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Influenza virus strain-specific monoclonal antibodies (mAbs) pro-
vide protection independent of Fc gamma receptor (FcyR) engage-
ment. In contrast, optimal in vivo protection achieved by broadly
reactive mAbs requires Fc-FcyR engagement. Most strain-specific
mAbs target the head domain of the viral hemagglutinin (HA),
whereas broadly reactive mAbs typically recognize epitopes
within the HA stalk. This observation has led to questions regard-
ing the mechanism regulating the activation of Fc-dependent ef-
fector functions by broadly reactive antibodies. To dissect the
molecular mechanism responsible for this dichotomy, we inserted
the FLAG epitope into discrete locations on HAs. By characterizing
the interactions of several FLAG-tagged HAs with a FLAG-specific
antibody, we show that in addition to Fc-FcyR engagement me-
diated by the FLAG-specific antibody, a second intermolecular
bridge between the receptor-binding region of the HA and sialic
acid on effector cells is required for optimal activation. Inhibition
of this second molecular bridge, through the use of an F(ab’), or
the mutation of the sialic acid-binding site, renders the Fc-FcyR
interaction unable to optimally activate effector cells. Our find-
ings indicate that broadly reactive mAbs require two molecular
contacts to possibly stabilize the immunologic synapse and po-
tently induce antibody-dependent cell-mediated antiviral re-
sponses: (i) the interaction between the Fc of a mAb bound to
HA with the FcyR of the effector cell and (ii) the interaction be-
tween the HA and its sialic acid receptor on the effector cell. This
concept might be broadly applicable for protective antibody re-
sponses to viral pathogens that have suitable receptors on
effector cells.

hemagglutinin | influenza virus | antibody-dependent cell-mediated
immunity | broadly reactive antibodies | Fcy receptor

nfluenza remains a public health concern, causing significant

morbidity and mortality worldwide (1). Despite the availability
of vaccines, the protection provided by influenza immunization is
typically strain-specific, and seasonal vaccines must be refor-
mulated yearly to match circulating strains. There is a vital need
to improve influenza virus vaccination strategies. In the move-
ment toward the development of a new generation of vaccines,
one promising approach is to focus the immune response to
target the conserved regions of the virus (2).

The influenza virus hemagglutinin (HA), composed of a
membrane distal globular head domain and a membrane proxi-
mal stalk region, plays a central role in both viral replication and
the immune response elicited by influenza viruses. During in-
fluenza infection, HA mediates the initial attachment to N-ace-
tylneuraminic (sialic) acid motifs ubiquitously expressed on cell
surfaces and facilitates fusion of the viral and endosomal mem-
branes (3, 4). Strain-specific antibodies induced by seasonal
vaccines that target the globular head domain of the HA neu-
tralize influenza viruses by preventing binding of the HA to its
receptor sialic acid, which is ubiquitously present on host cells. In
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fact, the presence of these hemagglutination-inhibiting anti-
bodies is widely accepted as a correlate of protection by regu-
latory agencies (5). However, because the globular head of the
HA is antigenically more variable, antibodies that target the
head and inhibit hemagglutination are limited in their capacity to
neutralize divergent strains. In contrast, the stalk region is much
more conserved, and antibodies elicited against conserved stalk
epitopes have been shown to be broadly protective (6-13).

The ability to establish high titers of broadly neutralizing an-
tibodies directed against the HA stalk is a critical component in
developing a broad-spectrum universal influenza virus vaccine
(14-18). However, the in vitro neutralizing activity of stalk-spe-
cific monoclonal antibodies (mAbs) is generally inferior to that
of hemagglutination-inhibiting mAbs, and differences in their
inhibitory concentrations can approach 2- to 3-log differences
(19, 20). This disparity in vitro between head-specific and stalk-
specific antibodies can be significantly reduced in vivo to ap-
proximately fivefold in passive transfer challenge studies (19, 21).
Our recent findings demonstrate that broadly neutralizing HA
stalk-specific antibodies rely on Fc-FcyR interactions that po-
tently engage innate immune cells, which contributes to in-
creased efficacy in vivo (19, 21).

The activity of innate immune cells, such as natural killer (NK)
cells, neutrophils, macrophages, and dendritic cells, is regulated
through a balance of activating and inhibitory signals received
from an array of cell surface receptors that interact with cytokines
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or target cells (22, 23). Pattern recognition receptors, such as
Toll-like receptors, c-type lectin, and natural cytotoxic receptors
(NCRes), are germ line-encoded cell surface receptors that allow
for spontaneous activation of effector cells of the innate immune
system (23-25). FcyRs, in contrast, are responsible for bridging
the innate and adaptive responses by providing an interface be-
tween innate immune cells and antigen-specific antibodies. The
ability of an Ig to activate Fc-mediated effector functions is de-
pendent on its relative affinities for the activating and inhibitory
FcyRs, whereby an activating/inhibitory ratio can be assigned for
each antibody isotype (26-29). Whereas the IgG isotype may
partially explain the ability of antibodies to induce Fc-FcyR-
mediated effector functions, it does not address why antibodies
with identical activating isotypes differ in their capacity to induce
activation of innate immune cells (19, 21).

Here we attempted to determine whether there are additional
cooperative factors between target and effector cells that may
regulate the ability of an antibody to optimally activate effector
functions. We constructed several influenza virus HAs with a
FLAG tag inserted in-frame on the globular head domain or in
the stalk region, to evaluate the role of epitope location in FcyR-
mediated immunity. We found that an anti-FLAG mAb differ-
entially activated FcyRs based on the position of the FLAG
epitope within the HA molecule. We also observed that the
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receptor-binding region of the globular head domain plays a
crucial role in FcyR-mediated activation. In summary, optimal
activation of FcyR-mediated effector activity requires both Fc—
FcyR engagement and the receptor-binding domain interacting
with its cognate ligand.

Results

Characterization of FLAG-Tagged HAs. We previously demonstrated
that broadly reactive anti-influenza mAbs can induce Fc-FcyR
effector functions, whereas strain-specific mAbs do not (19, 21).
To elucidate the mechanism by which antibody-dependent cell-
mediated immunity and antibody-dependent cellular cytotoxicity
(ADCC) are regulated, we generated peptide-tagged HAs to
determine whether the location of an epitope within the HA
plays a role. Recombinant HAs were generated by inserting the
FLAG epitope (DYKDDDDK) in-frame into the HA of A/Puerto
Rico/8/1934 virus (PR/8) (HIN1) at several positions within the
HA: one in the globular head region (site 135; 135 FLAG-HA),
three at the top of the stalk (sites 291, 298, and 313; 291 FLAG-HA,
298 FLAG-HA, and 313 FLAG-HA), or one at the base of the
stalk region (site 366; 366 FLAG-HA) (Fig. 14; insertion sites
for the FLAG epitope indicated in red). The sialic acid-binding
region marked by residues Y108, W166, H196, and L207 (in-
dicated in green) is at the top of the globular head (Fig. 14). The
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Fig. 1. Characterization of FLAG-tagged HAs. (A) The FLAG epitope (DYKDDDDK) was inserted in frame into PR/8 (H1N1) HA at site 135, 291, 298, 313, or 366

(residues indicated in red). The receptor-binding region represented by amino acids Y108, W166, H196, and L207 (indicated in green) resides on top of the
globular head of the HA. (B) Cell surface expression of FLAG-tagged HAs was assessed via FACS analysis on transfected 293T cells using polyclonal sera, head-
specific mAb PY102, an anti-FLAG mADb, or an IgG2a control (mAb XY102). Percent binding for each HA construct was normalized to polylconal sera against
each respective HA. (C) Expression of the FLAG epitope of the tagged HAs was further confirmed by Western blot analysis of whole cell lysates from
transfected 293T cells using mAb PY102 and an anti-FLAG mAb. GAPDH served as a loading control. (D) Binding of FLAG-tagged HAs to sialic acid motifs was
assessed by a modified hemolysis assay. FLAG-tagged HA transfected cells were coincubated with a 0.5% solution of chicken RBCs for 1 h at 4 °C. Heme
released from agglutinated transfected cells was quantified by absorbance (405 nm). Error bars represent SEM.
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choice of the insertion sites was dictated by our previous plasticity
analysis of the HA and exposed loops found on a crystallized struc-
ture (Protein Data Bank ID code IRU7), which demonstrated
that these sites can tolerate insertions (30).

To evaluate the surface expression of FLAG-tagged glyco-
proteins, human embryonic kidney (HEK) 293T cells were
transfected with a pDZ plasmid encoding 135 FLAG-HA, 291
FLAG-HA, 298 FLAG-HA, 313 FLAG-HA, 366 FLAG-HA, or
the wild type (WT) PR/8 HA. Mock-transfected cells served as a
negative control. At 16 h posttransfection (hpt), HEK 293T cells
were harvested and cell surface expression was assessed using
polyclonal sera, a head-specific mAb with hemagglutination-
inhibiting activity (PY102) (31), or an anti-FLAG mAb by flow
cytometry. As shown in Fig. 1B, polyclonal sera and the mAb
PY102 recognized all recombinant FLAG-tagged HAs and the
WT HA, whereas the anti-FLAG mAb bound only to HAs
expressing the FLAG epitope.

To further assess the integrity of the FLAG epitope, lysates
from transfected cells as described above were resolved on SDS/
PAGE gels, and the epitopes of both mAb PY102 and FLAG
were identified by Western blot analysis. Similar to the flow
cytometry data, mAb PY102 recognized all recombinant HAs,
whereas the anti-FLAG mAb bound only to FLAG-tagged HAs
(Fig. 1C). An antibody to glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) served as a loading control. Taken together,
these data demonstrate that insertion of an 8-aa peptide into
the PR/8 HA did not substantially affect the proper folding
of the influenza glycoprotein or the expression of the FLAG
epitope as determined by surface expression and Western blot
analysis.

To ensure that the insertion of the FLAG-tag epitope into the
aforementioned residues of HA did not perturb binding of these
HAs to sialic acid, we relied on a modified hemolysis assay. To
this end, a 0.5% solution of chicken red blood cells (RBCs) was
allowed to incubate with HEK 293T cells expressing FLAG-
tagged constructs for 1 h at 4 °C to allow for HA binding. To
trigger fusion of viral and cellular membranes, sodium citrate
buffer (pH 5.2) was added, and the mixture was incubated for
another 3 h at 37 °C. Once HA is bound to sialic acid on RBCs,
acidification leads to a conformational change that initiates fu-
sion and leads to RBC hemolysis. The amount of heme released
in the supernatant is thus directly proportional to the virus—cell
membrane fusion. Importantly, fusion activity is possible only
when HA is bound to sialic acid (3, 4); therefore, any observed
hemolysis activity serves as a proxy for sialic acid binding. All of
the FLAG HAs displayed enhanced hemolysis activity (means
ranging from 44% to 70% hemolysis compared with control; Fig.
1D) compared with the untransfected controls (12%). These
data indicate that all of the FLAG-tagged HA constructs were
capable of binding sialic acid.

Antibodies Bound to Epitopes Located in the Stalk Region Induce
Antibody-Dependent Cell-Mediated Immunity. To model the acti-
vation of ADCC, we assessed the ability of a murine IgG2a anti-
FLAG mAb to induce FcyR effector functions by targeting dif-
ferent FLAG-tagged HAs. HEK 293T cells were transfected with
WT or FLAG-tagged HAs and at 16 hpt incubated with mAbs
PY102 (strain-specific, IgG1), 6F12 (pan-H1, IgG2b) (19, 31),
anti-FLAG, or an irrelevant Ig (IgG2a) control at a starting
concentration of 10 pg/mL. After incubation with antibody, ef-
fector cells were added into the system, followed by incubation
for another 6 h. Activation of antibody-dependent FcyR effector
function was measured by luciferase activity under the tran-
scriptional control of nuclear factor of activated T cells in a
genetically modified Jurkat cell line stably expressing the murine
FcyRIV (32). The anti-FLAG mAb weakly induced (fourfold)
FcyR-mediated effector function when targeting an epitope ad-
jacent to the receptor-binding site, 135 FLAG-HA, and did not
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induce the WT HA (Figs. 14 and 2 4 and B). Remarkably, the
anti-FLAG mAD induced activation of FcyR effector function by
up to 8- to 13-fold only when targeting stalk-based epitopes (291
FLAG-HA, 298 FLAG-HA, 313 FLAG-HA, and 366 FLAG-
HA) (Fig. 2 C-F). Of note, this is in stark contrast to our binding
data, where FLAG-specific antibody bound to 135 FLAG-HA by
roughly threefold higher than to 366 FLAG-HA as assessed by
flow cytometry (Fig. 1B) and Western blot analysis (Fig. 1C),
indicating that effector activation is not due to the expression
level of the FLAG epitope. We speculate that an antibody
binding to an epitope close to the receptor-binding site might not
be able to induce optimal effector functions because it sterically
hinders the interaction between the HA and sialic acid on the
surface of the effector cell.

The broadly neutralizing mAb, 6F12, activated FcyRIV when
targeting the WT HA or the 135 FLAG-HA (Fig. 2 4 and B).
Unsurprisingly, the strain-specific mAb PY102 or the isotype
IgG2a control did not induce effector activity against any of the
other HA constructs. Of note, given the location of the epitope
insertion points for 291 FLAG-HA, 298 FLAG-HA, 313 FLAG-
HA, and 366 FLAG-HA (Fig. 14), which may alter the cognate
epitope of a stalk-specific mADb (33), it is not surprising that 6F12
did not activate FcyR effector function against the FLAG epi-
topes found on the HA stalk region (Fig. 2 C-F). Here we show
that the location of an epitope influences the ability of an anti-
body to trigger FcyR effector activity. Specifically, stalk-based
membrane proximal epitopes have a greater capacity to induce
antibody-dependent FcyR effector functions compared with
epitopes adjacent to the sialic acid-binding site.

Blocking the Interaction Between the Receptor-Binding Region on
the HA and Its Receptor Sialic Acid on the Effector Cell Prevents
Antibody-Dependent FcyR Effector Activity. The inability of an
epitope adjacent to the receptor-binding site to induce FcyR
effector activity led us to postulate that the receptor-binding
domain plays a key role in regulating effector cell induction.
To test this, we used a head-specific F(ab’), to block the re-
ceptor-binding activity of the HA. First, HEK 293T cells were
transfected with WT HA, and at 16 hpt, mAbs were coincu-
bated with a constant amount (10 pg/mL) of a hemagglutina-
tion-inhibiting mAb (PY102) F(ab’), that targets the receptor-
binding site. Modified Jurkat cells expressing murine FcyRIV
to measure FcyR-mediated effector activity were then added
into the system. As expected, a stalk-specific broadly neutral-
izing mAb (6F12) induced FcyR-mediated effector activity,
whereas a strain-specific hemagglutination-inhibiting mAb
(PY102) did not (Fig. 34). The ability of 6F12 to induce FcyR-
mediated effector activity was completely abolished in the
presence of the F(ab’), of PY102, however, indicating that
binding of HA to sialic acid on the effector cell is required for
induction (Fig. 34). Conversely, when the concentration of the
stalk antibody (6F12; 10 pg/mL) was held constant and the F(ab’),
PY102 was titrated out, induction of effector cell was increased
in a dose-dependent manner (Fig. 3B).

To confirm that the addition of F(ab’), of PY102 into the
system did not compete with 6F12 in binding to its epitope on the
HA stalk, we performed a cell-based competition ELISA. In
brief, a constant amount of a humanized [murine F(ab’), and
human Fc] 6F12 (10 pug/mL) and a variable amount of PY102
F(ab’), (starting dilution of 10 pg/mL; diluted fourfold) were
added onto WT HA-transfected HEK 293T cells, and an anti-
human IgG-specific secondary antibody conjugated to horse-
radish peroxidase (HRP) was used to detect binding of the hu-
manized 6F12. The humanized 6F12 alone bound equally well in
the presence of either PY102 or control F(ab’), (Fig. 3C), in-
dicating that binding of PY102 F(ab’), did not prevent 6F12
from binding to the stalk region. We confirmed that the F(ab’),
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Fig. 2. A stalk-based FLAG epitope can induce FcyR-mediated effector function. To examine the role of epitope location on the induction of effector
function, HEK 293T cells were transfected with WT HA (A), 135 FLAG-HA (B), 291 FLAG-HA (C), 298 FLAG-HA (D), 313 FLAG-HA (E), or 366 FLAG-HA (F). WT or
FLAG-tagged HA-expressing HEK 293T cells were used as targets for measuring antibody-mediated effector function with a genetically modified Jurkat cell
line expressing the murine FcRylV with an inducible luciferase reporter gene. The mAb PY102 (IgG1) is a strain-specific antibody that recognizes the globular
head of the HA of the PR/8 (H1N1) virus, and the mAb 6F12 (IgG2b) is a pan-H1 stalk-specific mAb. An H3-specific mAb, XY 102 (IgG2a), served as a control IgG.
The anti-FLAG mAb (IgG2a) is a commercially available antibody (Clontech). All mAbs were tested at a starting concentration of 10 pg/mL and were serially
diluted fourfold. A nonlinear regression best-fit curve was generated for each dataset using GraphPad Prism 5. Error bars represent SEM. Results are from one

of two independent experiments.

PY102 preparation did not contain any full-length 1gG via
Western blot analysis (Fig. 3D).

We previously demonstrated that the anti-FLAG mAb tar-
geting the 366 FLAG-HA leads to the induction of effector
function (Fig. 2F). Consistent with our data for 6F12 targeting
WT HA (Fig. 34), addition of the F(ab’), PY102 also effectively
blocked the ability of an anti-FLAG mAD that targets a stalk-
based epitope to induce effector function (Fig. 3E). Finally, we
constructed an HA from the A/California/04/09 (H1) influenza
A virus with a point mutation (tyrosine to phenylalanine at res-
idue 108) in its receptor-binding site (Y108F HA), which was
previously shown to affect sialic acid binding, to assess whether
the HA mutant would affect activation by a stalk-specific anti-
body (34, 35). the ability of the stalk-specific mAb 6F12 to
activate FcyRIV against Y108F HA was reduced by >75%
compared with that against WT HA (Fig. 3F).

Taken together, the foregoing data indicate that optimal in-
duction of FcyR-mediated effector activity requires a second
molecular point of contact between the receptor-binding site on
top of the HA globular domain and sialic acid motifs on the
effector cell, in addition to the Fc-FcyR interaction. Moreover,
effector functions mediated by a stalk mAb are diminished when
this molecular link between the influenza HA and sialic acid
motifs located on the effector cells is blocked.

Discussion

The precise mechanism by which broadly reactive influenza HA
antibodies elicit the antiviral activity of innate immune leuko-
cytes, such as macrophages, neutrophils, or NK cells, has not
been fully characterized. Previous work has demonstrated that
broadly neutralizing mAbs that target the influenza HA stalk
require Fc-FcyR interactions for optimal protection in vivo,
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whereas strain-specific mAbs that bind to the receptor-binding
pocket of the globular head do not (19, 21). Specifically, it was
previously shown that immune complexes between HA and stalk-
specific mAbs are superior in engaging FcyRs compared with
immune complexes between HA and head-specific mAbs. How-
ever, an HA and head-specific mAb immune complex can acti-
vate effector function by engineering/increasing the affinity of
the Fc for FcyRs. This observation indicates that (i) the Fc of
head-specific mAbs are equally accessible as stalk-specific mAbs
to engage FcyRs, and (ii) perhaps binding of certain epitopes
(e.g., located on the globular head) may induce conformational
changes that affect FcyR engagement.

To circumvent the potential confounding results posed by dif-
ferent epitopes and antibodies, we chose to focus on the role of the
location of the epitope in inducing FcyR-mediated immunity.
Toward this end, we inserted a peptide (FLAG epitope) in-frame
into different sites of the influenza H1 HA: one on the head (135
FLAG-HA), three at the top of the stalk (291 FLAG-HA, 298
FLAG-HA, and 313 FLAG-HA), and one at the base of the stalk
(366 FLAG-HA). This experimental system ensured that the epi-
tope and the mAb were held constant, but allowed for the location
of the epitope to vary. We confirmed the ability of these constructs
to bind to sialic acid using a modified hemolysis assay in which viral
fusion served as a proxy for sialic acid binding. The goal of these
experiments was to verify sialic acid binding, not to evaluate the
relative fusion abilities of these tagged HA constructs. We ob-
served that an anti-FLAG mAD can induce effector cell activity
when targeting stalk-based epitopes, but cannot induce such a re-
sponse when bound to an epitope adjacent to the receptor-binding
region of the globular head domain of HA. Remarkably, induction
of Fc-mediated effector function by an anti-FLAG mAb targeting a
stalk epitope was ablated by blocking the receptor-binding pocket
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Fig. 3. Inhibition of HA binding to its sialic acid receptor prevents FcyR-mediated effector function induced by HA stalk mAbs. HEK 293T cells were transfected with
WT HA (PR/8) (A-C), 366 FLAG-HA (E), WT HA (Cal/09) (F), or a mutant HA with a point mutation in the receptor binding site. Y108F HA (Cal/09) served as FcyR-
mediated effector targets for the indicated mAbs. A genetically modified Jurkat cell line expressing the murine FcyRIV with an inducible luciferase reporter gene was
used to determine the induction of antibody-mediated effector activity. (A) Induction of FcyR-mediated effector function by a stalk-specific mAb, 6F12, was inhibited
by blocking the sialic acid-binding site of the globular head of HA with coincubation of a constant amount (10 pg/mL) of head-specific PY102 F(ab’),. (B) FcyR-mediated
effector function by a stalk-specific mAb, 6F12 (10 pg/mL), was inhibited in a dose- dependent manner with the addition of a serial dilution of PY102 F(ab’), (starting
concentration of 10 pg/mL, diluted fourfold) (C) Coincubation of a constant amount (10 pg/mL) of humanized [murine F(ab’),, human Fc] 6F12 with variable amounts
of PY102 or control F(ab’), (starting concentration of 10 pg/mL, fourfold dilution) did not prevent 6F12 from binding to the stalk region in a cell-based ELISA.
(D) Purified preparations (100 ng) of full-length and F(ab’), of PY102 were resolved in an SDS/PAGE gel (in nonreducing conditions) and assessed by Western blot
analysis. An anti-mouse F(ab’),-specific secondary antibody conjugated to HRP was used to visualized the antibody isoforms. (E) Induction of an anti-FLAG mAb against
366 FLAG-HA was also inhibited with a constant amount of PY102 F(ab’), (10 pg/mL). (F) A stalk-specific mAb, 6F12, has reduced ability to induce effector activity
against Y108F HA (Cal/09) compared with WT HA (Cal/09). Full-length mAbs in A and E were tested at a starting concentration of 10 pg/mL and were serially diluted
fourfold, whereas the F(ab’), in A and E were coincubated at a constant concentration of 10 pg/mL. The F(ab’), in B was added at a starting dilution of 10 pg/mL and
was diluted fourfold. An H3-specific mAb, XY 102, was used as control IgG in A and F, and the control F(ab’), in B and E was generated from a pan-H3 mAb, 9H10. The
area under the curve in C was calculated using GraphPad Prism 5 from ELISA values read at 492 nm. A nonlinear regression best-fit curve was generated for each
dataset using GraphPad Prism 5. RLU, relative luminescence units. Error bars represent SEM. Results are from one of two independent experiments.

with an F(ab’), of a hemagglutination-inhibiting mAb (Fig. 3).  A/California/04/09 (Cal/09) (H1) with a tyrosine-to-phenylalanine
Similarly, the ability of a broadly neutralizing stalk-specific mAb,  point mutation at residue 108 (Y108F HA). This mutation has
6F12, to activate effector functions also can be abolished using the  previously been shown to have the greatest impact in lowering
bivalent F(ab’) (Fig. 3). sialic acid binding activity (34, 35), although it is important to keep

To further elucidate the role of the HA receptor-binding in mind that the receptor-binding domain is composed of several
site in inducing effector activity, we generated an HA from residues that contribute to receptor recognition, including W166,
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H196, and 1207 (35). Consistent with the results achieved using
the bivalent F(ab’), we found that the Y108F Cal/09 HA de-
creased stalk antibody-mediated activation of effector cells by
>75% compared with WT HA (Fig. 3F).

Here we describe a mechanism through which antibody-dependent
cell-mediated immunity is regulated by two intermolecular inter-
actions. The variability imposed by different epitopes and mAbs
that may confound the interpretation of results was overcome by
using an identical epitope and mAb for part of our studies. Fo-
cusing solely on the relationship between an epitope’s location and
its ability to induce effector activation, we demonstrate that sialic
acid engagement by the HA receptor-binding domain is required
for optimal activation of FcyR-mediated effector functions by HA
stalk-specific antibodies. Specifically, our data show that the in-
teraction between the receptor-binding domain on the influenza
HA and sialic acid motifs on the effector cells provides a second
contact point in addition to the antibody Fc-FcyR interaction to
activate an effector cell (Fig. 4). In contrast, antibodies that target
the receptor-binding pocket or adjacent residues do not induce or
only weakly induce Fc-mediated effector functions because the
second contact point between the receptor-binding pocket and
sialic acid is sterically blocked (Fig. 4).

Viral HAs from pathogens such influenza virus and poxvirus
(36, 37), as well as the HA-neuraminidase from Sendai virus and
Newcastle disease virus, can bind to natural cytotoxic receptors,
NKp46 and NKp44, and are able to activate NK cells indepen-
dent of antibodies (38-40). In addition, HIV and herpes simplex
virus also up-regulate the expression of other natural cytotoxic
receptors (41, 42). Although the genetically modified Jurkat
T cells used in this study might not express pattern recognition
receptors, it is plausible that HA can bind to other cell surface re-
ceptors on the Jurkat T cells and contribute to antibody-mediated
effector activation.

Nonetheless, our data help explain the apparent dichotomy
between the disparate abilities of head- or stalk-specific anti-
bodies to induce effector cell activity. We suggest that an anti-
influenza antibody that does not interfere with the interaction

A B
E .

No effector

o function

induced

Effector cell

between the receptor-binding site and sialic acid has the ability to
induce FcyR-mediated effector function, which may include but
is not limited to stalk-specific, non-HI active neutralizing head-
specific or nonneutralizing antibodies (21, 43, 44). Although our
data highlight the importance of this second point of contact, at
present it is unclear whether HA binding to sialic acid activates
an additional signaling pathway or facilitates stabilization of the
immunologic synapse to prolong the interaction between an
immune cell and the Fc region of an antibody.

Our work shed light on the molecular basis of how anti-influenza
antibodies can engage the innate immune system to achieve opti-
mal protection against influenza virus infection. Whereas the iso-
type of an antibody is an important factor for binding activating
FcyRs (27-29), our studies clearly demonstrate that the location of
an epitope on the influenza HA is critical in determining whether a
second molecular bridge is available to fully engage the antiviral
activity of an innate effector cell. We speculate that this second
interaction required for optimal activation of Fc effector activity by
a viral protein is not limited to the influenza virus HA. Other viral
pathogens, such as HIV-1, rhinoviruses, and respiratory syncytial
virus, also may induce optimal activation of effector cells through
two molecular links: the Fc-FcyR interaction and a molecular
bridge between a receptor-binding site on the viral protein and
the receptor molecule on the effector cell. Indeed, numerous viral
receptors have been found on effector cells. For example, the
rhinovirus receptors, low-density lipoprotein and very-low-density
lipoprotein, are found on macrophages (45-47). The respiratory
syncytial virus receptor, CX3CR1 (48, 49), is found on intestinal
macrophages, whereas CD81, an entry factor for hepatitis C virus,
is also found on macrophages (50, 51). Finally, it is evident from
previous studies that Fc-FcyR-mediated cellular immunity plays a
major role in mounting an effective protective response toward
bacterial pathogens (52, 53). Even in those circumstances, it is
possible that a molecular bridge between the pathogen and the
effector cell may enhance cell-mediated immunity.

Sialic acid
(host receptor for binding of
viral hemagglutinin)

Fcy-receptor

/;7Fab
Antibody

Fab <§\
o Fc
JY— Sialic acid binding site

Viral
hemagglutinin

Fig. 4. Optimal activation of FcyR-mediated effector function requires two intermolecular contacts. (A) Classical hemagglutination-inhibiting antibodies that
target the receptor-binding domain of the HA do not efficiently induce Fc-mediated effector functions because of steric hindrance of the receptor-binding
site and subsequent loss of the second point of contact. Only one contact point between Fc and FcyR is established (1). (B) The interaction between the
receptor-binding domain of the influenza virus HA and sialic acid motifs on the surface of effector cells (2) provides a second intermolecular bridge in addition
to the Fc-FcyR interaction (1) and leads to optimal activation of an effector cell. The scenario described in B might possibly apply to any (viral) pathogen that

has suitable receptors on effector cells.
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Methods

Antibodies. The mAb with hemagglutination-inhibiting activity, PY102, spe-
cifically recognizes the globular head of the HA of PR/8 (H1N1) influenza A
virus (31). The mAb XY102 recognizes the globular head of the HA of
A/Hong Kong/1/1968 (H3) (54). The broadly neutralizing mAbs 6F12 (pan-H1)
(7) and 9H10 (pan-H3) (8) that recognize the HA stalk have been described
previously. The mAbs PY102, 6F12, XY102, and 9H10 were harvested from
hybridomas and purified as described previously (7). The FLAG-specific mAb
is a commercially available antibody (635691; Clontech). A humanized 6F12
was generated by subcloning the murine variable heavy chain and light
chain sequences into a human pFUSE IgG1 and kappa expression vectors
(Invivogen), respectively. The process of generating and purifying recombi-
nant humanized mAb has been described previously (43, 44). All antibodies
used were murine mAbs with an IgG2a isotype except for mAb 6F12, with an
19G2b isotype, and PY102, with an IgG1 subtype.

F(ab’), versions of mAb PY102 and 9H10 were generated using immobi-
lized ficin and pepsin (Thermo Fisher Scientific), respectively. In brief, 1 mg
of the full-length mAb PY102 (IgG1) and 9H10 (IgG2a) were incubated with
immobilized ficin and pepsin, respectively, at 37 °C for 1 h to generate the
F(ab’),. The digested F(ab’), was then purified through a Protein A spin
column [with the flow-through containing the F(ab’), saved] and quantified
using a NanoDrop 2000 spectrophotometer (extinction coefficient factor of
1.4). The bivalent F(ab’), was assessed by SDS/PAGE in nonreducing condi-
tions and detected with an anti-mouse F(ab’), antibody conjugated to HRP
(1:10,000) by Western blot analysis.

Construction of FLAG-Tagged and Mutant HAs. The FLAG epitope (DYKDDDDK)
was inserted in-frame into the HA of PR/8 influenza virus (HIN1) following
residues 135, 291, 298, 313, or 366 (methionine, residue 1) using an overlapping
PCR method. The coding regions of the FLAG-tagged HAs were subsequently
subcloned into the ambisense expression plasmid pDZ (55). The HA of
A/California/04/09 (H1) virus with a defective receptor-binding site (Y108F) was
generated by mutating the tyrosine at site 108 (methionine, residue 1) into a
phenylalanine and was subcloned into pDZ (34).

Evaluation of Cell-Surface Expression of FLAG-Tagged HAs by FACS. HEK 293T
cells were transfected with a plasmid (pDZ) encoding WT PR/8 HA or FLAG-
tagged HAs. At 24 hpt, cells were harvested and stained with primary an-
tibodies (mouse polyclonal sera, mAb PY102 or FLAG) followed by an anti-
mouse antibody conjugated to fluorescein isothiocyanate. Antibody binding
to surface expressed HAs was then analyzed using FACS analysis, and data
were processed using FlowJo software. Percent binding for each expressed
HA was calculated by normalizing the data to polyclonal sera against WT HA.
GraphPad Prism was used to generate the bar graph.

Evaluation of Antibody Binding to FLAG-Tagged HAs by Western Blot Analysis.
HEK 293T cells were transfected with pDZ plasmids encoding wild-type PR/8
HA or FLAG-tagged HAs. Twenty-four hours post transfection, cells were lysed
in radioimmunoprecipitation (RIPA) buffer (10 mM Tris-HCI/150 mM NaCl/1%
Triton X-100/0.5% deoxycholate) for 10 min at 4 °C, then spun down at
12,000 x g, after which the lysate supernatants were collected. Lysates were
resolved by 4-12% SDS/PAGE gels (Life Technologies). Gels were transferred
to a nitrocellulose membrane and blocked with 5% nonfat milk in 1x PBS.
Membranes were then stained with primary antibodies (mAb PY102, anti-
FLAG mAb or a GAPDH antibody) (1:2,000) followed by an anti-mouse an-
tibody conjugated to HRP (1:10,000).

ADCC. HEK 293T cells were seeded onto poly-p-lysine—coated 96-well white
flat-bottom plates (Corning). At 24 h later, the cells were transfected with
100 ng per well of plasmid encoding WT, Y108F, or FLAG-tagged HA. At 16 hpt,
the transfection medium was removed, and 25 pL of assay buffer (RPMI
1640 with 4% low-IgG FBS) was added to each well. Then mAbs were added
in a volume of 25 pL at 30 pg/mL (for a final concentration of 10 pg/mL) and

1. World Health Organization (2014) Fact Sheet 211: Influenza. Available at: www.who.
int/mediacentre/factsheets/fs211/en/. Accessed September 9, 2016.

. Krammer F, Palese P, Steel J (2014) Advances in universal influenza virus vaccine de-
sign and antibody-mediated therapies based on conserved regions of the hemag-
glutinin. Curr Top Microbiol Inmunol 386:301-321.

. Bouvier NM, Palese P (2008) The biology of influenza viruses. Vaccine 26(Suppl 4):D49-D53.

4. Shaw ML, Palese P (2007) Orthomyxoviruses. Fields Virology, eds Knipe DM,
Howley PM (Lippincott-Raven, Philadelphia, PA), 4th Ed.

. Hobson D, Curry RL, Beare AS, Ward-Gardner A (1972) The role of serum haemag-
glutination-inhibiting antibody in protection against challenge infection with in-
fluenza A2 and B viruses. J Hyg (Lond) 70(4):767-777.
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serially diluted fourfold in assay buffer (in triplicate). The bivalent PY102
F(ab’) was held constant at 10 pg/mL. Alternatively, the PY102 F(ab’), was
added at a starting concentration of 10 pg/mL and diluted fourfold, and
mAb 6F12 was held constant at 10 pg/mL. The antibodies were then in-
cubated with the transfected cells for 30 min at 37 °C. Genetically modified
Jurkat cells expressing the murine FcyRIV (32) with a luciferase reporter gene
under the transcription control of nuclear factor-activated T cells were
added at 7.5 x 10% cells at 25 L per well, followed by incubation for another
6 h at 37 °C (Promega). Bio-Glo Luciferase assay reagent was added after 6 h,
and luminescence was quantified using a plate reader. Fold induction,
measured as relative luminescence units (RLUs), was calculated as follows:
(RLUinduced - RLUbackground)/(RLUuninduced - RLUbackground)- A nonlinear best-
fitting curve was generated using GraphPad Prism 5 (56).

Cell-Based Competition ELISA. HEK 293T cells were seeded onto poly-p-lysine—
coated 96-well tissue culture plates (BD Biosciences). At 24 h later, the cells
were transfected with 100 ng of plasmid encoding WT HA. At 16 hpt, the cell
monolayer was fixed with 100 pL of 3.7% paraformaldehyde for 10 min and
then blocked with 100 pL of 5% nonfat milk/1x PBS for 30 min. PY102 F(ab’),,
control F(ab’),, or no antibody was added at a starting concentration of
10 pg/mL and diluted fourfold, and a humanized [murine F(ab’), with human
Fc] mAb 6F12 was held constant at 10 pg/mL. The primary antibody mixtures
were incubated onto the cells for 30 min at room temperature, after which
the plates were washed four times with 1x PBS/0.1% Tween (TPBS). An anti-
human IgG-specific secondary antibody conjugated to HRP was then added
(100 pL) at a dilution of 1:5,000, and the plates were incubated for another
30 min at room temperature. The plates were washed four times with TPBS,
and 100 pL of o-phenylenediamine dihydrochloride (Sigmafast) substrate
was added to develop the plates. The reaction was stopped with 80 puL of
3 M HCl, and the plates were read at 492 nm. Control F(ab’), was generated
from a pan-H3 mAb, 9H10, as described above. A curve was generated, and
the area under the curve was calculated using GraphPad Prism 5. Analyses of
all groups were done in triplicate, except for the 6F12-only group, which
were done in duplicate.

Generation of HA Molecular Model. The crystal structure of the HA of A/Puerto
Rico/8/34 influenza virus (1RU7) was downloaded from the Protein Data Bank
and used as a molecular model. The location of the FLAG peptide was in-
dicated on the crystal structure using UCSF Chimera software (57).

Cell-Based Assay to Gauge Sialic Acid Binding. HEK 293T cells were transfected
with pDZ plasmids encoding PR/8 or FLAG-tagged HAs in a 96-well plate as
described previously. At 12-16 hpt, transfection media was removed from all
wells and replaced with 50 pL of serum-free OptiPro (Gibco, Invitrogen). An
equivalent volume of a 0.5% solution of chicken RBCs was added to the plate,
followed by a 1-h incubation at 4 °C to allow for HA binding. After incubation,
100 pL of sodium citrate buffer (pH 5.2) was added and mixed well with the
erythrocyte suspension to trigger hemolysis. The mixture was incubated for
another 3 h at 37 °C. Plates were spun at 800 x g for 5 min to pellet unlysed
RBGs, after which 100 pL of supernatant was transferred to new 96-well flat-
bottom plates. To measure the heme of lysed RBCs that was released in the su-
pernatant, the optical density of the supernatant was measured at 405 nm with a
FilterMax F3 multimode microplate reader (Molecular Devices). The hemolysis
titers are expressed as percent hemolysis of WT PR/8 as given by the following:
{[Agos(experimental) — Agos(RBCs only)/[Az0s(WT PR/8) — A45(RBCs only)]} x 100.
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