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In vivo protection by antimicrobial neutralizing Abs can require the contribution of effector functions mediated by Fc-Fcy
receptor (Fc-FcyR) interactions for optimal efficacy. In influenza, broadly neutralizing anti-hemagglutinin (anti-HA) stalk
mAbs require Fc-FcyR interactions to mediate in vivo protection, but strain-specific anti-HA head mAbs do not. Whether this
rule applies only to anti-stalk Abs or is applicable to any broadly neutralizing Ab (bNAb) against influenza is unknown. Here,
we characterized the contribution of Fc-FcyR interactions during in vivo protection for a panel of 13 anti-HA mAbs, including
bNAbs and non-neutralizing Abs, against both the stalk and head domains. All classes of broadly binding anti-HA mAbs
required Fc-FcyR interactions to provide protection in vivo, including those mAbs that bind the HA head and those that do
not neutralize virus in vitro. Further, a broadly neutralizing anti-neuraminidase (anti-NA) mAb also required FcyRs to provide
protection in vivo, but a strain-specific anti-NA mAb did not. Thus, these findings suggest that the breadth of reactivity of
anti-influenza Abs, regardless of their epitope, necessitates interactions with FcyRs on effector cell populations to mediate in
vivo protection. These findings will guide the design of antiviral Ab therapeutics and inform vaccine design to elicit Abs with

optimal binding properties and effector functions.

Introduction
Influenza virus epidemics contribute to 250,000 to 500,000
deaths per year worldwide (1). Vaccination to elicit anti-influ-
enza Abs and passive administration of Abs represent approaches
for providing protection in humans (2, 3). Hemagglutinin (HA),
the glycoprotein to which the majority of the influenza immune
response is directed, is the main target of the post-vaccination
immune response. Influenza HA is composed of two domains: the
immunodominant globular head (HA1), which varies from strain
to strain, and a stalk (HA?2) that is relatively conserved between
strains and subtypes (4). Thus, most Abs against the head react
with a single or highly similar influenza strain, while Abs against
the stalk domain often bind a breadth of strains and subtypes.
The mechanisms underlying Ab-mediated antiviral neutral-
ization and protection are distinct. Ab-mediated neutralization
is quantified during in vitro assays and results from steric block-
ade of epitopes required for viral entry (anti-HA head mAbs),
fusion (anti-HA stalk mAbs), or budding and egress (anti-HA and
anti-neuraminidase [anti-NA] mAbs) (5). By contrast, Ab-medi-
ated protection is measured in vivo and results from a complex
interplay between immune effector cells and effector mechanisms
mediated by these cells, in addition to the above-mentioned in
vitro-defined neutralization mechanisms (6). Thus, recent stud-
ies have identified that interactions between the Ab’s constant
Fc domain and members of the Fcy receptor (FeyR) family are
required for anti-influenza mAb-mediated protection in vivo (7, 8).
FcyRs are an important family of cell-surface receptors expressed
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by immune cells that couple innate and adaptive immunity after
Ab engagement. Both activating FcyRs (murine FcyRI, FcyRIII,
and FcyRIV) and an inhibitory FcyR (FcyRIIb) are coexpressed by
most immune cells, and the overall balance of signaling between
these two classes determines the biological effect of circulating
immune complexes or Abs bound to pathogens or cells (9).

Previous studies demonstrated that broadly neutralizing anti-
HA stalk mAbs required Fc-FcyR interactions to mediate protec-
tion from lethal influenza infection in vivo, while strain-specific
anti-HA head mAbs did not (7). Mechanistically, it was demon-
strated that anti-HA stalk mAbs efficiently engage FcyRs to trig-
ger Ab-dependent cellular cytotoxicity (ADCC), while anti-head
mAbs do not. Whether this general rule applies to all anti-HA
head and stalk mAbs is unknown. Here, we analyze a panel of 13
anti-HA mAbs, including broadly neutralizing Abs (bNAbs) and
non-neutralizing Abs against both the stalk and head domains.
We demonstrate that each of the broadly binding and neutralizing
mAbs requires Fc-FcyR interactions to mediate protection in vivo,
suggesting that the breadth of reactivity of anti-influenza Abs,
regardless of their epitope, necessitates interactions with FcyRs on
effector cell populations for in vivo protection.

Results and Discussion

Anti-HA Ab panel. We have collected a panel of 13 anti-HA mAbs,
including bNAbs and non-neutralizing Abs against both the stalk
and head domains (Table 1 and Supplemental Tables 1-4 display
virus strains recognized and neutralized by each clone; supple-
mental material available online with this article; doi:10.1172/
JCI84428DS1). Five mAbs — FI6, 6F12, 2B06, 2G02, and 1F02
— are broadly neutralizing and bind to the HA stalk. 7B2, PY102,
and 4C04 are strain-specific mAbs that engage the HA head.
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Table 1. mAb characteristics

tal Figure 2) and detected no differences. Modi-
fication of the Fc domain by introducing point

mAb name Epitope Specificity Protection in vivo mutations or switching isotypes does not affect
FcyR dependent? Reference for Fab-mediated activities, including binding or
FcyR dependence neutralization (7).

FI6 HA stalk Groups 1and 2 + Current study To test whether Fc-FcyR interactions con-
6F12 HA stalk Pan-H1 + 7 tributed to bNAb-mediated protection in vivo,
2B06 HA stalk Groups 1and 2 + 7 we treated WT mice that had received 6 mg/kg
2602 HA stalk Groups 1and 2 * Current study body weight FI6 or 2G02 anti-stalk bNAbs with
1F02 HA stalk H1and H5 i 7 five 50% mouse lethal doses (mLD,) of Neth09
782 HA head (al09-specific - 7 and monitored weight loss and survival. Mice that
4co4 HA head Cal03-specific - 7 received the IgG2a FI6 and 2G02 bNAbs showed
PY102 HA head PRE-specific - ! minimal weight loss compared with that seen in
;‘FGUOSS :2 :E:g H:Z:;jH:B : EE:E:I izgz PBS-treated mice '(P <0.0001) on day 7, whereas
DA265-treated mice showed weight loss curves

1A01 HA head Pan-H1 + Current study .. . .
105 HA head Pan-Hi N Current study similar to those of the PBS-treated animals (Figure
4601 HA head Pan-H1 N Curent study 1, C and D). FI6 and 2G02 IgG2a bNAb-treated
3002 NA Cal09-specific _ Current study mice showed 100% survival, whereas no animals
3005 NA Pan-N1 5 Current study in the DA265- or PBS-treated groups survived

(P=0.005 and P = 0.002, respectively). Similarly,
Fcerlg”- mice (11), which lack the FcR-y chain and

Finally, 4G0O5 and 1FO05 are broadly neutralizing anti-HA head
mAbs, while 1A01, 1A05, and 4GO1 are pan-H1, but non-neu-
tralizing, anti-HA head mAbs. All mAbs bound cell-surface HA
on A549 cells infected with the 2009 pandemic HIN1 strain A/
Netherlands/602/2009 (Neth09) (Figure 1A and Supplemental
Figure 1B). Each mAb also bound to purified 2009 pandemic A/
California/04/2009 (Cal09) virus, Cal09 HA protein, and the
2014-2015 trivalent influenza vaccine (Supplemental Figure 1, A,
C, and D). All anti-head mAbs bound to recombinant Cal09 HA1
(head) domain proteins (with the exception of the HAI* mAb IFO5,
which only recognizes HA on whole virus or infected cells), while
all anti-stalk bNAbs bound to a chimeric HA protein containing
HS5 head and H1 stalk domains (Supplemental Figure 1, E and F).
As previously described (7), strain-specific anti-HA head mAbs
showed the most potent in vitro neutralization during in vitro
plaque reduction neutralization assays, while broadly neutraliz-
ing anti-HA stalk mAbs showed weaker neutralization capabili-
ties in vitro (Figure 1B). Broadly neutralizing anti-HA head mAbs
showed intermediate neutralization Abs, while the pan-HI, but
non-neutralizing, mAbs showed no activity. Within each subset
of Abs, each clone was from a different patient and used distinct
VH genes (except for two anti-stalk bNAbs from different individ-
uals that utilized the same VH). Heavy-chain variable, joining, and
diversity (VD]) junction analysis demonstrated that each clone
was unique in CDR3 length and amino acid sequence. Thus, each
subset of anti-HA Abs was composed of independent Ab clones
derived from unique individuals and unique selection events.
Broadly neutralizing anti-HA stalk mAbs require Fc-FcyR interac-
tions to mediate protection in vivo. To determine the contributions
of Fc-FcyR interactions during influenza virus neutralization in
vivo, we generated mAb constructs with different Fc domains that
either preferentially engaged activating FcyRs (murine IgG2a) or
were null for FeyR binding (DA265-mutant Fc) (10). We compared
IgG2a and DA265 constructs for H1 protein binding (Supplemen-
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do not express activating FcyRs (FeyRI, FcyRIIL, or

FcyRIV), were not protected by administration of
IgG2aisotype 2G02 mAb (Supplemental Figure 3). Lung viral titers
correlate with weight loss and survival in animals treated with Abs
that mediate protection in an Fe-dependent manner (7). We used
PBS as a control treatment in all experiments, because no differ-
ences in weight or survival curves are observed in mice receiving
PBS or isotype control mAb (7). Ab isotype-specific differences in
in vivo half-lives are similar between IgG2a and DA265 mutant Abs
(7, 12) and therefore do not influence these results. Thus, Fc-FcyR
interactions are required for broadly neutralizing anti-HA stalk
mAb-mediated protection during in vivo viral challenge.

Broadly neutralizing anti-HA head mAbs require Fc-FcyR interac-
tions to mediate protection in vivo. All strain-specific anti-HA head
mADbs that have been tested thus far do not require Fc-FcyR inter-
actions for protection in vivo (Table 1 and ref. 7). However, whether
broadly neutralizing anti-head mAbs mediate protection in vivo
through Fc-mediated effector mechanisms remains unknown.
Therefore, we tested whether Fc-FcyR interactions mediate protec-
tion by two broadly neutralizing anti-head mAbs. Mice receiving
IgG2a 4GO5 and 1FO5 anti-head bNAbs showed minimal weight
loss after lethal NethO9 challenge compared with mice receiving
the DA265 bNADbs (P < 0.0012 on day 7; Figure 2, A and B). 4G05
and 1F05 IgG2a bNAb-treated mice had 100% survival, whereas no
animals in the DA265- or PBS-treated groups survived (P < 0.002).
In addition, FcRo-null mice, which lack all activating and inhibitory
FcyRs (FeyRI, FeyRIIb, FeyRIIL or FcyRIV) (13), were not protected
by administration of IgG2a isotype 4G05 or 1FO5 mAb (Supple-
mental Figure 4, A and B). Thus, while strain-specific anti-HA head
mAbs do not require Fc-FcyR interactions to mediate protection in
vivo, broadly neutralizing anti-HA head mAbs are protective in vivo
in an FcyR-dependent manner.

Pan-H1, non-neutralizing anti-HA head mAbs require Fc-FcyR
interactions to mediate protection in vivo. We next tested whether
pan-H1, but non-neutralizing, anti-HA head mAbs are protective
in vivo and whether this protection is Fc dependent. Although
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Figure 1. Broadly binding and neutralizing anti-HA stalk mAbs require Fc-FcyR interactions for protection in vivo. (A) Broadly neutralizing anti-stalk
(red lines), strain-specific anti-head (blue lines), broadly neutralizing anti-head (green lines), and non-neutralizing anti-head (purple lines) mAb binding to
Neth09-infected cells by flow cytometric analysis and (B) neutralization of Neth09 virus (mean + SEM) in duplicate samples. (C and D) WT mice were given
the indicated doses of IgG2a (red circles) or DA265-mutant (blue squares) FI6 mAb (C), 2G02 mAb (D), or PBS (black triangles) before NethQ9 virus infec-
tion. Values represent the mean + SEM percentage of weight change compared with day-0 values (left panels) and percentage of survival (right panels).

n = 4-5 mice per group. Significant differences between the IgG2a and DA265 samples are shown. *P < 0.05 and **P < 0.01, by 2-tailed Student’s t test.

IgG2a isotype 1A01, 1A05, and 4G01 mAbs were unable to neu-
tralize NethQ9 virus during in vitro assays (Figure 1B), all three
mADbs protected mice from lethal Neth09 challenge in vivo (Figure
2, C-E) at doses ranging from 4 mg/kg to 6 mg/kg. Surprisingly,
these doses are similar to those necessary for in vivo protection
by broadly neutralizing anti-HA stalk mAbs (Figure 1, C and D,
ref. 7), as well as by the broadly neutralizing anti-HA head mAb
1FO5 (Figure 2B). By contrast, similar doses of DA265-mutant
versions of 1A01, 1A05, and 4G01 mAbs were unable to prevent
weight loss after lethal challenge (P < 0.0001 at day 7). Accord-
ingly, IgG2a non-neutralizing mAb-treated mice had 100% sur-
vival, whereas no animals in the DA265- or PBS-treated groups
survived (P = 0.0009, P = 0.0034, and P = 0.0009, respectively).
Fcerlg”/~ or FcRo-null mice were not protected by IgG2a isotype
1A01, 1A05, or 4G01 mAbs (Supplemental Figure 5, A-C). Thus,

while strain-specific anti-HA head mAbs do not require Fc-FcyR
interactions to mediate protection in vivo (7), broad-binding mAbs
reactive with the HA head protect in vivo in an FcyR-dependent
manner, regardless of whether the mAbs neutralize virus in vitro.
Collectively, these results (Figures 1 and 2) demonstrate that anti-
HA head or stalk Abs that recognize a breadth of influenza HA
subtypes require interactions with FcyRs to mediate protection in
vivo. These findings suggest that it is the breadth of neutralizing
Abs against HA that necessitates Fc-FcyR interactions to mediate
protection during influenza infection in vivo.

Broadly neutralizing anti-NA mAb requires Fc-FcyR interactions
to mediate protection, but strain-specific anti-NA mAb does not.
Although we have demonstrated that the breadth of neutralizing
Abs against HA necessitates FcyR-mediated effector functions
for protection in vivo, it is unknown whether this is a generaliz-

jci.org  Volume126  Number2  February 2016



BRIEF REPORT

>

% Weight change
from day 0

% Weight change
from day 0

% Weight change
from day 0

% Weight change
from day 0

% Weight change
from day 0

Broadly binding/neutralizing anti-HA head

The Journal of Clinical Investigation

100
. &~ 4G05 IgG2a 1 mg/kg
100 F 80 1 -=- 4G05 DA265 1 mg/kg
* = -+~ PBS
ke S 60 o
w
90 - *k =
8 40 1
s
804 20 1
T T ' 0 \
0 10 15 0 15
Time (d) Time (d}
e 100 o
100 . — 80 -o- 1F05 IgG2a 4 mg/kg
g - 1F05 DA265 4 mg/kg
* % 60 4 -+ PBS
909 e
8 40 1
*% a
o
80+ 20 1
T T a 0 4
0 5 10 15 0 15
Time (d) Time (d}
Pan-H1, non-neutralizing anti-HA head
110 7 100 O
L -~ 1A01 IgG2a 6 mg/kg
= 80 1
100 LI g -% 1A01 DA265 6 mg/kg
c -+ PBS
*k z 60 o
o T
90 3 40 4
&
80 20 o
T T ' 0 T i T '
0 10 15 0 5 10 15
Time (d) Time (d)
110 1 100 Q
., = 80 -®- 1A05 IgG2a 4 mg/kg
100 o E -#- 1A05 DA265 4 mg/kg
a € 60 - -+ PBS
ok et
c
904 8 40 4
ks
20 1
804
T T 1 0 J
0 10 15 0 15
Time (d) Time (d}
110 9 100 o
| o~ 4G01 IgG2a 6 mg/kg
100 o 380 -= 4G01 DA265 6 mg/kg
a# % 60 -+ PBS
*%k .E.
904 8 40 1
ks
20 1
801
L] L] L 0 L] - . L] Ll
0 5 10 15 0 5 10 15
Time (d) Time (d)
jci.org  Volume126  Number2  February 2016

Figure 2. Broadly neutralizing
anti-HA head mAbs and pan-H1,
non-neutralizing anti-HA head
mAbs require Fc-FcyR interac-
tions for protection in vivo. WT
mice were given the indicated
doses of IgG2a (red circles) or
DA265-mutant (blue squares)
4G05 (A), 1FO5S (B), 1A01 (C),
1A05 (D), or 4G01 (E) mAb or PBS
(black triangles) before Neth09
viral infection. Values represent
the mean + SEM percentage of
weight change compared with
day-0 values (left panels) and
percentage of survival (right
panels). n = 5-7 mice per group.
Significant differences between
the IgG2a and DA265 samples are
shown. *P < 0.05 and **P < 0.01,
by 2-tailed Student’s t test.
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able property of broadly reactive Abs. Therefore, we tested two
anti-NA mAbs during in vitro neutralization assays and in vivo
protection experiments. 3C02 is a strain-specific anti-NA mAb
that recognizes N1 from the 2009 pandemic HIN1 strain (Table
1). By contrast, anti-NA mAb 3CO5 is a broadly neutralizing anti-
NA mAb that reacts with multiple N1 strains (Table 1). Both Abs
neutralized Neth09 virus in vitro, but strain-specific 3C02 did so
with greater than 2 logs more potency than did broadly neutral-
izing 3C0O5 (Figure 3A). In vivo, both IgG2a and DA265-mutant
3C02 mAbs provided similar protection at the suboptimal dose
of 0.5 mg/kg after NethO9 challenge, with no statistically sig-
nificant differences detected in weight loss on day 7 or in over-
all survival (Figure 3B). We noted no differences in weight loss
or survival between mice receiving IgG2a or DA265 3C02 mAbs
at any dose between 0.25 mg/kg and 6 mg/kg (Supplemental
Figure 6). By contrast, an IgG2a isotype version of the broadly
neutralizing anti-NA mAb 3CO5 provided full weight loss pro-
tection at day 7 (P = 0.0005) and 100% survival, while no mice
receiving DA265-mutant 3C05 mAb survived the challenge (P =
0.004). Thus, as seen with anti-HA mAbs, an anti-NA mAb that

recognizes a breadth of influenza viruses requires Fc-FcyR inter-
actions to mediate protection from lethal infection in vivo, while
a strain-specific anti-NA mAb does not.

In these studies, all neutralizing and non-neutralizing anti-HA
and anti-NA Abs that recognize a breadth of influenza strains and/
or subtypes required FcyRs for protection in vivo, while strain-spe-
cific mAbs did not. While previous studies assessing strain-spe-
cific anti-HA head mAbs showed that this class of mAb did not
require FcyRs for protection in vivo (7), it is now clear that at least
some broad-binding Abs against the head domain require Fc-FcyR
interactions to mediate protection in vivo. Additional studies will
be required to generalize this requirement. Further, we demon-
strate that a broadly neutralizing anti-NA mAb required Fc-FcyR
interactions for protection, while a strain-specific anti-NA mAb
did not. Therefore, the current studies strongly suggest that the
breadth of reactivity of anti-influenza mAbs necessitates FcyR-
mediated effector functions for protection in vivo.

Surprisingly, both broadly neutralizing anti-HA stalk and non-
neutralizing Abs mediated protection in vivo in an FcyR-depen-
dent manner at similar doses. These findings suggest that the in
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vitro neutralization mechanisms of broadly neutralizing mAbs,
such as inhibition of viral fusion or egress, do not dominate in vivo
at the doses tested. Therefore, our findings suggest that non-neu-
tralizing Abs targeting other influenza-derived antigens expressed
on the surface of virally infected cells may mediate protection in
vivo through FcyRs and warrant further investigation. The mecha-
nism of protection by all classes of broadly neutralizing anti-influ-
enza Abs is likely cytotoxicity and phagocytosis of infected cells,
since FcyRs contribute to protection after viral entry into target
cells (7) and clodronate liposome-sensitive cell populations medi-
ate protection by anti-influenza Abs (14).

Importantly, for Abs with in vitro-defined neutralizing
capabilities (such as inhibition of virus binding, viral fusion, or
egress), dramatically increasing the dose of mAb (8- to 10-fold)
bypasses the FcyR requirement through effective utilization
of the in vitro-defined neutralization mechanisms (7). In vivo,
bNADs are generated at much lower frequencies in the Ab reper-
toire compared with strain-specific mAbs (15). Thus, engagement
of the FcyR system may represent an important mechanism to
compensate for low concentrations of these mAbs in the serum.
It is tempting to speculate that some selection event occurs dur-
ing the Ab response to select for mAbs with appropriate effec-
tor functions; further studies will be required to address this. In
addition, we demonstrate that non-neutralizing Abs likely play
a crucial role during in vivo antiviral Ab responses by triggering
FcyR-mediated effector mechanisms to destroy infected cells
expressing viral antigens. Thus, the “polyclonality” of the Ab
response, including neutralizing and non-neutralizing Abs with
various degrees of effector functions, serves to provide optimal
antiviral immunity in vivo.

Our findings demonstrate a general FcyR-mediated mech-
anism underlying the in vivo protective activities of anti-
influenza Abs with a breadth of reactivity. Thus, ideal antiviral

The Journal of Clinical Investigation

immunotherapies, such as passively administered bNAbs and
vaccine-elicited bNAbs, must be optimized for FcyR-mediated
effector functions.

Methods
Detailed methods are described in the Supplemental Methods.
Statistics. Statistical differences between survival were analyzed
by comparing Kaplan-Meier curves using the log-rank test and Graph-
Pad Prism software, version 5.0 (GraphPad Software). All other statis-
tical differences were compared using a 2-tailed Student’s ¢ test. A P
value of less than 0.05 was considered statistically significant.
Study approval. All animal studies were approved by the IACUC of
The Rockefeller University.
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