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Abstract

The highly conserved matrix protein 2 (M2) is a good candidate for the development of a
broadly protective influenza vaccine that induces long-lasting immunity. In animal models,
natural killer (NK) cells have been proposed to play an important role in the protection pro-
vided by M2-based vaccines through a mechanism of antibody-dependent cell-mediated
cytotoxicity (ADCC). We investigated the ability of the human anti-M2 Ab1-10 monoclonal
antibody (mAb) to activate human NK cells. They mediated ADCC against M2-expressing
cells in the presence of Ab1-10 mAb. Furthermore, NK cell pro-inflammatory cytokine and
chemokine secretion is also enhanced when Ab1-10 mAb is present. We also generated
cytokine-preactivated NK cells and showed that they still displayed increased effector func-
tions in the presence of Ab1-10 mAb. Thus, our study has demonstrated that human resting
and cytokine-preactivated NK cells may have a very important role in the protection provid-
ed by anti-M2 Abs.
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Introduction

Influenza is one of the most common viral infectious diseases in humans [1]. New strains of in-
fluenza arise due to mutations in the proteins hemagglutinin (HA) and neuraminidase (NA), a
phenomenon termed antigenic drift, leading to epidemic disease [2]. More rarely, influenza
strains in animals can undergo exchange of genetic material, and if infectious and transmissible
in humans, viruses that result from the process of antigenic shift can cause pandemic [3]. Most
licensed influenza vaccines contain HA and NA, which are highly immunogenic [4]. However,
due to antigenic drift and shift, these vaccines are not designed to offer protection against
newly emerging influenza variant viruses that arise through antigenic drift or shift not repre-
sented in the current vaccine. Therefore, annual reformulation of seasonal influenza vaccines

is required.

Recently, the development of a vaccine based on an invariant influenza protein that would
induce broad, long-lasting immunity has received much attention. Efforts to develop a “univer-
sal” influenza vaccine have focused on a number of approaches [5-7]. One target is the matrix
protein 2 (M2), an ion channel of the influenza A virus, abundantly expressed at the surface of
infected cells [8]. M2 is a 97 amino acid-long protein with a 23-amino acid N-terminal extra-
cellular domain (M2e) that forms homotetramers [8,9]. Immunization with M2e or adminis-
tration of anti-M2 antibodies (Abs) provided protection against challenges with influenza A
virus in several animal models [10-16].

Through their role in the interplay between innate and adaptive immune responses [17],
natural killer (NK) cells play a major role in eradicating virus infected cells [18,19]. Antibody
dependent cell-mediated cytotoxicity (ADCC) is one of the major mechanisms wherein NK
cells kill targets via the Fcy receptor III (CD16) by recognizing and binding to the Fc portion of
Abs bound to antigens on target cells [5,20,21]. In addition, ADCC-mediated NK cell activa-
tion results in the release of pro-inflammatory cytokines like interferon (IFN)-y and tumor
necrosis factor (TNF)-o, thus contributing to an effective and adequate anti-viral and Th1-
response [22,23]. Furthermore, NK cells also secrete chemokines like MIP-10, MIP-1f and
RANTES, which promote the recruitment of additional NK cells and other immune cells to the
site of infection [24-27]. Importantly, ADCC activity has been associated with control of the
influenza infection [28]. Recent studies have also shown that NK cells have the ability to modi-
fy their behavior based on previous cytokine and/or activating receptor-mediated stimulation
[29]. For example, pretreatment of NK cells with activating cytokines elicits “memory-like”
properties that are defined as enhanced effector functions after re-stimulation [30,31].

In mice, vaccination with M2e generates protective Abs that mediate protection via NK cell-
mediated ADCC [32]. Other studies have demonstrated that ADCC and Fc receptors play an
important role in the protection provided by vaccines based on M2e and anti-M2 Abs [33-35].
Recently, it has been reported that the Ab1-10 human monoclonal Ab (mAb), that was ob-
tained from vaccinated human volunteers, is able to recognize M2e and has the potential to in-
duce protection against a broad range of influenza A viruses [36,37]. To delineate its effector
functions, we investigated the ability of anti-M2 Ab1-10 mAb to mediate ADCC and cytokine
production by human NK cells when they encounter M2-expressing cells. We show that freshly
isolated NK cells exert ADCC and secrete pro-inflammatory cytokines and chemokines in the
presence of Ab1-10 mAb. Furthermore, we also show that cytokine-preactivated NK cells still
retain the ability of enhanced cytokine and chemokine secretion in the presence of Ab1-10
mAb. Thus, our study indicates that NK cells, in the presence of anti-M2 Abs, may play an im-
portant role in the protection provided by M2-based vaccines through ADCC, cytokine and
chemokine production, and highlights the potential role of Ab1-10 mAb in identifying targets
for improving influenza vaccines.
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Materials and Methods
Purification of NK cells and cell culture

Buffy coats were collected under an institutional review board-approved protocol at the Na-
tional Institutes of Health blood bank. All donors provided written informed consent. Periph-
eral blood mononuclear cells (PBMCs) were obtained by ficoll density centrifugation. NK cells
were purified from PBMCs using a negative selection kit (Stem Cell Technologies). The purity
(>95%) of NK cells was determined by flow cytometry. Purified NK cells were cultured in
Iscove’s modified Dulbecco 's medium supplemented with 10% human serum, L-glutamine,
sodium pyruvate and non-essential amino acids. Cytokine-preactivated NK cells were generat-
ed as previously described [30,31]. Briefly, purified NK cells (2-3 x 10° cells/ml) were plated
and treated for 16 hours with IL-12 (10 ng/ml), IL-15 (10 ng/ml) and IL-18 (50 ng/ml). Then,
cells were extensively washed and cultured with low concentrations of IL-15 (1 ng/ml). The
control cells (non-preactivated) were always in the presence of IL-15 (1 ng/ml). Every 2-3
days, half of the media was replaced with fresh medium. After 7-14 days of culture, cells were
used for functional studies.

The 293FT cell line was obtained from ATCC. The generation of 293FT cells stably trans-
fected with M2 (M2-293FT) was previously described [38]. This cell line was transfected with a
construct containing the full-length M2 open reading frame from human H3N2 virus A/Pana-
ma/2007/1999. The 293FT and M2-293FT cells were cultured in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum, L-glutamine, penicillin, streptomycin, so-
dium pyruvate and non-essential amino acids.

Influenza virus infection

A549 cells, a human alveolar adenocarcinoma epithelial cell line, were infected with HIN1 (A/
California/07/2009) virus at 0.5 MOI (multiplicity of infection). Briefly, adherent A549 cells
were thoroughly washed and incubated with HINT1 viral particles for one hour in serum-free
media (Opti-MEM-Invitrogen). Then, viral particles were removed by washes and serum free
media (Opti-MEM + 1X pen-strep + 1 pg/ml TPCK-Trypsin) was added to the cells and cul-
tured for another 16 hours. After that period of time, cells were harvested using TrypLE (Invi-
trogen), washed and ready to use for flow cytometric and ADCC experiments.

Flow cytometric analysis

293FT and M2-293FT cells were incubated with mouse anti-M2 14C2 mAb (Santa Cruz) and
human anti-M2 Ab1-10 mAb [37] for 45 minutes on ice. After extensive washes, cells were in-
cubated for 20-30 min on ice with specific fluorochrome conjugated secondary Abs. After sev-
eral washes, cells were acquired on a BD LSRII flow cytometer (BD Biosciences) and analyzed
using FlowJo software (Tree Star). A comparable procedure was followed for the detection of
M2 on influenza infected A549 cells. Both 293FT and M2-293FT cells exhibited very similar
side scatter and forward scatter, indicating that the expression of M2 did not significantly
changed the size and complexity of 293FT cells (S1 Fig). Similarly, A549 and influenza infected
A549 cells showed the same side scatter and forward scatter (S1 Fig).

Antibody-dependent cell-mediated cytotoxicity (ADCC) assay

NK-cell mediated cytotoxicity was performed using Europium Release Assay following the man-
ufacturer’s instructions (PerkinElmer). Briefly, europium-labeled 293FT and M2-293FT target
cells were co-cultured with NK cells at different ratios in the presence or absence of Ab1-10
mAb (10 pg/ml). After 4-hour incubation, europium signals were measured in the supernatants.
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The percentage of cytotoxicity was determined using the formula: [experimental release—
spontaneous release] / [maximal release—spontaneous release] X 100. On the other hand, influ-
enza infected A549 cells were co-cultured with human NK cells from healthy donors at 10:1
ratio in the absence or presence of Ab1-10 mAb (2.5 pg/ml). Target cell lysis was measured
using the Bioluminescence Cytotoxicity assay aCella-TOX (Cell Technology) following the man-
ufacturer’s protocol. The percentage of specific lysis on the Y-axis was calculated with the
formula: [Sample—Control Target spontaneous release—Control NK cells alone] / [Control
maximum release—Control Target spontaneous release] X 100.

Cytokine and chemokine secretion assay

NK cells were mixed with 293FT and M2-293FT cells at a 1:2 (E:T) ratio in 200 ul of medium
in the presence or absence of Ab1-10 mAb (10 ug/ml). After 24-hours of incubation at 37°C,
the culture supernatants were harvested and frozen at -80°C. Later, supernatants were thawed
on ice and analyzed for cytokine and chemokine using the BD Biosciences Cytometric Bead
Arrays following the manufacturer’s protocol. Samples were acquired on BD LSRII flow cytom-
eter and analyzed using BD FCAP Array software.

Statistical analysis

Data were analyzed using GraphPad Prism software. The data were plotted as bar graphs,
and pair wise comparisons were examined by a paired Student’s ¢-test. NS: not significant;
* P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001.

Results

Human Ab1-10 mAb recognizes M2e and induces NK cell-mediated
ADCC

In addition to neutralizing Abs (nAbs), other Abs against influenza virus can mediate other
functions such as activating innate immune responses and killing influenza infected cells by
several mechanisms, such as ADCC [5,28,39-41]. Previously, we isolated from a healthy
donor, and then manufactured the anti-M2 Ab1-10 mAb in CHO cells [36,37]. The Ab1-10
mAb binds to cells transiently transfected with a M2 construct with an M2e consensus se-
quence and M2 from H5N1 and 2009 HIN1. In addition, Ab1-10 mAb is able to inhibit influ-
enza virus replication in an in vitro plaque-reduction assay [36,37].

The goal of this study is to determine if this Ab1-10 mAb is able to induce NK cell-mediated
ADCQC. For this purpose, we made use of the M2-293FT cells, which have been successfully
used as a method to quantitatively asses the specificity and cross-reactivity of anti-M2 Abs
after infection or vaccination [38]. First, we tested if Ab1-10 mAb is capable of binding M2e on
M2-293FT cells. Results showed that Ab1-10 mAb bound M2-293FT, but did not bind the pa-
rental 293FT cell line. As a positive control, we confirmed previous results showing that the
mouse anti-M2 14C2 mAb is also able to recognize M2e on the surface of M2-293FT cells (Fig
1A). These results demonstrate that Abl-10 mADb recognizes M2 expressing stable transfectants
M2-293FT cells, and thus can be used for further functional studies. In addition, we also tested
the expression of M2 in the more relevant A549 cells, a lung adenocarcinoma alveolar basal ep-
ithelial cell line. For that purpose, we infected the A549 cells, an adenocarcinoma alveolar basal
epithelial cell line, with the HIN1 (A/California/07/2009) virus and demonstrated that Ab1-10
mADb is able to recognize M2 expressed on the surface of influenza infected cells (Fig 1B).

Human Abs of the IgG1 and IgG3 isotypes are capable of inducing NK cell-mediated
ADCG; it is well known that licensed therapeutic Abs whose mechanism of action involves
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Fig 1. Human Ab1-10 mAb recognizes M2e on animal cells. (A) 293FT cells (left) and M2-293FT cells
(right) were cell surface stained with the human anti-M2 Ab1-10 mAb (upper panel) and the mouse anti-M2
14C2 mAb (lower panel) and analyzed by flow cytometry. Shaded histograms represent unstained cells. The
binding of the isotype controls (dotted line) and anti-M2e specific mAbs (black line) is shown. (B) Uninfected
A549 (left) and influenza infected (right) A549-H1N1 cells were cell surface stained with the human anti-M2
Ab1-10 mAb. The binding of secondary Ab alone (grey histogram) and the binding of Ab1-10 mAb (black line
histogram) is shown.

doi:10.1371/journal.pone.0124677.g001

ADCC are of the IgG1 isotype [42]. Since the manufactured Ab1-10 mAb is an IgG1, we deter-
mined its ability to induce NK cell-mediated ADCC. Freshly isolated NK cells were used at dif-
ferent E:T ratios as effector cells in an ADCC assay against 293FT and M2-293FT target cells.
NK cells are able to equally kill 293FT cells and M2-293FT cells, indicating that the expression
of M2 on target cells has no effect on their susceptibility to NK cell-mediated natural cytotoxic-
ity. However, if we added Ab1-10 mAb to the cytotoxic assay, we found that while the killing
of 293FT cells is not affected, there is approximately a 65% increase in the specific lysis of
M2-293FT cells, indicating that Ab1-10 mAb is inducing NK cell-mediated ADCC against
M2-expressing target cells (Fig 2A). Very importantly, we also showed that Ab1-10 mAb has
the potential to induce NK cell mediated ADCC against A549 influenza infected cells (Fig 2B).
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Fig 2. The anti-M2e Ab1-10 mAb induces freshly isolated NK cell-mediated ADCC. (A) Effectors (freshly
isolated NK cells) and targets (293FT and M2-293FT cells) were co-incubated at different ratios either in the
presence or absence of Ab1-10 mAb (Ab). The percentage of specific lysis is shown. Error bars represent the
standard error of the mean (SEM) from five independent experiments with freshly isolated NK cells from five
donors (* P<0.05, ** P<0.01). (B) Influenza infected A549 cells were co-cultured with human NK cells from
healthy donors in the absence or presence of Ab1-10 mAb (Ab). The percentage of lysis is shown. Error bars
represent the SEM from four independent experiments with freshly isolated NK cells from four donors

(* P<0.05).

doi:10.1371/journal.pone.0124677.g002

Ab1-10 mAb-induced increased cytokine and chemokine secretion by
freshly isolated NK cells

In addition to killing, target recognition by NK cells also results in the secretion of chemokines
and cytokines [24]. The interaction between targets and NK cells involves a multitude of li-
gands and receptors. Fauriat et al. studied the minimal requirements for chemokine and cyto-
kine secretion by human NK cells. They showed that the release of chemokines occurred when
CD16, 2B4, or NKG2D were engaged, whereas induction of TNF-a and IFN-y required the en-
gagement of two or more receptors [24]. Although we have not characterized the ligand-
receptor pairs involved in the interaction of NK cells with 293FT cells, clearly there are certain
ligand-receptor interactions as shown by the fact that untransfected 293FT cells are still sensi-
tive to NK cell mediated cytotoxicity, which is significantly increased when 293FT cells express
M2 and Ab1-10 mAb is incorporated into the assay (Fig 2A). In our experimental system, both
CD16 and other receptors are engaged. Therefore, we sought to investigate if during ADCC
with Ab1-10 mAb there is a higher production of chemokines and cytokines by NK cells. We
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Fig 3. Cytokine release by freshly isolated NK cells in the presence of Ab1-10 mAb. Freshly isolated NK
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absence of Ab1-10 mAb (Ab). Culture supernatants were harvested and tested for the secretion of human
cytokines and chemokines using flow-cytometric bead analysis. The values on the y-axis correspond to the
concentrations of TNF-a, IFN-y, MIP-1a, MIP-18 and RANTES in pg/ml. Graph bars represent the

average + SEM. Data shown are from five independent experiments with freshly isolated NK cells from five
donors (* P<0.05, ** P<0.01).

doi:10.1371/journal.pone.0124677.g003

focused on IFN-y and TNF-a because they are very important for a successful immune re-
sponse during influenza infection [22,23]. Results showed that, while there is a small produc-
tion of these two cytokines when resting NK cells encounter both 293FT and M2-293FT cells, a
significant increase in the production of IFN-vy (9 fold increase) and TNF-a. (3.9 fold increase)
occurred when NK cells encountered M2-293FT cells, but not 293FT cells, in the presence of
Ab1-10 mAb (Fig 3).

Similarly, we also observed a surge in the secretion of the chemokines RANTES, MIP-1c.
and MIP-f, when comparing chemokine production by NK cells that encounter 293FT cells
versus NK cells interacting with M2-293FT cells in the presence of Ab1-10 mAb (Fig 3). Specif-
ically, we observed a 3.3 fold increase, a 3.9 fold increase and a 2.2 fold increase, in the secretion
of MIP-10, MIP-1pB and RANTES, respectively. The secretion of these chemokines is very im-
portant for the recruitment of immune cells to the site of infection [25,27]. Altogether, our data
indicate that Ab1-10 mADb is very effective in promoting cytokine and chemokine secretion by
resting NK cells during the recognition of M2-expressing cells.

Cytokine-preactivated NK cells also exhibit increased Ab1-10 mAb-
mediated ADCC and cytokine secretion

Although NK cells have been traditionally categorized as members of the innate immune sys-
tem, recent research has shown that they have the ability to change their behavior based on pre-
vious cytokine and/or activating receptor-mediated stimulation [29]. They are able to mediate
recall responses to haptens and viruses [29,43,44]. Furthermore, ex vivo preactivation of NK
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Fig 4. The anti-M2e Ab1-10 mAb induces cytokine-preactivated NK cell-mediated ADCC. 293FT or M2-
293FT cells were used as targets and control (cultured with low concentrations of IL-15) NK cells (A) and
cytokine-preactivated (pretreated with IL-12, IL-15 and IL-18) NK cells (B) were used as effector cells in an
ADCC assay. Effector and target cells were co-incubated at different ratios either in the presence or absence
of Ab1-10 mAb (Ab). The percentage of specific lysis is shown. Error bars represent the SEM from four
independent experiments with NK cells from four donors.

doi:10.1371/journal.pone.0124677.9g004

cells with activating cytokines, such as IL-12, IL-15 and IL-18, elicits “memory-like” properties
that are defined as enhanced effector functions after re-stimulation [30,31]. Since respiratory
illnesses like influenza and respiratory syncytial virus (RSV) infections often generate a cyto-
kine burst of pro-inflammatory cytokines that, at least hypothetically, are able to activate NK
cells, we sought to determine whether cytokine-preactivated NK cells also exhibited an en-
hanced ADCC and cytokine production after interaction with M2-expressing cells in the pres-
ence of Ab1-10 mAbD (Figs 4 and 5).

Human cytokine-preactivated NK cells were generated by overnight treating freshly isolated
NK cells with a combination of IL-12, IL-15 and IL-18, and then maintained with low doses of
IL-15 for 1-2 weeks. As control, we maintained untreated NK cells with low doses of IL-15 for
another 1-2 weeks. As with freshly isolated NK cells, we observed that the presence of Ab1-10
mADb induced an increase in the killing of M2-293FT cells, when compared with the killing of
M2-293FT cells in the absence of Ab1-10 mAb and of 293FT cells. As expected, this happened
both with the cytokine-preactivated NK cells and with the control cells (Fig 4). Next, we exam-
ined the secretion of cytokines and chemokines (Fig 5). Secretion of IFN-y by cytokine-preacti-
vated NK cells was not increased in the presence of Ab1-10 mAb (data not shown), probably
because they already reached the maximum amount of IFN-y production. Importantly, we
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doi:10.1371/journal.pone.0124677.g005

observed that the levels of TNF-o, MIP-10, MIP-1B and RANTES secretion were increased
when cytokine-preactivated NK cells interacted with M2-293FT cells in the presence of Ab1-10
mADb, but not with 293FT cells. In all conditions the cytokine and chemokine production by
cytokine-preactivated NK cells was higher than the production by control NK cells, indicating
that we effectively generated NK cells with enhanced effector functions. Thus, all together our
results indicate that Ab1-10 mAb is able to increase the cytokine-preactivated NK cell-mediat-
ed effector functions.

Discussion

After infection, NK cells are recruited to the lung and play an important role in the immune
response against influenza [45]. Both through the interaction with the virus and with viral-
infected cells, NK cells secrete cytokines and chemokines that are very important for the con-
tainment of the virus, the recruitment of other immune cells and tissue regeneration [45]. Di-
rect recognition of infected cells can be achieved by the interaction of influenza proteins
expressed on infected cells with NK cell activating receptors, such as NKp46 and NKp44 [46].
In addition, NK cells can recognize and eliminate infected cells that are decorated with Abs
against viral proteins through an ADCC mechanism [5]. Several studies have shown that there
is in vivo protection from influenza infection that is mediated by ADCC [28,39]. Here, we have
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shown that the anti-M2 Ab1-10 mADb is capable of mediating ADCC against cells transfected
with the M2 protein and also against influenza infected cells. Although in this later situation
freshly isolated NK cells do not efficiently kill infected A549 cells, we reproducibly found an in-
crease in their cytotoxic activity if Ab1-10 mAb was present in the assay, which highlights the
physiological relevance of our findings. Therefore, our results along with the ability of Ab1-10
mAb to suppress the spread of the virus from cell to cell through recognition of the first eight
highly conserved residues of M2e [37], emphasizes the potential of including the M2 protein in
the design of universal influenza vaccines.

In mice, it has been demonstrated that NK cells are able to develop specific memory against
antigens from influenza [47]. In addition, during respiratory infection, mouse NK cells get acti-
vated and proliferate in the bone marrow (BM), and then migrate to the lung [48]. After be-
coming activated, NK cells in the airway participate in viral clearance by killing infected cells
and secreting cytokines and chemokines. In addition, cytokines released in the lung may also
activate both resident and newly recruited NK cells. These NK cells are long-lived, bearing a re-
semblance to the previously described cytokine-induced “memory-like” or preactivated NK
cells [29]. Nonetheless, more studies are required to demonstrate that activated and proliferat-
ing NK cells in the BM, and those activated in the lung, are equivalent to the cytokine-induced
“memory-like” NK cells. Even so, it is relevant that Ab1-10 mAb is able to mediate ADCC
against M2-expressing target cells by both resting and cytokine-preactivated human NK
cells, underlining the potential of this mAb for its use as a therapeutic tool during influenza
infection.

In addition to Ab1-10 mAb-mediated enhancement of the direct killing of M2-expressing
cells, we have also shown that there is an enhanced secretion of cytokines and chemokines by
activated NK cells. TNF-o and IFN-y promote the development of an effective Th1 response
that is necessary for the successful clearance of the virus [22,23], and chemokines secreted by
NK cells also have an important role in the recruitment of other immune cells to the site of in-
fection [24-27]. For example, the Ab1-10 mAb-mediated NK-cell derived secretion of chemo-
kines may have a very important role in recruiting CD8+ memory T cells in a CCR5 dependent
manner. In this regard, reduction in memory T cells recruitment led to an impaired control of
viral replication during the initial stages of a secondary response [49]. The molecular basis for
the enhanced effector functions of cytokine-preactivated or “memory-like” NK cells are not
well understood. An increased expression of CD16 in cytokine-preactivated NK cells could ex-
plain their ability to produce higher amounts of cytokines and chemokines when they are incu-
bated with M2 expressing cells in the presence of Ab1-10 mAb. However, we have measured
CD16 expression and found no significant differences between cytokine-preactivated and con-
trol NK cells (data not shown).

We have only characterized the role of NK cells in Ab1-10 mAb-mediated ADCC against
M2-expressing cells. However, at the site of infection there are other cell types, such as macro-
phages and neutrophils that are also capable of mediating ADCC. For example, mouse alveolar
macrophages and Fc receptors play a very important role in the protection provided by a
vaccine based on M2e [33]. Therefore, the role of other cell types in Ab1-10 mAb-mediated
ADCC deserves additional studies.

Supporting Information

S1 Fig. Dot plots of forward and side scatter of the 293FT cells and 293FT-M2 cells (upper
panels), and uninfected and influenza infected A549 cells (lower panels). Both 293FT cells
and 293FT-M2 cells exhibited very similar side scatter and forward scatter, indicating that
the expression of M2 did not significantly changed the size and complexity of 293FT cells.

PLOS ONE | DOI:10.1371/journal.pone.0124677 April 27,2015 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124677.s001

@' PLOS ‘ ONE

Ab1-10 mAb Mediates ADCC

Similarly, overnight influenza infection did not significantly change the size and complexity of
A549 cells.
(DOCX)

Acknowledgments

We would like to thank Dr. Qing Zhou from the U.S. Food and Drug Administration for her
scientific input. We would also thank Dr. Aleksandra Gil-Krzewska and Gregory Lang for their
technical expertise and help. The findings and conclusions in this report are those of the au-
thors and do not necessarily represent the views of the Centers for Disease Control and
Prevention or the Agency for Toxic Substances and Disease Registry or the Food and Drug
Administration.

Author Contributions

Conceived and designed the experiments: VRS MCE FB. Performed the experiments: VRS MD
JLM. Analyzed the data: VRS MD JLM FB. Contributed reagents/materials/analysis tools: WZ
TO AM HK MCE. Wrote the paper: VRS OZ FB.

References

1.  Molinari NA, Ortega-Sanchez IR, Messonnier ML, Thompson WW, Wortley PM, Weintraub E, et al. The
annual impact of seasonal influenza in the US: measuring disease burden and costs. Vaccine 2007;
25:5086-5096. PMID: 17544181

2. Verhoeyen M, Fang R, Jou WM, Devos R, Huylebroeck D, Saman E, et al. Antigenic drift between the
haemagglutinin of the Hong Kong influenza strains A/Aichi/2/68 and A/Victoria/3/75. Nature 1980; 286:
771-776. PMID: 7402351

3. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and ecology of influenza
A viruses. Microbiol Rev. 1992; 56: 152—-179. PMID: 1579108

4. Fiore AE, Bridges CB, Cox NJ. Seasonal influenza vaccines. Curr Top Microbiol Immunol. 2009; 333:
43-82. doi: 10.1007/978-3-540-92165-3_3 PMID: 19768400

5. Jegaskanda S, Reading PC, Kent SJ. Influenza-Specific Antibody-Dependent Cellular Cytotoxicity: To-
ward a Universal Influenza Vaccine. J Immunol. 2014; 193: 469—-475. doi: 10.4049/jimmunol.1400432
PMID: 24994909

6. LiCK, Rappuoli R, Xu XN. Correlates of protection against influenza infection in humans—on the path
to a universal vaccine? Curr Opin Immunol. 2013; 25: 470-476. doi: 10.1016/j.c0i.2013.07.005 PMID:
23948572

7. Yewdell JW. To dream the impossible dream: universal influenza vaccination. Curr Opin Virol. 2013; 3:
316-321. doi: 10.1016/j.coviro.2013.05.008 PMID: 23835048

8. Lamb RA, Zebedee SL, Richardson CD. Influenza virus M2 protein is an integral membrane protein ex-
pressed on the infected-cell surface. Cell 1985; 40: 627—-633. PMID: 3882238

9. Pinto LH, Holsinger LJ, Lamb RA. Influenza virus M2 protein has ion channel activity. Cell 1992; 69:
517-528. PMID: 1374685

10. Beerli RR, Bauer M, Schmitz N, Buser RB, Gwerder M, Muntwiler S, et al. Prophylactic and therapeutic
activity of fully human monoclonal antibodies directed against influenza A M2 protein. Virol J. 2009; 6:
224. doi: 10.1186/1743-422X-6-224 PMID: 20025741

11. De Filette M, Fiers W, Martens W, Birkett A, Ramne A, Léwenadler B, et al. Improved design and intra-
nasal delivery of an M2e-based human influenza A vaccine. Vaccine 2006; 24: 6597-6601. PMID:
16814430

12. De Filette M, Martens W, Roose K, Deroo T, Vervalle F, Bentahir M, et al. An influenza A vaccine based
on tetrameric ectodomain of matrix protein 2. J Biol Chem. 2008; 283: 11382—-11387. doi: 10.1074/jbc.
M800650200 PMID: 18252707

13. FanJ, Liang X, Horton MS, Perry HC, Citron MP, Heidecker GJ, et al. Preclinical study of influenza
virus A M2 peptide conjugate vaccines in mice, ferrets, and rhesus monkeys. Vaccine 2004; 22:
2993-3003. PMID: 15297047

PLOS ONE | DOI:10.1371/journal.pone.0124677 April 27,2015 11/183


http://www.ncbi.nlm.nih.gov/pubmed/17544181
http://www.ncbi.nlm.nih.gov/pubmed/7402351
http://www.ncbi.nlm.nih.gov/pubmed/1579108
http://dx.doi.org/10.1007/978-3-540-92165-3_3
http://www.ncbi.nlm.nih.gov/pubmed/19768400
http://dx.doi.org/10.4049/jimmunol.1400432
http://www.ncbi.nlm.nih.gov/pubmed/24994909
http://dx.doi.org/10.1016/j.coi.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23948572
http://dx.doi.org/10.1016/j.coviro.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23835048
http://www.ncbi.nlm.nih.gov/pubmed/3882238
http://www.ncbi.nlm.nih.gov/pubmed/1374685
http://dx.doi.org/10.1186/1743-422X-6-224
http://www.ncbi.nlm.nih.gov/pubmed/20025741
http://www.ncbi.nlm.nih.gov/pubmed/16814430
http://dx.doi.org/10.1074/jbc.M800650200
http://dx.doi.org/10.1074/jbc.M800650200
http://www.ncbi.nlm.nih.gov/pubmed/18252707
http://www.ncbi.nlm.nih.gov/pubmed/15297047

@ PLOS | one

Ab1-10 mAb Mediates ADCC

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Frace AM, Klimov Al, Rowe T, Black RA, Katz JM. Modified M2 proteins produce heterotypic immunity
against influenza A virus. Vaccine 1999; 17: 2237-2244. PMID: 10403591

Mozdzanowska K, Feng J, Eid M, Kragol G, Cudic M, Otvos L Jr, et al. Induction of influenza type A
virus-specific resistance by immunization of mice with a synthetic multiple antigenic peptide vaccine
that contains ectodomains of matrix protein 2. Vaccine 2003; 21: 2616—2626. PMID: 12744898

Neirynck S, Deroo T, Saelens X, Vanlandschoot P, Jou WM, Fiers W. A universal influenza A vaccine
based on the extracellular domain of the M2 protein. Nat Med. 1999; 5: 1157-1163. PMID: 10502819

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al. Innate or adaptive immunity?
The example of natural killer cells. Science 2011; 331: 44-49. doi: 10.1126/science.1198687 PMID:
21212348

Caligiuri MA. Human natural killer cells. Blood 2008; 112: 461-469. doi: 10.1182/blood-2007-09-
077438 PMID: 18650461

Lodoen MB, Lanier LL. Natural killer cells as an initial defense against pathogens. Curr Opin Immunol.
2006; 18:391-398. PMID: 16765573

Alderson KL, Sondel PM. Clinical cancer therapy by NK cells via antibody-dependent cell-mediated cy-
totoxicity. J Biomed Biotechnol. 2011; 2011: 379123. doi: 10.1155/2011/379123 PMID: 21660134

Zhou Q, Gil-Krzewska A, Peruzzi G, Borrego F. Matrix metalloproteinases inhibition promotes the poly-
functionality of human natural killer cells in therapeutic antibody-based anti-tumour immunotherapy.
Clin Exp Immunol. 2013; 173: 131-139. doi: 10.1111/cei.12095 PMID: 23607800

Ge MQ, Ho AW, Tang Y, Wong KH, Chua BY, Gasser S, et al. NK cells regulate CD8+ T cell priming
and dendritic cell migration during influenza A infection by IFN-gamma and perforin-dependent mecha-
nisms. J Immunol. 2012; 189: 2099—-2109. doi: 10.4049/jimmunol.1103474 PMID: 22869906

Matikainen S, Siren J, Tissari J, Veckman V, Pirhonen J, Severa M, et al. Tumor necrosis factor alpha
enhances influenza A virus-induced expression of antiviral cytokines by activating RIG-I gene expres-
sion. J Virol. 2006; 80: 3515-3522. PMID: 16537619

Fauriat C, Long EO, Ljunggren HG, Bryceson YT. Regulation of human NK-cell cytokine and chemo-
kine production by target cell recognition. Blood 2010; 115: 2167—-2176. doi: 10.1182/blood-2009-08-
238469 PMID: 19965656

Kaufmann A, Salentin R, Meyer RG, Bussfeld D, Pauligk C, Fesq H, et al. Defense against influenza A
virus infection: essential role of the chemokine system. Immunobiology 2001; 204: 603-613. PMID:
11846225

Nieto M, Navarro F, Perez-Villar JJ, del Pozo MA, Gonzalez-Amaro R, Mellado M, et al. Roles of che-
mokines and receptor polarization in NK-target cell interactions. J Immunol. 1998; 161: 3330-3339.
PMID: 9759849

Robertson MJ. Role of chemokines in the biology of natural killer cells. J Leukoc Biol. 2002; 71:
173-183. PMID: 11818437

Jegaskanda S, Weinfurter JT, Friedrich TC, Kent SJ. Antibody-dependent cellular cytotoxicity is
associated with control of pandemic H1N1 influenza virus infection of macaques. J Virol. 2013; 87:
5512-5522. doi: 10.1128/JV1.08030-12 PMID: 23468501

Min-Oo G, Kamimura Y, Hendricks DW, Nabekura T, Lanier LL. Natural killer cells: walking three paths
down memory lane. Trends Immunol. 2013; 34: 251-258. doi: 10.1016/}.it.2013.02.005 PMID:
23499559

Romee R, Schneider SE, Leong JW, Chase JM, Keppel CR, Sullivan RP, et al. Cytokine activation in-
duces human memory-like NK cells. Blood 2012; 120: 4751-4760. doi: 10.1182/blood-2012-04-
419283 PMID: 22983442

Simhadri VR, Mariano JL, Zenarruzabeitia O, Seroogy CM, Holland SM, Kuehn HS, et al. Intact IL-12
signaling is necessary for the generation of human natural killer cells with enhanced effector function
after restimulation. J Allergy Clin Immunol. 2014; 134: 1190-1193.e1. doi: 10.1016/j.jaci.2014.06.006
PMID: 25065718

Jegerlehner A, Schmitz N, Storni T, Bachmann MF. Influenza A vaccine based on the extracellular do-
main of M2: weak protection mediated via antibody-dependent NK cell activity. J Immunol. 2004; 172:
5598-5605. PMID: 15100303

El Bakkouri K, Descamps F, De Filette M, Smet A, Festjens E, Birkett A, et al. Universal vaccine based
on ectodomain of matrix protein 2 of influenza A: Fc receptors and alveolar macrophages mediate pro-
tection. J Immunol. 2011; 186: 1022—1031. doi: 10.4049/jimmunol.0902147 PMID: 21169548

Kim MC, Lee JS, Kwon YM, O E, Lee YJ, Choi JG, et al. Multiple heterologous M2 extracellular domains
presented on virus-like particles confer broader and stronger M2 immunity than live influenza A virus in-
fection. Antiviral Res. 2013; 99: 328—-335. doi: 10.1016/j.antiviral.2013.06.010 PMID: 23811283

PLOS ONE | DOI:10.1371/journal.pone.0124677 April 27,2015 12/183


http://www.ncbi.nlm.nih.gov/pubmed/10403591
http://www.ncbi.nlm.nih.gov/pubmed/12744898
http://www.ncbi.nlm.nih.gov/pubmed/10502819
http://dx.doi.org/10.1126/science.1198687
http://www.ncbi.nlm.nih.gov/pubmed/21212348
http://dx.doi.org/10.1182/blood-2007-09-077438
http://dx.doi.org/10.1182/blood-2007-09-077438
http://www.ncbi.nlm.nih.gov/pubmed/18650461
http://www.ncbi.nlm.nih.gov/pubmed/16765573
http://dx.doi.org/10.1155/2011/379123
http://www.ncbi.nlm.nih.gov/pubmed/21660134
http://dx.doi.org/10.1111/cei.12095
http://www.ncbi.nlm.nih.gov/pubmed/23607800
http://dx.doi.org/10.4049/jimmunol.1103474
http://www.ncbi.nlm.nih.gov/pubmed/22869906
http://www.ncbi.nlm.nih.gov/pubmed/16537619
http://dx.doi.org/10.1182/blood-2009-08-238469
http://dx.doi.org/10.1182/blood-2009-08-238469
http://www.ncbi.nlm.nih.gov/pubmed/19965656
http://www.ncbi.nlm.nih.gov/pubmed/11846225
http://www.ncbi.nlm.nih.gov/pubmed/9759849
http://www.ncbi.nlm.nih.gov/pubmed/11818437
http://dx.doi.org/10.1128/JVI.03030-12
http://www.ncbi.nlm.nih.gov/pubmed/23468501
http://dx.doi.org/10.1016/j.it.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23499559
http://dx.doi.org/10.1182/blood-2012-04-419283
http://dx.doi.org/10.1182/blood-2012-04-419283
http://www.ncbi.nlm.nih.gov/pubmed/22983442
http://dx.doi.org/10.1016/j.jaci.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25065718
http://www.ncbi.nlm.nih.gov/pubmed/15100303
http://dx.doi.org/10.4049/jimmunol.0902147
http://www.ncbi.nlm.nih.gov/pubmed/21169548
http://dx.doi.org/10.1016/j.antiviral.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23811283

@ PLOS | one

Ab1-10 mAb Mediates ADCC

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Wang R, Song A, Levin J, Dennis D, Zhang NJ, Yoshida H, et al. Therapeutic potential of a fully human
monoclonal antibody against influenza A virus M2 protein. Antiviral Res. 2008; 80: 168—177. doi: 10.
1016/j.antiviral.2008.06.002 PMID: 18598723

Jin A, Ozawa T, Tajiri K, Obata T, Kondo S, Kinoshita K, et al. A rapid and efficient single-cell manipula-
tion method for screening antigen-specific antibody-secreting cells from human peripheral blood. Nat
Med. 2009; 15: 1088—1092. doi: 10.1038/nm.1966 PMID: 19684583

Ozawa T, Jin A, Tajiri K, Takemoto M, Okuda T, Shiraki K, et al. Characterization of a fully human
monoclonal antibody against extracellular domain of matrix protein 2 of influenza A virus. Antiviral Res.
2011; 91:283-287. doi: 10.1016/j.antiviral.2011.06.012 PMID: 21726583

Zhong W, He J, Tang X, Liu F, Lu X, Zeng H, et al. Development and evaluation of an M2-293FT cell-
based flow cytometric assay for quantification of antibody response to native form of matrix protein 2 of
influenza A viruses. J Immunol Methods. 2011; 369: 115—-124. doi: 10.1016/}.jim.2011.04.010 PMID:
21570401

DiLillo DJ, Tan GS, Palese P, Ravetch JV. Broadly neutralizing hemagglutinin stalk-specific antibodies
require FcgammaR interactions for protection against influenza virus in vivo. Nat Med. 2014; 20:
143-151. doi: 10.1038/nm.3443 PMID: 24412922

Jegaskanda S, Job ER, Kramski M, Laurie K, Isitman G, de Rose R, et al. Cross-reactive influenza-
specific antibody-dependent cellular cytotoxicity antibodies in the absence of neutralizing antibodies.
J Immunol. 2013; 190: 1837-1848. doi: 10.4049/jimmunol.1201574 PMID: 23319732

Srivastava V, Yang Z, Hung IF, Xu J, Zheng B, Zhang MY. Identification of dominant antibody-
dependent cell-mediated cytotoxicity epitopes on the hemagglutinin antigen of pandemic H1N1 influen-
zavirus. J Virol. 2013; 87: 5831-5840. doi: 10.1128/JVI.00273-13 PMID: 23487456

Jiang XR, Song A, Bergelson S, Arroll T, Parekh B, May K, et al. Advances in the assessment and con-
trol of the effector functions of therapeutic antibodies. Nat Rev Drug Discov. 2011; 10: 101-111. doi:
10.1038/nrd3365 PMID: 21283105

O'Leary JG, Goodarzi M, Drayton DL, von Andrian UH. T cell- and B cell-independent adaptive immuni-
ty mediated by natural killer cells. Nat Immunol. 2006; 7: 507-516. PMID: 16617337

Sun JC, Beilke JN, Lanier LL. Adaptive immune features of natural killer cells. Nature 2009; 457:
557-561. doi: 10.1038/nature07665 PMID: 19136945

Schultz-Cherry S. Role of NK Cells in Influenza Infection. Curr Top Microbiol Immunol. 2015; 386:
109-120. doi: 10.1007/82_2014_403 PMID: 24992894

Arnon T, Markel G, Mandelboim O. Tumor and viral recognition by natural killer cells receptors. Semin
Cancer Biol. 2006; 16: 348-358. PMID: 16893656

Paust S, Gill HS, Wang BZ, Flynn MP, Moseman EA, Senman B, et al. Critical role for the chemokine
receptor CXCR6 in NK cell-mediated antigen-specific memory of haptens and viruses. Nat Immunol.
2010; 11:1127-1135. doi: 10.1038/ni.1953 PMID: 20972432

van Helden MJ, de Graaf N, Boog CJ, Topham DJ, Zaiss DM, Sijts AJ. The bone marrow functions as
the central site of proliferation for long-lived NK cells. J Immunol. 2012; 189: 2333-2337. doi: 10.4049/
jimmunol.1200008 PMID: 22821961

Kohlmeier JE, Miller SC, Smith J, Lu B, Gerard C, Cookenham T, et al. The chemokine receptor CCR5
plays a key role in the early memory CD8+ T cell response to respiratory virus infections. Immunity
2008; 29: 101-113. doi: 10.1016/j.immuni.2008.05.011 PMID: 18617426

PLOS ONE | DOI:10.1371/journal.pone.0124677 April 27,2015 13/13


http://dx.doi.org/10.1016/j.antiviral.2008.06.002
http://dx.doi.org/10.1016/j.antiviral.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18598723
http://dx.doi.org/10.1038/nm.1966
http://www.ncbi.nlm.nih.gov/pubmed/19684583
http://dx.doi.org/10.1016/j.antiviral.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21726583
http://dx.doi.org/10.1016/j.jim.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21570401
http://dx.doi.org/10.1038/nm.3443
http://www.ncbi.nlm.nih.gov/pubmed/24412922
http://dx.doi.org/10.4049/jimmunol.1201574
http://www.ncbi.nlm.nih.gov/pubmed/23319732
http://dx.doi.org/10.1128/JVI.00273-13
http://www.ncbi.nlm.nih.gov/pubmed/23487456
http://dx.doi.org/10.1038/nrd3365
http://www.ncbi.nlm.nih.gov/pubmed/21283105
http://www.ncbi.nlm.nih.gov/pubmed/16617337
http://dx.doi.org/10.1038/nature07665
http://www.ncbi.nlm.nih.gov/pubmed/19136945
http://dx.doi.org/10.1007/82_2014_403
http://www.ncbi.nlm.nih.gov/pubmed/24992894
http://www.ncbi.nlm.nih.gov/pubmed/16893656
http://dx.doi.org/10.1038/ni.1953
http://www.ncbi.nlm.nih.gov/pubmed/20972432
http://dx.doi.org/10.4049/jimmunol.1200008
http://dx.doi.org/10.4049/jimmunol.1200008
http://www.ncbi.nlm.nih.gov/pubmed/22821961
http://dx.doi.org/10.1016/j.immuni.2008.05.011
http://www.ncbi.nlm.nih.gov/pubmed/18617426

