 100F4/IgG2a and 100F4/D265A against virus strains SZ06 (A), NE14 (B), and SX06 (C). The titration and EC50s of binding activity of 65C6/IgG2a and
65C6/D265A against SZ06 (D), NE14 (E), and SX06 (F).
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and 24.1% ADCC against SZ06 (Fig. 6C), NE14 (Fig. 6D), and SX06 (Fig. 6E), respectively.
In contrast, cAb 100F4/D265A had averages of only 5.0%, 0.4%, and 2.4% ADCC against
SZ06 (Fig. 6C), NE14 (Fig. 6D), and SX06 (Fig. 6E), respectively. Statistically, the differ-
ences in ADCC against target cells expressing the GPI-HA ectodomains from all three H5
strains were significant (P � 0.05) or very significant (P � 0.01) between cAbs 100F4/
IgG2a and 100F4/D265A.

FIG 5 Cell surface expression of GPI-HA ectodomains and binding activity of cAbs 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and 100F4/D265A by FACS analysis.
(A) Schematic diagram of the third-generation self-inactivating lentiviral vector pRRL-HA/hinge/his-tag/foldon/DAF. The fusion gene is made up of the
ectodomain of H5 HA from SZ06, NE14, or SX06 strain (HA ectodomain) a human IgG3 hinge region (IgG3 hinge), a 6-histidine residue tag (His), foldon, a
27-residue trimerization domain at the C-terminal bacteriophage T4 fibritin, and the C-terminal 34 amino acid residues of the decay-accelerating factor (DAF).
The fusion gene was driven by the phosphoglycerate kinase (PGK) promoter. RSV, RSV promoter; Gag(y), encapsidation signal of HIV-1 Gag; RRE, Rev-response
element; cPPT, central polypurine track; Wpre, posttranscriptional regulatory element of woodchuck hepatitis virus. (B) FACS analysis of cell surface expression
of GPI-HA ectodomain from strains SZ06, NE14, and SX06 detected by anti-His tag antibody. The light gray line shows mock-transduced CEM.NKR cells, and the
red line shows GPI-HA-transduced CEM.NKR cells. (C) FACS analysis of cell surface expression of GPI-HA from SZ06, NE14, and SX06 detected by 100F4/IgG2a
and 100F4/D265A along with VRC01 control. (D) FACS analysis of cell surface expression of GPI-HA from SZ06 (left), NE14 (middle), and SX06 (right) detected
by 65C6/IgG2a and 65C6/D265A along with VRC01 control. The numbers within the graphs in panels B to D are the median values of fluorescent intensity.
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FIG 6 ADCC activity of cAbs and human Abs. (A) Gating strategy and normalization of the numbers of viable target cells
using a representative cAb 65C6/IgG2a as an example. (B) Calculation of percentage of ADCC using a representative cAb

(Continued on next page)
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Similar to cAb pair 100F4/IgG2a and 100F4/D265A, at a concentration of 10 �g/ml,
cAb 65C6/IgG2a had averages of 20.1%, 13.9%, and 17.2% ADCC against strain SZ06
(Fig. 6F), NE14 (Fig. 6G), and SX06 (Fig. 6H), respectively. In contrast, 65C6/D265A had
averages of only 1.5%, 5.5%, and 0% ADCC against SZ06 (Fig. 6F), NE14 (Fig. 6G), and
SX06 (Fig. 6H). Statistically, the differences in ADCC against target cells expressing
GPI-HA ectodomains from all three H5 strains were also significant (P � 0.05) between
cAbs 65C6/IgG2a and 65C6/D265A. Thus, taking the results together, we conclude that
although 65C6/IgG2a and 65C6/D265A, or 100F4/IgG2a and 100F4/D265A had similar
HA binding capability, only 65C6/IgG2a and 100F4/IgG2a, but not the 65C6/D265A and
100F4/D265A mutants, mediated ADCC.

For the comparison, we also measured the relative level of ADCC against CEM.NKR

cells stably expressing GPI-HA ectodomains of strains SZ06, NE14, and SX06 and
mediated by the human antibodies 100F4 and 65C6, compared to the VRC01 control.
The results show that human antibodies 100F4 and 65C6 also mediated ADCC activity,
but the levels of ADCC were lower than those for cAbs 100F4/IgG2a and 65C6/IgG2a
(Fig. 6I to K).

Divergent requirement of Fc-Fc�R interactions by cAbs 65C6 and 100F4 for in
vivo protection. To measure the half-lives of cAbs in vivo, BALB/c mice (three mice in
each group) were injected intravenously (i.v.) with 200 �g of purified 65C6/IgG2a,
65C6/D265A, 100F4/IgG2a, or 100F4/D265A and bled on days 1, 4, 7, 11 and 16 postin-
jection. The serum concentrations of 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and
100F4/D265A were measured by ELISA using H5 HA protein-coated plates. Table 3
shows that the average half-lives of 100F4/IgG2a and 100F4/D265A in blood were 3.5
and 5.3 days, respectively; the average half-lives in blood for 65C6/IgG2a and 65C6/
D265A were 9.8 and 7.3 days, respectively.

Bournazos et al. compared the in vivo activity of different cAbs of anti-HIV-1 gp120
antibody 3BNC117 and found that a mouse IgG2a variant exhibited significantly higher
in vivo protective activity compared to D265A variants at a specific dose range (43).
Therefore, to investigate whether the Fc-Fc�R interactions were critical for in vivo
protection by the anti-HA cAbs, we first determined the minimum doses of protection
by 65C6/IgG2a or 100F4/IgG2a against SZ06, SX06, or NE14 by treating BALB/c mice
with four different doses (0.5, 1, 2, and 4 mg/kg) of either 65C6/IgG2a or 100F4/IgG2a
followed by intranasal (i.n.) challenge using 5 MLD50s of SZ06, SX06, or NE14 (S. Wang
and P. Zhou, data not shown). We then used the minimum protective doses of
65C6/IgG2a or 100F4/IgG2a to compare the in vivo protective efficacy of cAb pair
65C6/IgG2a and 65C6/D265A or cAb pair 100F4/IgG2a and 100F4/D265A, as well as a
control Ab VRC01. Figure 7 and Table 2 show that when challenged with the SZ06
strain, four out of five mice injected with 2 mg/kg of 100F4/IgG2a survived with slight
weight loss. However, no mice injected with 2 mg/kg of 100F4/D265A or VRC01 control
Ab survived (Fig. 7A). In contrast, four of five mice injected with 2 mg/kg of either
65C6/IgG2a or 65C6/D265A survived with less than 20% weight loss (Fig. 7D).

FIG 6 Legend (Continued)
65C6/IgG2a as an example. T, target cells; E, effector cells. (C to E) Percentage of ADCC by 100F4/IgG2a and 100F4/D265A
along with VRC01 control against CEM.NKR cells transduced with GPI-HA from virus strains SZ06 (C), NE14 (D), and SX06
(E). (F to H) Percentage of ADCC by 65C6/IgG2a and 65C6/D265A along with VRC01 control against CEM.NKR cells
transduced with GPI-HA from SZ06 (F), NE14 (G), and SX06 (H). (I to K) Percentage of ADCC by human Abs 100F4 and 65C6
along with VRC01 control against CEM.NKR cells transduced with GPI-HA from SZ06 (I), NE14 (J), and SX06 (K). *, P � 0.05;
**, P � 0.01; ns, not significant.

TABLE 3 Half-lives of chimeric Abs in blood

Chimeric Ab t1/2 (days) (mean � SEM)

100F4/IgG2a 3.5 � 1.9
100F4/D265A 5.3 � 1.1
65C6/IgG2a 9.8 � 1.0
65C6/D265A 7.3 � 1.9
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When challenged with the NE14 strain, all five mice injected with 1 mg/kg of
100F4/IgG2a survived with slight weight loss, but only one mouse and no mice injected
1 mg/kg of 100F4/D265A or the VRC01 control Ab survived, respectively (Fig. 7B). In
contrast, all five mice injected with 1 mg/kg of either 65C6/IgG2a or 65C6/D265A
survived without weight loss (Fig. 7E). Similarly, when mice were challenged with the
SX06 strain, all five mice injected with 1 mg/kg of 100F4/IgG2a survived with slight
weight loss, but only one mouse and no mice injected with 1 mg/kg of 100F4/D265A
or VRC01 control Ab survived, respectively (Fig. 7C). In contrast, all five mice injected
with 1 mg/kg of either 65C6/IgG2a or 65C6/D265A survived without weight loss (Fig.
7F). Thus, the results from these challenge experiments using three H5 strains, SZ06,
NE14, and SX06, clearly demonstrate that Fc-Fc�R interactions are critical for in vivo
protection by 100F4, but not by 65C6.

FIG 7 In vivo efficacy of cAbs 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and 100F4/D265A in minimum protective doses against the lethal
challenge of virus strains SZ06, SX06, and NE14. (A to F) Time course of body weight changes (top panels) and survival rate of each group
(bottom panels) against SZ06 (A and D), NE14 (B and E), and SX06 (C and F) by 100F4/IgG2a and 100F4/D265A cAbs (A to C) and by
65C6/IgG2a and 65C6/D265A cAbs (D to F) along with VRC01 control antibody. The survival rate was calculated as percent survival within
each experimental group (five mice in each group).
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DISCUSSION

In the present study, we investigated whether Fc-Fc�R interactions were necessary
for two pan-H5 Abs to confer in vivo protection against three H5 strains, SZ06, SX06,
and NE14. The two pan-H5 Abs that we studied, 65C6 and 100F4, recognize two
conformational epitopes in the globular head region but outside the RBS (26, 27, 30).
Since we previously showed that SZ06, SX06, and NE14 pseudotypes exhibit different
neutralization sensitivities to 65C6 and 100F4 in vitro (26, 39), testing Abs 65C6 and
100F4 with these H5 strains would allow us to determine whether Fc-Fc�R interactions
are required for in vivo protection against different individual virus strains.

Here, we demonstrated that both 100F4/IgG2a and 65C6/IgG2a, but not 100F4/
D265A and 65C6/D265A, mediate ADCC to a similar extent against target cells express-
ing GPI-anchored HA ectodomains from all three H5 strains, SZ06, NE14, and SX06 (Fig.
6 and Table 2). This was unexpected because the cAbs had very little or no neutralizing
activity and a 1- to 2-log-unit reduction in binding activity against the SX06 strain (Fig.
3 to 5 and Table 2). The data indicate that different neutralizing and binding activities
of these cAbs against different H5 strains have little influence on their ADCC activity.
These paradoxical results could be explained by the recent finding that optimal
activation of Fc-mediated effector functions by anti-HA antibodies requires not only
Fc-Fc�R interactions but also interactions between HA and sialic acid receptor on
effector cells (36–38). Since in our previous study we found that both 65C6 and 100F4
bind and neutralize H5 viruses before and after viruses bind to target cells (27), we
speculate that binding of 65C6 and 100F4 to HA probably does not interfere with the
interaction between HA and the sialic acid receptor. Because of this, Fc-Fc�R interac-
tions mediated by low binding activity between 65C6 or 100F4 and the SX06 HA, plus
the interaction between the SX06 HA and sialic acid receptor on effector cells, may be
sufficient to mediate ADCC.

In the present study, we demonstrated that a single injection of 1 or 2 mg/kg
(minimum protective doses) of 65C6/IgG2a, 65C6/D265A, or 100F4/IgG2a, but not
100F4/D265A, completely or almost completely protected mice from lethal challenge of
all three H5 challenge virus strains, SZ06, NE14, and SX06 (Fig. 7 and Table 2). This
occurred despite the fact that the cAb pair 65C6/IgG2a and 65C6/D265A and cAb pair
100F4/IgG2a and 100F4/D265A have comparable and decent neutralizing and binding
activities against SZ06 and NE14 strains but very little to no neutralizing activity as well
as 1- to 2-log-unit reduction in binding activity against the SX06 strain (Fig. 3 to 5 and
Table 2). Furthermore, only 65C6/IgG2a and 100F4/IgG2a, but not 65C6/D265A or
100F4/D265A, mediated ADCC activity against all three strains (Fig. 6 and Table 2). Thus,
for cAbs 65C6 and 100F4, there is a divergent association between Fc-Fc�R interactions
and in vivo protection. The Fc-Fc�R interactions are required for in vivo protection
against all three H5 strains by 100F4, but not by 65C6. These results strongly suggest
that individual strains with different binding and neutralization sensitivity in vitro do
not influence whether Fc-Fc�R interactions are necessary for Abs to mediate in vivo
protection. Instead epitope specificity and location recognized by a given Ab could
strongly influence such a requirement. The 100F4 epitope is located away from the RBS,
while the 65C6 epitope is close in proximity to it. Also, binding of 65C6 to its epitope
might slightly hinder the engagement of HA to sialic acid (SA) receptors (30). This may
explain why Ab 65C6 exhibits low but measureable inhibition of virus attachment, but
Ab 100F4 does not (27). This also indicates that the absence of a requirement for ADCC
(or Fc-Fc�R interactions) to mediate in vivo protection by cAb 65C6 is unlikely due to
a potential occlusive interaction between HA and SA induced by engagement of cAb
65C6 with its HA epitope. Our data show that 65C6/IgG2a can mediate ADCC (Fig. 6),
and after incubation with Ab 65C6, more than 70% of viruses still bind to SA and induce
receptor-mediated endocytosis (27).

In summary, in the present study, we investigated the requirement of Fc-Fc�R
interactions for in vivo protection against three representative H5 strains by pan-H5 Abs
65C6 and 100F4 that recognize two epitopes outside the RBS. We found that although
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these two Abs have similar neutralizing, binding, and ADCC activities against all three
H5 strains in vitro, they have divergent associations between Fc-Fc�R interactions and
in vivo protection against all three strains. The Fc-Fc�R interactions are required for in
vivo protection by 100F4, but not by 65C6. Thus, the dependence of Fc-Fc�R interac-
tions for protection against H5 strains in vivo is not virus strain specific, but epitope
specific.

MATERIALS AND METHODS
Ethics statement. The experimental protocol (CULATR-3064-13) was approved by the Animal Use

Committee and by the Safety Committee on BSL-3 Facility and Infectious Agents at the Li Ka-Shing
Faculty of Medicine, The University of Hong Kong. All infection experiments were conducted at the
biosafety level 3 (BSL-3) facilities and were in compliance with the Ethics Committee regulations of The
University of Hong Kong in accordance with EC directive 86/609/CEE.

Cells. The human embryonic kidney cell line 293T was purchased from Invitrogen Life Technologies
(Waltham, MA, USA) and maintained in complete Dulbecco modified Eagle medium (DMEM) (high-
glucose DMEM supplemented with 10% fetal bovine serum [FBS], 2 mM L-glutamine, 1 mM sodium
pyruvate, penicillin [100 U/ml], and streptomycin [100 �g/ml]; Corning). The Madin-Darby canine kidney
(MDCK) cell line was maintained in complete DMEM. The CEM.NKR CCR5� Luc� (CEM.NKR) cell line (44,
45) was obtained from the NIH AIDS Research and Reference Reagent Program (ARRRP) (Germantown,
MD) and maintained in complete RPMI 1640 medium (RPMI 1640 medium supplemented with 10% FBS,
2 mM L-glutamine, 1 mM sodium pyruvate, penicillin [100 U/ml], and streptomycin [100 �g/ml]).
Drosophila S2 cells were maintained in complete Express Five SFM medium (i.e., Express Five SFM
medium supplemented with 10% FBS, 100 U of penicillin/ml, 100 U of streptomycin/ml, and 100 mg of
L-glutamine/liter) at 28°C without CO2. The cells were split at the density of 106 cells per ml every 3 or
4 days.

Viruses. Wild-type virus A/Shenzhen/406H/2006 (SZ06) (H5N1 subclade 2.3.4) and a reassortant
A/chicken/Netherlands/14015526/2014 (NE14) (RG6�2; H5N8 subclade 2.3.4.4) were described before
(26). A reassortant A/chicken/Shanxi/2/2006 (SX06) (RG6�2, H5N1 subclade 7.2) virus was generated by
cotransfecting a mixture of 293T and MDCK cells with gene segments encoding HA and neuraminidase
(NA) proteins derived from corresponding wild-type strains and the remaining six gene segments
encoding nucleoprotein (NP), polymerase acidic (PA), PB1, PB2, matrix (M), and nonstructural protein (NS)
from A/WSN/1933 strains as described by Hoffmann et al. (46). The wild-type virus and reassortants were
propagated on MDCK cells using standard viral culturing techniques. The 50% tissue culture infectious
dose (TCID50), number of PFU, and 50% mouse lethal dose (MLD50) were determined by serial titration
of viruses in MDCK cells and in BALB/c mice, respectively (Table 1).

Generation of chimeric Abs. For the generation of chimeric Abs (cAbs), the Fv of the heavy chain
of 100F4 or 65C6 was PCR amplified and cloned into S2 cell expression vectors containing the Fc of the
mouse IgG2a or D265A mutant. The D265A mutant was generated using specific primers and the
QuikChange site-directed mutagenesis kit II (Agilent Technologies) and validated by direct sequencing.
The expression vectors containing genes encoding the chimeric 100F4 or 65C6 heavy chains along with
the expression vectors containing genes encoding the 100F4 or 65C6 light chain, respectively, were
cotransfected into Drosophila S2 cells, and stably transfected S2 cell clones were selected as described
before (47). The cAbs 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, and 100F4/D265A were produced by the
stably transfected Drosophila S2 clones and purified by affinity chromatography using protein A agarose
(Pierce; Thermo Fisher Scientific) and quantified by bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions.

Generation of HA and NA pseudotypes. The methods used to produce H5N1 (SZ06), H5N1 (SX06),
and H5N8 (NE14) pseudotypes were as described before (48). The relative luciferase activity (RLA) of the
pseudotypes was determined on MDCK cells as described before (48).

Microneutralization (MN) assay. Neutralizing activity of Abs 100F4 and 65C6 against the SZ06,
SX06, and NE14 strains was analyzed in an MN assay based on the methods of the WHO Global Influenza
Program (49). Briefly, Abs were serially twofold diluted (starting at 20 �g/ml for SZ06 and NE14 strains
and 40 �g/ml for SX06 strain) prior to mixing with 100 TCID50 of virus for 1 h at 37°C, and the mixture
was added to the MDCK monolayer. Cytopathic effects (CPE) were recorded and scored after 72 h. The
MN assay was performed in triplicate.

Plaque reduction assay. MDCK cells (5 � 105 cells per well) in complete DMEM were seeded into
six-well plates. When the cells formed monolayers, the medium was removed, and the cells were washed
twice with phosphate-buffered saline (PBS). Seven hundred microliters of serum-free DMEM was then
added to each well. The SZ06, SX06, and NE14 strains (60 PFU per well) were incubated with twofold
dilutions of antibody in a final volume of 100 �l at 37°C for 1 h. The mixtures were then added onto the
MDCK monolayers. After incubation, 0.8% low-melting-point agarose in MEM (3 ml per well) was added.
Following a 72-h culture period, the agarose overlay was discarded, and the cells were stained with 0.5%
(wt/vol) crystal violet for 1 h. Crystal violet was then removed, and the cells were washed with H2O. The
number of plaques in each well was counted. The plaque reduction assay was performed in triplicate.

HA and NA pseudotype-based neutralization (PN) assay. The PN assay was described before (48).
Titration curves were generated using sigmoid dose-response of nonlinear fit from GraphPad, and 50%
inhibitory concentrations (IC50s) were determined as the concentration of a given antibody that resulted
in 50% reduction of RLA.
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ELISAs. To compare the binding activity of cAbs, 96-well ELISA plates (Costar) were coated overnight
at 4°C with virus-like particles (VLPs) derived from the SZ06, SX06, and NE14 strains. VLP production was
described previously (50). The plates were blocked with PBS containing 5% bovine serum albumin (BSA)
for 2 h at 37°C. They were then washed five times with PBST buffer (PBS containing 0.05% Tween 20).
Fourfold-diluted Abs in assay diluent (PBS containing 10% BSA and 0.5% Triton X-100) were added to
wells of the VLP-coated 96-well plates for 2 h at 37°C. The plates were then washed five times with PBST
buffer. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Chemicon) at a 1:5,000 dilution
was added. Colorimetric analysis was performed using a 3,3=,5,5=-tetramethylbenzidine (TMB) substrate
kit (Pierce), and the absorbance was read at 450 nm with a spectrophotometer (Thermo Scientific).
Titration curves were generated using sigmoid dose-response of nonlinear fit from GraphPad, and 50%
effective concentrations (EC50s) were determined as the concentrations of antibodies that generated 50%
of maximal optical density at 450 nm (OD450) values.

Generation of stably transduced CEM.NKR cells. Previously, we developed trimeric glycosylphos-
phatidylinositol (GPI)-HCDR3s and demonstrated that trimeric GPI-HCDR3 (PG16) are not only highly
expressed on transduced cells but also dramatically improve anti-HIV-1 neutralization (51). Therefore, in
the present study, we generated stably transduced CEM.NKR cells expressing trimeric GPI-anchored
ectodomain HA and used these cells to measure binding and ADCC activities of the cAbs (see below).

To construct fusion genes encoding various GPI-anchored HA ectodomains, codon-optimized se-
quences encoding HA ectodomains of the SZ06, SX06, and NE14 strains, the IgG3 hinge region, foldon
(a 27-residue trimerization domain at the C-terminal bacteriophage T4 fibritin), and a histidine tag were
genetically linked to the sequence encoding a GPI attachment signal (a C-terminal 34 amino acid
residues of delay-accelerating factor). The fusion genes were inserted into a third-generation lentiviral
transfer vector pRRLsin-18.PPT.hPGK.Wpre (52). The resulting transfer constructs were designated pRRL-
GPI-HAs.

Recombinant lentiviruses were generated as described previously (53). Briefly, to generate each
recombinant virus, 4 � 106 293T cells were seeded into a P-100 dish in 10 ml complete DMEM. After
culturing overnight, cells were cotransfected with 14 �g of a pRRL-GPI-HA transfer construct, 14 �g
packaging construct encoding HIV-1 Gag/Pol (CMVRΔ8.2), and 2 �g of plasmid encoding the vesicular
stomatitis virus (VSV) G protein envelope (pLP/VSV-G), using a calcium phosphate precipitation method.
Sixteen hours later, culture supernatants were removed and replaced with fresh complete DMEM plus 1
mM sodium butyrate (Sigma). Eight hours later, supernatants were again removed and replaced with
fresh DMEM plus 4% FBS. After another 20 h, the culture supernatants were harvested and concentrated
by ultracentrifugation as described previously (53). The vector pellets were resuspended in a small
volume of DMEM and stored in aliquots in a �80°C freezer. Vector titers were determined as previously
described (53).

To transduce CEM.NKR cells, 1 � 105 cells per well were seeded into the wells of a 24-well plate. Cells
were transduced with lentiviral vectors expressing GPI-HA at a multiplicity of infection (MOI) of 20 in the
presence of 8 �g/ml of Polybrene. Twenty-four hours later, the cells were washed with fresh complete
RPMI 1640 medium and cultured in complete RPMI 1640 medium. The stability of GPI-HA transgene
expression in transduced CEM.NKR cells was checked periodically using anti-His tag Ab followed by FACS
analysis (see below).

FACS analysis. To analyze cell surface expression of H5 HA, CEM.NKR cells stably transduced with
GPI-HA of SZ06, SX06, or NE14 strain were incubated with a mouse anti-His tag Ab (Sigma) followed by
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG Ab (H&L) (Life Technologies). The cells
were washed twice with FACS buffer (PBS containing 1% BSA and 0.02% NaN3) and fixed with 2%
formaldehyde in 0.3 ml of FACS buffer. FACS analysis was performed on a LSR II flow cytometer (Becton
Dickinson, Mountain View, CA).

To compare binding activity of cAbs, CEM.NKR cells stably transduced with GPI-HA of virus strains
SZ06, SX06, and NE14 were incubated with 10 �g of 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, or
100F4/D265A for 45 min on ice. The cells were washed twice with FACS buffer. For cells stained with
65C6/IgG2a or 65C6/D265A as a primary Ab, 1:100 diluted FITC-conjugated mouse anti-human kappa Ab
(Southern Biotech) was used as a secondary Ab. For cells stained with 100F4/IgG2a or 100F4/D265A as
a primary Ab, 1:100 diluted FITC-conjugated anti-human lambda Ab (Life Technologies) was used as a
secondary Ab. The cells were then washed twice with FACS buffer and fixed with 2% formaldehyde in
0.3 ml of FACS buffer. FACS analysis was performed on a LSR II flow cytometer.

ADCC assay. A rapid fluorometric antibody-dependent cell-mediated cytotoxicity (ADCC) assay was
performed as described by Richard et al. (42) with some modifications. Briefly, 10,000 CEM.NKR cells stably
transduced with GPI-HA of virus strain SZ06, NE14, or SX06 (target cells) were labeled with 5 �M eFluor
670 (eBioscience). Labeled target cells were resuspended in RPMI 1640 medium containing 10% FBS.
Splenocytes (effector cells) from naive mice were labeled with 5 �M eFluor 450 (eBioscience). Effector
cells and target cells at a 10:1 effector cell/target cell (E:T) ratio were mixed in a 96-well V-bottom plate
(Corning, Corning, NY) and incubated for 10 min at room temperature. The cAb 65C6/IgG2a, 65C6/
D265A, 100F4/IgG2a, or 100F4/D265A, human Ab 65C6 or 100F4, and control antibody VRC01 were
added to a final concentration of 10 �g/ml and incubated for 15 min at room temperature. The plates
were centrifuged at 300 � g for 1 min to promote cell-cell interactions and then incubated for 6 h at 37°C
in 5% CO2. The cells were washed once with PBS and then fixed in PBS containing 2% paraformaldehyde
and 5 � 104/ml beads for flow cytometry. A total of 1,000 beads per well in triplicate wells were acquired
within 18 h using a BD Fortessa flow cytometer. Data were analyzed using FlowJo (Tree Star, Inc.). The
percent ADCC killing was determined by gating on the eFluor 670 populations of target cells. The ADCC
assay was performed in triplicate.
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Measurement of the in vivo half-life of each cAb. To measure the half-life of each cAb in vivo,
6- to 8-week-old female BALB/c mice (three mice in each group) were injected intravenously (i.v.)
with 200 �g of purified 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, or 100F4/D265A. Mice were bled at
days 1, 4, 7, 11, and 16 postinjection. The serum concentrations of 65C6/IgG2a, 65C6/D265A,
100F4/IgG2a, and 100F4/D265A were measured in batches by ELISA using H5 HA protein-coated
plates.

Animal experiments. To test the in vivo efficacy of Abs 65C6 and 100F4, female BALB/c mice at ages
of 6 to 8 weeks were randomly divided into groups (five mice in each group). Each group of mice was
intraperitoneally (i.p.) injected with 5 mg of the 100F4 or 65C6 Ab or control antibody VRC01 per kg of
body weight. Four hours later, mice were intranasally (i.n.) challenged with 5 MLD50 of virus strain SZ06,
SX06, or NE14. After the inoculation, mice were monitored and any sign of illness was recorded daily for
more than 14 days. Mice that were challenged with SZ06 and SX06 and lost 30% or more of their initial
body weight were euthanized and counted as dead. Mice challenged with NE14 died without losing
much weight and were not euthanized.

To determine minimum protective doses of cAbs 65C6/IgG2a and 100F4/IgG2a, female BALB/c mice
that were 6 to 8 weeks old were randomly divided into groups (five mice in each group). The groups of
mice were injected i.p. with 0.5, 1, 2, and 4 mg/kg of 65C6/IgG2a or 100F4/IgG2a or control antibody
VRC01. Four hours later, the mice were challenged i.n. with 5 MLD50s of SZ06, SX06, or NE14. Following
the challenge, the mice were monitored as described above. The minimum protective doses of 65C6/
IgG2a or 100F4/IgG2a against a given H5 virus were determined by the lowest doses that had significant
in vivo protection.

To test the in vivo efficacy of cAbs, female BALB/c mice that were 6 to 8 weeks old were randomly
divided into groups (five mice in each group). Mice in groups were injected i.p. with the indicated doses
of cAbs 65C6/IgG2a, 65C6/D265A, 100F4/IgG2a, 100F4/D265A, or control antibody VRC01. Four hours
later, the mice were challenged i.n. with 5 MLD50s of SZ06, SX06, or NE14. After the virus challenge, mice
were monitored as described above.

Statistical analysis. The data from PN, plaque reduction, and ADCC assays and ELISAs were collected
from three independent experiments. Titration curves of PN and ELISA data were generated using
sigmoid dose-response of nonlinear fit from GraphPad, and IC50 and EC50 were determined by the best-fit
values. The mean � standard deviation of the plaque reduction and ADCC assay data were determined
by using Microsoft Excel. The response of each mouse was counted as an individual data point for
statistical analysis. The data obtained from animal studies were analyzed with GraphPad using two-way
analysis of variance.
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