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IgA potentiates NETosis in response to viral infection
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IgA is the second most abundant antibody present in circulation and
is enriched at mucosal surfaces. As such, IgA plays a key role in
protection against a variety of mucosal pathogens including viruses.
In addition to neutralizing viruses directly, IgA can also stimulate Fc-
dependent effector functions via engagement of Fc alpha receptors
(Fc-aRl) expressed on the surface of certain immune effector cells.
Neutrophils are the most abundant leukocyte, express Fc-aRI, and
are often the first to respond to sites of injury and infection. Here,
we describe a function for IgA-virus immune complexes (ICs) during
viral infections. We show that IgA-virus ICs potentiate NETosis—the
programmed cell-death pathway through which neutrophils release
neutrophil extracellular traps (NETs). Mechanistically, IgA-virus ICs
potentiated a suicidal NETosis pathway via engagement of Fc-aRl on
neutrophils through a toll-like receptor-independent, NADPH oxi-
dase complex-dependent pathway. NETs also were capable of trap-
ping and inactivating viruses, consistent with an antiviral function.
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IgA antibodies have pleiotropic roles in regulating the response
to microbes. In the context of infection, IgA antibodies
enriched at mucosal surfaces as secretory IgA (sIgA) are capable
of neutralizing viruses in an “anti-inflammatory” manner, since
these antibodies block infection but do not activate immune cells
via Fc-receptor engagement. However, monomeric IgA (mIgA)
antibodies, which are abundant in serum, are capable of engag-
ing Fc receptors on the surface of immune cells to elicit effector
functions (1).

Neutrophils are not only the most abundant leukocytes but are
often the first to respond to sites of injury and infection (2). Hu-
man neutrophils express the Fc alpha receptor (Fc-aRI/CD89)
and are capable of exerting a variety of effector functions in-
cluding phagocytosis, respiratory burst, antibody-dependent cel-
lular phagocytosis (ADCP), and NETosis (3, 4). Data regarding
the protective versus pathogenic role of neutrophils during viral
infection is nuanced and suggests context is critical in determining
outcome. For example, while neutrophils are required for protec-
tion during the early stages of influenza A virus (IAV) infection,
neutrophils also release reactive oxygen species (ROS), proteolytic
enzymes, and a variety of inflammatory mediators that can damage
lung tissues. As a result, excessive neutrophil infiltration has been
associated with severe lung injury (5).

The generation of neutrophil extracellular traps (NETs) was
first described by the Zychlinsky laboratory in 2004 as an anti-
bacterial effector mechanism (6). NETs are produced via a spe-
cialized form of programmed cell death called NETosis and are
composed primarily of decondensed chromatin studded with an-
timicrobial proteins. Extensive work by many laboratories has
since demonstrated that NETs can have not only protective but
also pathogenic consequences in infections and many other dis-
eases (4). The understanding of how NETSs influence viral infec-
tions continues to evolve. In the context of Chikungunya virus and
poxvirus, NETs were capable of trapping viruses and controlling
infection in a mouse model of disease (7, 8). Likewise, NETs have
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been shown to trap and inactivate HIV (9). However, NETs have
also been described as exacerbating disease in the context of
Dengue virus, rhinovirus, respiratory syncytial virus, influenza vi-
rus, and, most recently, SARS-CoV-2 infection (10-16). Thus, the
overall impact of NETs during a viral infection must be inter-
preted carefully in conjunction with other infection parameters.

Recently, Fc-dependent effector functions have been shown to
play a central role in the protection conferred by broadly neutral-
izing antibodies (bnAbs) that bind to the hemagglutinin (HA) stalk
domain of IAV (17-19). However, these studies have only been
performed in the context of monoclonal IgG antibodies. Elicitation
of bnAbs is now the goal of several “universal” influenza-virus
vaccine candidates including “chimeric” HA vaccines that were
recently tested in a Phase-I clinical trial (20). Antibody-dependent
cellular cytotoxicity (ADCC) may also augment protection medi-
ated by HIV-neutralizing antibodies (21). However, despite the fact
that both IAV and HIV are mucosal pathogens, almost nothing is
known about the contribution of IgA-mediated Fc-dependent ef-
fector functions during infection. This is due, in large part, to the
fact that mice do not express an Fc-aR homolog, which presents
significant challenges for assessing the contributions of IgA to
outcomes in vivo (1).

Significance

IgA antibodies are enriched at mucosal surfaces and play an
important role in host defense against viral pathogens. In addi-
tion to neutralizing viruses directly, antibodies can also engage
specific receptors (Fc receptors) expressed on various immune-
cell subsets to stimulate antimicrobial activities. While IgG Fc-
mediated effector functions are known to mediate important
antiviral activities, if and how IgA-mediated Fc-effector functions
influence viral infections remains poorly understood. Here, we
show that IgA-virus immune complexes stimulate neutrophils to
undergo NETosis, a specific type of programmed cell death that
results in release of chromatin studded with antimicrobial ef-
fector proteins. These neutrophil extracellular traps trap and
inactivate viruses but can also have pathogenic consequences
when poorly regulated.
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Here, we show that IgA-virus immune complexes (ICs) po-
tentiated NETosis through Fc-aRI signaling on neutrophils. This
potentiation was not virus specific and could be observed for
IAV, HIV, and SARS-CoV-2 spike-pseudotyped lentiviruses and
extended to IgA ICs generated with antibodies/autoantigens
from rheumatoid arthritis (RA) patients. In contrast to NETosis
stimulated by viruses directly, IgA—virus ICs stimulated suicidal
NETosis that was independent of toll-like receptor (TLR) sig-
naling. Finally, viruses were trapped and inactivated in NETs,
suggesting a protective role in vivo when properly regulated.

Results

IgA-IAV ICs Stimulate NETosis. Historically, antibodies have been
thought to mediate protection against influenza viruses primarily
by binding to the HA head domain and blocking interaction be-
tween the receptor binding site on HA and sialic acids on the
surface of host cells. However, more recently, it has become clear
that bnAbs that bind to the HA stalk domain mediate protection
in vivo primarily by elicitation of Fc-dependent effector functions
(17-19). Antigen-specific IgA antibodies have been shown to
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neutralize IAV, but relatively little is known about IgA-mediated
Fc-dependent effector functions during IAV infection (22). Neu-
trophils are the most abundant leukocyte and are among the first
to respond during IAV infection (23). Neutrophils also express
FcoaR]I, and we have previously shown that IgA-IAV ICs stimulate
ROS production in neutrophils; however, unlike IgG-influenza
virus ICs, this could not be fully inhibited by cytochalasin D, in-
dicating that IgA-mediated ROS production was not due to
ADCP (24). To determine whether IgA was capable of potenti-
ating NETosis upon binding IAV, neutrophils were exposed to
antibody-IAV ICs composed of polyclonal (monomeric) IgA or
IgG from the peripheral blood of donors previously vaccinated
with seasonal influenza vaccines containing the A/California/04/
2009 (Cal/09) HIN1 component. Phorbol 12-myrisatel3-acetate
(PMA), a potent inducer of NETosis, was used as a positive
control (25). IgA-IAV ICs stimulated significantly higher levels of
NETosis than antibodies or viruses alone, whereas IgG-IAV 1Cs
did not induce NETosis above background levels (Fig. 1 4 and B).
A 2:1 ratio of IgA to virus reliably induced NETosis above
background levels, while IgA-to-virus ratios of up to 10:1 did not
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IgA-IAV ICs potentiate NETosis. (A—F) Primary human neutrophils were isolated from the peripheral blood of healthy donors (n = 3 or 4) and

stimulated with PMA, monoclonal or polyclonal IgG or IgA antibodies, or ICs for 3 h as shown. NETosis was assessed by immunofluorescence microscopy after
costaining for DNA (Hoechst) and neutrophil elastase. (A) Representative images are shown (20x). (Scale bars, 200 pm.) (B) The percentage of cells that had
undergone NETosis (defined by typically NET morphology and costaining of DAPI + neutrophil elastase) was quantified in a blinded manner from five fields in
four independent experiments. (C and D) The assay was repeated using monoclonal antibodies, (C) KB2 and (D) 29E3, which bind the HA stalk and head
domain of Cal/09, respectively. (E and F) To determine the phenotype of mixed IgG/IgA ICs, polyclonal IgG and IgA were mixed with Cal/09 at (E) a 1:1 ratio or
(F) at the ratio naturally found in serum. For all experiments, percent NETosis was normalized to unstimulated neutrophils. Three or four independent
neutrophil donors were used for each experiment. Means and SE (SEM) of independent experiments are shown. Statistical significance was determined using

one-way ANOVA with Tukey post hoc test. *P < 0.05; **P < 0.01.
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significantly further increase NETosis induction (S Appendix, Fig.
S14).

In the context of IgG, bnAbs that bind to the stalk domain
have been shown to potently elicit Fc-dependent effector func-
tions, whereas antibodies that bind to the HA head domain and
exhibit hemagglutination inhibiting activity do not. This is be-
cause HA stalk-binding bnAbs allow for two points of contact
between target and effector cells (26, 27). To determine whether
broadly neutralizing IgA-IAV ICs are primarily responsible for
the induction of NETosis observed in the context of IAV-specific
polyclonal IgA, we used a panel of previously described mono-
clonal antibodies that bind to neutralizing epitopes on either the
HA head or stalk domains (28-30). The antibody KB2 binds to the
HA stalk domain of H1 viruses, while 29E3 is specific to the HA
head domain of Cal/09 (31). When human neutrophils were in-
cubated with ICs containing an IAV-IgA1 stalk-binding antibody
(KB2), significant induction of NETosis was observed following
3-h stimulation (Fig. 1C). In contrast, NETosis was not induced by
IgG1-TAV ICs or by antibodies or viruses alone (Fig. 1C). We
have previously shown that, under these conditions, IgG-IAV ICs
potently induce neutrophil ADCP via FcyR signaling (24). As we
had observed in the context of ADCP, all ICs generated with an
HA head-binding antibody (29E3) failed to induce NETosis
(Fig. 1D).

In blood, IgA cocirculates with other antibodies, including IgG,
which signals through distinct FcRs (FcyRs) and can also induce
NETosis (32). Mixed ICs composed of IgG/IgA-HIV have also
been shown to act cooperatively to stimulate ADCC by monocytes
(33). We therefore tested whether mixed ICs composed of IAV
bound by IgA and IgG together would influence the magnitude of
NETosis induction relative to IgA alone. When ICs were generated
with a 1:1 ratio of IgG to IgA, the magnitude of NETosis induction
was similar to IgA alone (Fig. 1E). In serum, IgG is significantly
more abundant than IgA (~4:1 to 10:1). Thus, to recapitulate the
physiological stoichiometry of IgG-IgA, we purified each immu-
noglobulin from serum of matched donors and then recombined
them at their natural physiological ratio. Here again, the magni-
tude of NETosis observed in mixed IgG-IgA ICs was similar to
IgA alone, indicating that IgG does not potentiate IgA-mediated
NETosis, nor does it interfere with the ability of IgA to stimulate
NETosis (Fig. 1F). Taken together, these results demonstrate that
IgA-virus ICs stimulate neutrophils to undergo NETosis.

IgA-Mediated NETosis Is Not an IAV-Specific Phenomenon. NETs
have been observed in the context of many other infections including
those caused by COVID-19 and HIV. In these studies, viruses were
presumed to stimulate NETosis directly (14, 16, 34, 35). We thus
performed an experiment to test the amount of viruses needed to
stimulate NETosis independent of FcaR signaling. Neutrophils were
stimulated with increasing concentrations of purified lentiviruses
pseudotyped with the SARS-CoV-2 spike protein. A significant el-
evation in NETosis was observed when neutrophils were exposed to
0.05 and 0.2 mg/mL purified virus (Fig. 24). We then purified IgA
from convalescence serum of a SARS-CoV-2-infected individual
and a SARS-CoV-2-naive individual, incubated them with sub-
stimulatory concentrations (0.0125 mg/mL) of spike-pseudotyped
lentiviruses to allow for IC formation, and then incubated these
mixtures with primary human neutrophils from healthy donors. As
we observed in the context of IAV, IgA-virus IC generated with IgA
purified from SARS-CoV-2 convalescence serum was capable of
stimulating NETosis, whereas pseudovirus—IgA mixtures from naive
serum was not (Fig. 2B). These results confirm that IgA-virus ICs
more potently stimulate NETosis when compared to viruses alone
and that ICs are required for this potentiation, since IgA from se-
ronegative individuals did not significantly induce NETosis when
mixed with pseudotyped lentivirus.

We also incubated neutrophils with antibody-HIV ICs, which
contained HIV-specific IgA isolated from the serum of HIV+
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individuals. Following stimulation, a significant increase in NETosis
was observed in cells treated with anti-HIV IgA-containing ICs
(Fig. 2C). Background levels of NETosis were observed when cells
were treated with either IgA or viruses alone. These findings
demonstrate that IgA-induced NETosis likely happens in the con-
text of many viral infections.

NETSs have also been implicated in the pathogenesis of a variety
of autoimmune conditions, including RA, in which they serve as a
source of autoantigen (36, 37). Patients with autoimmune diseases
commonly have autoantibodies against NET elements such as
histones, DNA, and neutrophil elastase. Here, neutrophils were
stimulated with Ab-autoantigen ICs, composed of IgA or IgG
purified from the serum of RA patients or healthy donors, and
recombinant citrullinated human fibrinogen, a common auto-
antigen in RA (38). Induction of NETosis was observed in neu-
trophils stimulated with IgA—citrullinated fibrinogen ICs from RA
patients but not in those stimulated with IgG-containing ICs or ICs
generated with antibodies from healthy donors (Fig. 2D). To-
gether, these data demonstrate that potentiation of NETosis is a
common property of virus-IgA ICs as well as ICs composed of
IgA—autoantigens.

Induction of NETosis by IgA ICs Is Dependent on FcaRI and Independent
of TLR Signaling. We next assessed whether sIgA purified from
human saliva was capable of inducing NETosis. Whereas mIgA is
found predominantly in circulation, sIgA is enriched at mucosal
surfaces and is generally regarded as an anti-inflammatory anti-
body. sIgA from saliva and serum-derived mIgA was purified from
matched vaccinated donors used to generate ICs with IAV. ICs
containing sIgA did not potentiate NETosis, whereas serum-
derived mIgA from the same donors was capable of eliciting
NETosis, as we had observed previously (Fig. 34). These results
are consistent with previous studies that have demonstrated that
the secretory component sterically blocks binding of sIgA to
FcaRI (CD89) (39).

Given the observation that sIgA-IAV ICs failed to induce
NETosis, we investigated whether mIgA-mediated NETosis was
dependent on engagement of FcaRI (CD89). To this end, neu-
trophils were incubated with a blocking monoclonal anti-CD89
antibody prior to stimulation with IgG-virus or IgA-virus ICs.
Blocking with anti-CD89 abrogated induction of NETosis fol-
lowing stimulation with IgA ICs (Fig. 3B). As expected, anti-CD89
treatment had no effect on PMA-induced NETosis (SI Appendix,
Fig. S1B), confirming that engagement of FcaRI is required for
IgA—virus IC-mediated induction of NETosis.

TLRS activation has been shown to shift neutrophils from
phagocytosis to NETosis in the context of IgG IC-mediated
NETosis via FcyRIIA signaling (32). We thus set out to deter-
mine whether TLR signaling was required for IgA-mediated
NETosis induction. TLRS senses single-stranded RNA and is
an important pattern-recognition receptor during RNA virus
infection (40). Since IAV particles contain RNA, we elected to
use a system free from TLR7/8 ligands. To this end, polystyrene
beads (roughly equal in number to IAV particles used in previ-
ous experiments) were coated with protein L and polyclonal IgA.
Protein L binds to the k-light chain of antibodies, leaving the
antibody Fc region capable of interacting with FcRs on the cell
surface. Following stimulation, IgA-bead ICs induced significant
NETosis relative to beads alone (Fig. 3C). This suggests that,
unlike IgG IC-mediated NETosis, IgA IC-mediated NETosis is
likely independent of TLR signaling.

Neutrophils are professional phagocytes, and ADCP is one of
the many Fc-mediated effector functions that contribute to their
defense against pathogens (24). To directly measure whether IgA
ICs induced phagocytosis, fluorescent, protein L-coated polysty-
rene beads were complexed with IgA or IgG prior to incubation
with neutrophils. After incubation with beads, cells were washed
extensively to remove any beads that had not been phagocytosed.
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Fig. 2. Potentiation of NETosis by IgA ICs is not an IAV-specific phenomenon. (A) Purified COVID-19 spike-pseudotyped lentivirus was titrated onto primary
human neutrophils from healthy donors (n = 3) and incubated for 3 h prior to staining for DNA (DAPI) and neutrophil elastase. (B) Polyclonal IgA was isolated
from serum of a convalescent COVID-19 donor and from prepandemic donor serum (COVID-19 seronegative) and incubated with spike-pseudotyped lentivirus
to form ICs prior to stimulation of neutrophils isolated from healthy donors (n = 3) for 3 h prior to staining for DNA (DAPI) and neutrophil elastase. (C) ICs
were formed with IgA purified from serum of HIV-positive individuals (n = 3) and HIV-1 X4 gp120 (HxB2)-pseudotyped lentivirus. Neutrophils were stimulated
for 3 h prior to staining for DNA (DAPI) and neutrophil elastase. (D) Cells were stimulated with ICs containing IgA purified from the serum of healthy donors
(n = 5) or RA patients (n = 5) in complex with citrullinated fibrinogen. NETosis was quantified in a blinded manner from five fields per condition. Mean and
SEM of independent experiments are shown. (A-C) P values were determined by one-way ANOVA with Tukey post hoc test. *P < 0.05, **P < 0.01. (D) P values

were determined by t test with multiple comparisons. *P < 0.05, **P < 0.01, ****P < 0.0001.

Significantly greater bead uptake was recorded for neutrophils
that were exposed to the IgG-opsonized beads compared to those
coated with IgA, which actually inhibited phagocytosis relative to
protein L—coated control beads (Fig. 3D). This further demon-
strates that endosomal TLR activation by viral pathogen-associated
molecular patterns (PAMPs) are not required for the potentiation
of NETosis by IgA-virus ICs. As further confirmation, instead of
using soluble ICs, as had been done in previous experiments, ICs
were immobilized on glass coverslips. Consistent with all experi-
ments that had been performed using soluble ICs, significantly
higher levels of NETosis were observed when neutrophils were in-
cubated with immobilized IgA-virus ICs relative to immobilized
IgG-virus-containing ICs (Fig. 3E). Combined, these data suggest
that phagocytosis is not required for IgA IC-mediated stimulation
of NETosis.

IgA ICs Stimulate NADPH Oxidase Complex-Dependent Suicidal NETosis.
The most common and well-characterized type of NETosis is called
“suicidal NETosis,” which results in the death of the cell. More
recently, other types of NETosis have been described, including
“vital” NETosis (41). Suicidal NETosis requires ROS production
and occurs between 1 and 3 h after stimulation, while vital NETosis
does not require the generation of ROS and occurs between 5 and
60 min after stimulation (41). To determine whether IgA-virus
IC-induced NETosis was vital or suicidal, we first performed a
time-course experiment following stimulation with PMA, a well-
characterized stimulant of suicidal/ROS-dependent NETosis, or
IgA-TAV ICs for 0.5, 1.5, 3, or 6 h (Fig. 44). A significant increase
in NETosis was observed following incubation with IgA-IAV ICs
for 3 h, consistent with suicidal NETosis. No further increases were
observed after 6 h in either the IgG or IgA IC conditions. Unsur-
prisingly, PMA—a far more potent stimulant—significantly induced
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NETosis beginning at 1.5 h after stimulation (Fig. 44). Conversely,
to inhibit the production of ROS, a small-molecule inhibitor of the
NADPH oxidase (NOX) complex, diphenyleneiodonium chloride
(DPI), was preincubated with neutrophils prior to stimulation with
IgA-TAV ICs. DPI completely inhibited NETosis induced by IgA
ICs (Fig. 4B). Together, these observations demonstrate that
IgA-virus ICs stimulate suicidal NET release in a NOX-dependent
manner.

Virus Particles Are Trapped and Inactivated by NETs. In the context of
bacterial infections, NETs exert antimicrobial activity by trapping
and killing bacteria with antimicrobial effector proteins associated
with NETs. We thus set out to determine whether NETs were
similarly capable of trapping and inactivating viruses. Neutrophils
were either left unstimulated or were treated with PMA to induce
suicidal NETosis (viruses containing ICs were not used to avoid
the confounding issue of having viruses present during induction
of NETosis). IAV was then incubated in wells of stimulated or
unstimulated neutrophils, and unbound virus was washed away.
Using immunofluorescence microscopy, we observed that IAV
particles become trapped in NETs induced following stimulation
with PMA (Fig. 4C). Using Image] software, we quantified GFP
pixel density and normalized this to the number of cells (and/or
NETSs) per field. Consistent with the stark visual contrast ob-
served in the images, significantly more virus was associated
with PMA-stimulated neutrophils that had undergone NETosis
than unstimulated neutrophils (Fig. 4D).

To test whether IAV was inactivated after being trapped in
NETs, we used an mNeon reporter virus (42). IAV-mNeon was
incubated with unstimulated neutrophils, PMA-stimulated neutro-
phils that had undergone NETosis, or PMA-stimulated neutrophils
treated with DNase to digest NETs. DNase digestion specifically
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Fig. 3.

IgA ICs induce NETosis via FcaRI engagement independently of TLR signaling and phagocytosis. (A) Primary human neutrophils were stimulated for

3 h with antibody-IAV ICs generated from matched salivary IgA and serum IgA of healthy IAV-exposed donors (n = 4). (B) Primary human neutrophils were
incubated with an anti-CD89 (FcaRI) antibody prior to stimulation with IgG-IAV or IgA-IAV ICs (n = 3) (C) Primary human neutrophils were stimulated with
polyclonal IgA, polystyrene beads coated with protein L, or polystyrene beads coated with protein L and IgA. For all experiments, NETosis was assessed by
immunofluorescence microscopy analysis of cells costained for DNA (DAPI) and neutrophil elastase. NETosis in stimulated conditions was normalized to
untreated cells (n = 6). (D) Fluorescent polystyrene beads were coated with protein L followed by either polyclonal IgG or IgA. Human neutrophils were
isolated and incubated with the beads at a 500-beads-per-cell ratio. After washing, phagocytosis of beads was measured using a SpectraMax i3 plate reader
(Molecular Devices) (n = 3). (E) Purified Cal/09 was immobilized on glass coverslips prior to the addition of IgG or IgA. Primary human neutrophils were added
to wells for 3 h before being fixed and stained for quantification (n = 3). Mean and SEM of independent experiments are shown. Statistical significance was

evaluated by one-way ANOVA and Tukey post hoc test. *P < 0.05; **P < 0.01, *** P < 0.001.

allowed us to test whether being trapped in an NET was necessary
for inactivation or whether factors released by neutrophils during
NETosis were alone sufficient to inactivate IAV (SI Appendix, Fig.
S2 and Fig. 4E). After 3 or 6 h incubation, viral media was collected
from all wells incubated on Madin Darby Canine Kidney cells
(MDCKsS) to quantify the remaining infectious virus. Incubation of
virus with PMA-stimulated neutrophils that had undergone
NETosis significantly reduced infectivity after 3 and 6 h incubation.
Interestingly, digestion of NETs produced by PMA-simulated cells
with DNase prior to the addition of the virus had no significant
impact on infectivity, suggesting that physical contact with NETs is
required for inactivation and that soluble factors released during the
process of NETosis alone are not sufficient to mediated inactivation
(Fig. 4E). Taken together, these data demonstrate that viruses can
be trapped and inactivated by NETs.

Discussion

NETosis has been most extensively studied as an antipathogen
immune response in the context of bacterial infections (43).
However, accumulating evidence suggests that NETs have anti-
viral activity but can also contribute to the pathogenesis of viral
disease in certain circumstances (8-11, 44, 45). While pathogens
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like viruses and bacteria can trigger NETosis directly as an innate
immune mechanism, there is also an important intersection of
neutrophils/NETSs and the adaptive immune response, since neu-
trophils express Fc receptors capable of recognizing both soluble
ICs and antibody-bound cells. Here, we show that IgA significantly
lowers the amount of virus required to trigger NETosis.

Immobilized IgG ICs have been reported to stimulate NETosis
via FcyRIIA. Soluble ICs were primarily phagocytosed but could
be shifted to stimulate NETosis upon TLR7/8 activation, which
resulted in furin-mediated cleavage and shedding of the FcyRITA
N terminus—inhibiting further phagocytosis (32). We observed
that IgA ICs did not simulate phagocytosis but rather preferen-
tially induced NETosis even in the absence of TLR activation.
While IgG ICs could stimulate NETosis, the induction of NETosis
was notably more pronounced upon stimulation of neutrophils
with IgA ICs.

In the context of IAV, bnAbs that bind to the conserved HA
stalk domain have become a major focus for the development of
“universal” influenza virus vaccines and monoclonal antibody
prophylactics/therapeutics. Although bnAbs are relatively weak
neutralizers of IAV, they confer protection in vivo via potent in-
duction of Fc-dependent effector functions (17-19, 22, 24, 26, 27).
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Fig. 4. Influenza virus particles are trapped and inactivated by NETSs released via suicidal NETosis. (A) Primary human neutrophils were stimulated with PMA,
1gG-IAV, or IgA-IAV ICs for 0.5, 1.5, 3, or 6 h prior to fixation and staining for DNA (DAPI) and neutrophil elastase to quantify NETosis. (B) Primary human
neutrophils were incubated with DPI, a NOX inhibitor, prior to 3 h of simulation with IgA-IAV ICs (n = 3). (C) Neutrophils were stimulated with PMA for 90 min
before the addition 10° PFU per well of IAV. The virus was incubated with the NETs for 3 h and then fixed and stained with anti-hemagglutinin antibodies
(6F12), DNA (Hoechst), and neutrophil elastase. Immunofluorescence microscopy was used to measure the colocalization of viral particles (green) with NETs
composed of DNA (blue) coated with neutrophil elastase (red) (n = 3) (D) Quantification of the raw integrated GFP density was measured using ImageJ and
normalized to the number of cells per field. (E) Neutrophils were stimulated with PMA prior to the addition of an IAV expressing an mNeon reporter. The
virus was incubated on intact NETs or NETs that had been digested with DNase (n = 3). The contents of wells were collected, and MDCK cells were infected for
8 h to measure residual infectivity. Mean and + SEM are shown. Statistical significance was evaluated using one-way ANOVA with Tukey post hoc test. *P <

0.05; **P < 0.01.

The ability of bnAbs to elicit potent effector functions (relative to
conventional neutralizing antibodies that bind to the HA head
domain) relies on a unique reciprocal contact model, whereby Fc
receptors of immune-effector cells bind to the Fc domain of
bnAbs bound to HA on target cells, while HA expressed on target
cells, in turn, binds to sialic acid residues of the effector cell (26,
27). However, almost everything that is known about the function
of bnAbs has been studied in the context of IgG. Of the other
immunoglobulin isotypes, IgA plays a particularly important role
in protection against mucosal viruses. Indeed, local IgA responses
correlate with protection offered by live-attenuated influenza virus
vaccines (46—48). A recent Phase-I trial of a chimeric HA uni-
versal vaccine candidate reported potent induction of IgA bnAbs
after vaccination, further highlighting the urgent need to under-
stand how antibodies of this isotype contribute to protection (20,
49). Here, we show that, consistent with prior studies, bnAbs are
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primarily responsible for the induction of FcoRI-dependent
NETosis, likely because these antibodies also promote the recip-
rocal binding events between IgA-FcaRI and HA-sialic acid (50).

Importantly, the ability of IgA ICs to potentiate NETosis was
widespread across several different viruses including IAV, len-
tiviruses pseudotyped with the SARS-CoV-2 S protein, and HIV.
Indeed, this phenomenon could also be recapitulated with IgA-
coated beads and extended beyond the context of infectious
diseases to ICs composed of IgA from RA patients in complex
with citrullinated fibrinogen—a common RA autoantigen. Our
findings support previous work from the van Egmond laboratory
demonstrating that IgA ICs isolated from synovial fluid of RA
patients also induce NETosis (36). Previous work by our group
has shown that, upon exposure to IgG-IAV ICs, neutrophils
undergo ADCP and potently induce ROS. Inhibition of phago-
cytosis with cytochalasin D almost completely abolished ROS
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induction by IgG-IAV ICs. In contrast, [gA-IAV ICs were able
to stimulate ROS even when phagocytosis was inhibited (24). Those
observations are in line with the data presented herein showing that
IgA-ICs induced neutrophils to undergo ROS-dependent suicidal
NETosis in a phagocytosis-independent manner.

In serum, IgA is present at concentration of ~82 to 624 mg/dL,
whereas IgG is found at ~694 to 1,803 mg/dL (51). The antibody
distribution in tissues has been estimated to be 4 to 16% of the
plasma concentration (52). Thus, the concentrations of anti-
bodies that we have used in this study (50 to 100 pg/mL or 5 to
10 mg/dL) were chosen to reflect these physiologically relevant
conditions. In serum, IgAl is the dominant subclass, existing at a
ratio of roughly 9:1 when compared to IgA2. We therefore used
monoclonal IgAl antibodies in our studies However, IgA2 an-
tibodies were recently shown to induce more potent inflamma-
tory signaling through FcaRI than IgAl antibodies, perhaps due
to differences in their glycosylation profiles (53). Thus, in con-
texts wherein IgA2 is enriched, such as in mucosal tissues or in
the context of certain autoimmune diseases, the potentiation of
NETosis may be even more potent.

In the context of HIV, mixed IgG/IgA-HIV ICs generated
using the gp41-specific bnAb 2F5 cooperatively triggered ADCC
of HIV-infected cells by monocytes but did not act cooperatively
to induce ADCP (33, 54). Likewise, we observed no cooperativity
in the induction of NETosis when IgA and IgG were combined at
a 1:1 ratio or at physiological ratios. These results suggest that
signaling downstream of FcyRs and FcaRI leads to distinct ef-
fector outcomes in monocytes and neutrophils.

While ICs composed of serum-derived IgA and monomeric
monoclonal IgA could both potentiate NETosis, sIgA purified
from saliva could not. This is consistent with prior studies that
have demonstrated that the secretory component sterically in-
terferes with binding to FcaRI and suggests that IgA-stimulated
NETosis is unlikely to occur in the airways in which sIgA is
enriched, but instead would be expected to take place primarily
in tissues and vasculature (55).

The data presented here demonstrate that NETs can both trap
and inactivate viruses. This suggests that they may have a pro-
tective antiviral function. NETs are decorated with antimicrobial
proteins including myeloperoxidase, and cationic peptides like
a-defensin and cathelicidins that are known to inactivate viral
particles (56, 57). We speculate that, in individuals who lack virus-
specific IgA, the high concentrations of virus needed to stimulate
NETosis might exacerbate inflammation and potentiate disease as
has been observed for those with COVID-19 (14-16, 35). How-
ever, for individuals with preexisting immunity—such as that
conferred by vaccines—low levels of IgA-induced NETosis might
help to trap and inactivate viruses early in infection, thereby
limiting virus spread and progression to severe disease.

In summary, we report an antiviral effector function mediated
by virus-IgA ICs. The mechanism through which virus-IgA ICs
stimulate NETosis is distinct from—and considerably more po-
tent than—virus alone. Since mice do not express an FcaR, it will
be important to develop alternative models for in vivo studies to
determine when IgA-virus IC-mediated NETosis may be pro-
tective and when it may exacerbate disease.

Materials and Methods

Human Serum and Blood Samples. Human blood samples used to isolate serum
antibodies were obtained with permission from consenting male and female
IAV-vaccinated donors, SARS-CoV-2 infected donors, HIV-positive individ-
uals, and RA patients. Human blood for neutrophil isolations was collected
with permission from consenting healthy male and female donors. All pro-
tocols involving human samples were approved by the Hamilton Integrated
Research Ethics Board and the Western Research Ethics Board. Blood was
collected into ethylenediaminetetraacetic acid (EDTA) coated tubes (BD
Vacutainer).
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Neutrophil Isolation. Neutrophils were isolated from the peripheral blood of
healthy male and female donors by density gradient centrifugation as de-
scribed previously (24). Briefly, 3 mL room-temperature (RT) Histopaque 1119
(Sigma-Aldrich) was added to a 15-mL falcon tube followed by gentle addition
of 3 mL Histopaque 1077 (Sigma- Aldrich). A total of 6 mL blood was layered
on top, and samples were centrifuged at 930 x g for 30 min at RT with no
deceleration in an Allegra X-12R centrifuge (Beckman Coulter). The neutrophil
layer was collected between the Histopaque layers and diluted in 4 °C
polymorphonuclear cell (PMN) buffer (0.5% bovine serum albumin [BSA],
0.3 mM EDTA in Hank’s balanced salt solution [Sigma-Aldrich]) to a total
volume of 50 mL. PMNs were then centrifuged at 450 x g for 5 min at RT. The
supernatant was discarded, and the cell pellet was resuspended by flicking the
tube. To lyse red blood cells, 3 mL ammonium-chloride-potassium lysis buffer
(8.3 g/L NH,4Cl, 1 g/L KHCO3, and 0.05 mM EDTA, in sterile distilled H,0) was
added to the PMNs and incubated for 3 min with agitation every 30 s. The
PMNs were diluted in 30 mL PMN buffer and centrifuged at 450 x g for 5 min
at RT followed by one additional wash.

Antibody Purification. Heat-inactivated human serum was diluted 1:10 in
phosphate-buffered saline (PBS) and applied to a gravity polypropylene flow
column (Qiagen) containing 1 mL Protein G-Sepharose resin (Invitrogen) to
purify 1gG. Flow through sera was then applied to a gravity flow column
containing 1 mL Peptide M-Sepharose resin (InvivoGen) to purify IgA. Col-
umns were washed with two column volumes of PBS. IgG and IgA were
eluted with 0.1 M glycine-HCl buffer (pH 2.7) into 2 M Tris-HCI neutralizing
buffer (pH 10). Antibodies were concentrated and resuspended in PBS using
30 kDa cutoff Macrosep Advanced Centrifugal Devices (Pall Corporation). To
purify monoclonal antibodies, clarified cell-culture supernatants were ap-
plied directly to Protein G-Sepharose columns prior to washing and elution.

Monoclonal Antibodies. The variable light and heavy chain sequences of KB2
and 29E3 antibodies (30, 58) were cloned into pFuse vectors (pFUSE-CHIg-
hG1, pFUSEss-CHIg hA1, and pFUSE2ss-CLIg-hK, Invivogen). KB2 binds to the
stalk domain of H1 viruses, while the 29E3 antibody is specific to the head
domain of Cal/09. HEK293T cells were cotransfected with pFUSE plasmids
according to the manufacturer's recommendations, and antibodies were
subsequently purified from supernatants using Protein G-Sepharose columns
as described (see Antibody Purification).

Cells and Viruses. MDCK cells were grown in Dulbecco modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS) (Gibco), 2 mM L-glutamine,
and 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific). At 100%
confluency, MDCK cells were infected for 1 h with Cal/09 HIN1 (kind gift of
Peter Palese, Icahn School of Medicine at Mount Sinai, New York, NY) in 1x
minimum essential medium (MEM, Sigma-Aldrich) supplemented with 2 mM
L-glutamine, 0.24% sodium bicarbonate, 20 mM Hepes [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], MEM amino acids solution (Sigma-Aldrich),
MEM vitamins solution (Sigma-Aldrich), 100 U/mL penicillin-streptomycin
(Thermo Fisher Scientific), and 0.42% BSA (Sigma-Aldrich). Cells were then
washed with PBS, and media were replaced. Cells were left for 72 h, and su-
pernatant was collected. A/Puerto Rico/8/1934/H1IN1-mNeon (PR8-mNeon),
which was a kind gift from the laboratory of Nicholas Heaton (Duke University,
Durham, NC) (42), was propagated in 10-d-old embryonated chicken eggs as
per standard protocols (59).

Influenza Virus Purification. Clarified supernatants from IAV-infected MDCK
cells were layered on top of 8 mL 20% sucrose (Bioshop) in NTE buffer (0.5 M
NacCl, 10 mM Tris-HCl, 1 mM EDTA, pH 7.5) inside Ultra-Clear Ultracentrifuge
tubes (Beckman Coulter). Samples were spun at 76,650 x g for 2 h at 4 °C
inside a SW 32i rotor using an Optima L-90K Ultracentrifuge (Beckman
Coulter). Purified viruses were quantified using a bicinchoninic acid assay
(BCA) Protein Assay Kit (Pierce Biotechnology) according to the manufac-
turer’s instructions and by hemagglutination assay.

Psuedotyped Lentivirus Production. HIV-1 X4 gp120-pseudotyped lentiviruses
were prepared described previously (60). Briefly, HEK293T cells were cultured
in DMEM supplemented with 10% FBS, L-glutamine, and 100 U/mL penicillin-
streptomycin and maintained in 5% CO, at 37 °C. Briefly, 5 x 10° cells were
seeded onto 6-well plates 1 d prior to transfection. Cells were cotransfected on
the next day at 70 to 80% confluency with pLenti-CMV-GFP-Puro (1.5 pg)
along with pEnvy,g (0.5 pg) and psPAX2 (1 pg) plasmids. The medium was
changed 24 h posttransfection. The supernatant was then harvested, filtered
with 0.22-um filters (Millipore), and titered as described previously (60). The
virus was stored at —80 °C until use.
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SARS-CoV-2 S protein—pseudotyped lentiviruses were produced as described
by Crawford et al. (61), and the following reagents were obtained through the
Biodefense and Emerging Infections Research Resources Repository (BEI Re-
sources), National Institute of Allergy and Infectious Diseases (NIAID), NIH: SARS-
Related Coronavirus 2, Wuhan-Hu-1 Spike-Pseduotyped Lentiviral Kit, NR-52948.
In brief, HEK293T cells seeded in 15-cm dishes at 1.1 x 107 cells/mL in 15 mL
standard DMEM. A total of 16 to 24 h postseeding, cells were cotransfected with
HDM-nCoV-Spike-IDTopt-ALAYT, pHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI catalog
number NR-52516), HDM-Hgpm2 (BEI catalog number NR-52517) HDM-tat1b
(BEI catalog number NR-52518), and pRC-CMV-Rev1b (BEI catalog NR-52519). A
total of 18 to 24 h posttransfection, the media were replaced with full DMEM. A
total of 60 h posttransfection, the supernatant was collected and filtered with a
0.45-um filter and stored at —80° C. For purification, 40 mL supernatant was
concentrated by spinning at 19,400 rpm for 2 h in an SW 32 Ti rotor using a
Beckman Coulter Optima L-90K ultracentrifuge. The resulting pellet was resus-
pended in 400 ul Hank’s Balanced Salt Solution (HBSS) followed by 15 min of
continuous vortex at RT. The protein concentration was confirmed by BCA.

Coating Polystyrene Microspheres with Protein L and a Polyclonal Antibody.
Fluorescent carboxylate microspheres of 0.5 pm (Polysciences) were coated
with Protein L (Thermo Fisher Scientific) followed by polyclonal IgA or IgG.
The polystyrene microspheres were first washed with 1x PBS and centri-
fuged at 13,523 x g. The PBS wash was repeated, and then the microspheres
were incubated at RT with 750 pg Protein L for 4 h with gentle mixing.
Following another PBS wash, 300 pg polyclonal IgA was added to the mi-
crospheres and left to incubate at RT with gentle mixing overnight. Fol-
lowing this incubation, the microspheres were centrifuged at 13,523 x g for
10 min, and the resulting pellet was resuspended in 1 mL PBS for 30 min with
gentle mixing at RT. Following the final incubation, the microspheres were
centrifuged at 13,523 x g for 5 min and resuspended in 500 uL PBS.

Neutrophil Stimulation with Soluble ICs. Glass coverslips of 15 mm were placed
inside wells of a sterile 24-well plate, and 4.0 x 10° PMNs were added to each
well and allowed to settle for 1 h. For IAV-polyclonal Ab stimulations,
mixtures of 25 pg Cal/09 (2'° hemaglutinin units (HAU)) and 50 pg/mL
polyclonal IgG or IgA antibodies were incubated for 30 min at RT before
addition to PMNs. ICs containing monoclonal HA stalk (KB2) or head-binding
(29E3) antibodies were generated at a 2:1 ratio of antibody to virus (100 pg/mL
and 50 pug/mL, respectively) and allowed to incubate for 30 min at RT prior
to stimulation of PMNs. To test the ability of ICs generated with sigA to
stimulate NETosis, matched slgA and serum IgA were purified from the saliva
of four healthy donors using peptide M columns. ICs containing 100 pg per
well of serum-derived monomeric IgA or slgA and 50 ug per well of Cal/09
were allowed to form by incubation at RT 30 min. HIV-specific ICs were gen-
erated by purifying IgA from the serum of three HIV-1-positive donors. ICs
were formed by incubating 100 pg/mL polyclonal IgA and 50 pug/mL HIV-1
gp120-pseudotyped lentiviruses for 30 min at RT. SARS-CoV-2 ICs were gen-
erated using antibodies purified from the convalescent sera of an individual
who had been infected with SARS-CoV-2. ICs were formed by incubating
100 pg/mL polyclonal IgA and 12.5 pg/mL pseudotyped spike lentiviruses for
30 min at RT. For RA samples, ICs were formed by incubating 50 pg per well of
citrullinated human fibrinogen (Cayman Chemicals) with 100 pg per well of
polyclonal IgA or I1gG for 30 min at RT. Stimulation of IgA-coated beads was
performed by incubating neutrophils with 5.0 x 10® beads. Antibodies/viruses/
beads/ICs were then incubated with PMNs for 3 h at 37 °C before being fixed
with 3.7% paraformaldehyde (PFA) (Pierce Protein Biology) prior to staining
and imaging.

Immobilized IC Assay. Purified viruses were plated on 15-mm sterile coverslips in
a 24-well plate at 2 pg/mL and incubated at 37 °C for 18 h. Wells were washed
twice with PBS, and 250 ug of either polyclonal IgA or IgG was added for
30 min at 37 °C. Wells were washed twice with PBS prior to the addition of
4.0 x 10° PMNs per well. PMNs were incubated for 3 h at 37 °C, fixed, and
stained (see Fluorescence Microscopy and Quantification of NETosis).

FcaRl Blockade. Glass coverslips of 15 mm were placed inside wells of a sterile
12-well plate, and 4.0 x 10° PMNs were added to each well in a total volume
of 500 pL and allowed to settle for 1 h. To block Fc-aRI, 20 pg/mL mouse anti-
human CD89 antibody (AbD Serotec) was added to neutrophils for 20 min at
4 °C. PMNs were then stimulated with various conditions for 3 h at 37 °C
before being fixed with 3.7% PFA and stored at 4 °C until staining.

Fluorescence Microscopy and Quantification of NETosis. Cells were fixed with 3.7%
PFA (Pierce Protein Biology) at 4 °C, washed in PBS three times, and then per-
meabilized using 0.5% Triton X-100 (Thermo Fisher Scientific) in phosphate-
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buffered saline, 0.1% Tween (PBS-T). Fixed and permeabilized cells were then
blocked for 30 min at RT in blocking buffer (10% FBS in PBS-T). Cells were in-
cubated with primary rabbit anti-neutrophil elastase antibody (Abcam) at a
1:100 dilution for 1 h at RT. Coverslips were washed with PBS three times and
then incubated with Alexa Fluor 488-conjugated donkey anti-rabbit antibody
(Molecular Probes) diluted as per the manufacturer’'s recommendation (two
drops per milliliter) for 1 h at RT, protected from light. Coverslips were then
washed with PBS three times. A total of 1 pg/mL Hoechst 33342, trihydro-
chloride, trihydrate (Life Technologies) was incubated for 5 min at RT, protected
from light. Cells were washed with PBS three times, and coverslips were
mounted onto glass slides in EverBrite Mounting Medium (Biotium). Cells were
imaged using an EVOS FL microscope (Life Technologies). Five random fields per
condition were captured at 20x magnification. NETosis was quantified by
counting cells that had decondensed chromatin colocalized with neutrophil
elastase. Percent NETosis was expressed as the number of cells that had under-
gone NETosis/the number of total cells.

Influenza Viral-Particle Trapping and Inactivation in NETs. Sterilized glass
coverslips were placed in a 24 well plate, and neutrophils at 4.0 x 10° cells per
well were allowed to settle for 1 h prior to stimulation. Neutrophils were
stimulated with PMA for 3 h at 37 °C, 5% CO,. Cal/09 at 10° PFU/mL was then
allowed to settle on the preformed NETs for 3 h at 37 °C; following this,
incubation cells were fixed with 3.7% PFA. Staining was performed as pre-
viously described (see Fluorescence Microscopy and Quantification of
NETosis). Primary antibodies used included the following: primary rabbit
anti-neutrophil elastase antibodies (Abcam, 1:100 dilution) and 6F12 gen-
erated from in-house hybridomas at 1 pg/mL. Secondary antibodies included
the following: Alexa Fluor 488 conjugated donkey anti-mouse antibodies
(Molecular Probes, 1:4,000) and Alexa Flour 594 donkey anti-rabbit (Molec-
ular Probes, 1:4,000). Coverslips were incubated with 1 pg/mL Hoechst 33342,
trihydrochloride, trihydrate (Life Technologies) to probe for DNA. Cells were
visualized and imaged using GFP (Ex 470 nm/Em 525 nm) and DAPI (Ex 360
nm/Em 447 nm), with Texas Red (Ex 585/Em 624) color cubes in the EVOS FL
microscope (Life Technologies). To evaluate inactivation, 10° PFU/mL of PR8-
mNeon was incubated with PMA-stimulated neutrophils for 3 to 6 h. A total
of 25 units per milliliter of DNasel (Thermo Fisher Scientific) were added to
PMA-stimulated neutrophils and were allowed to incubate for 90 min to
digest NETs. Samples were collected and stored at —80° C until further use.
Prior to virus quantification, MDCK cells were seeded in 24-well plates and
used when 90% confluent. The sample was diluted 1:10 in 1x MEM
(Sigma-Aldrich), supplemented with 2 mM L-glutamine, 0.24% sodium bi-
carbonate, 20 mM Hepes, MEM amino acids solution (Sigma-Aldrich), MEM
vitamins solution (Sigma-Aldrich), 100 U/mL penicillin-streptomycin (Thermo
Fisher Scientific), and 0.42% BSA (Sigma-Aldrich), before being added to
cells. After 1 h, this was replaced with DMEM containing 10% FBS (Gibco),
2 mM L-glutamine, and 100 U/mL penicillin-streptomycin. The number of
fluorescent cells was assessed 12 h postinfection. Cells were fixed with PFA
and incubated with 1 pg/mL Hoechst 33342, trihydrochloride, trihydrate (Life
Technologies). Five fields per condition were taken on the EVOS FL micro-
scope, and percent infectivity was determined as the number of infected
cells/the total number of cells.

Phagocytosis Assay of Polyclonal Antibody-Coated Microspheres. This protocol
was performed as previously described (24). Briefly, fluorescent carboxylate
microspheres of 0.5 um (Polysciences) were coated with protein L and
polyclonal IgA or IgG and were incubated with neutrophils at a 500:1 ratio at
37 °C for 15 min with gentle mixing. This was followed by centrifugation at
930 x g for 10 min. Cells were washed twice with PBS before being plated in
a 96-well plate. Fluorescence was measured with the SpectraMax i3 plate
reader at 526 nm (Molecular Devices).

NOX Assay. Neutrophils were purified as described above (see Neutrophil Iso-
lation) and allowed to settle on glass coverslips for 1 h at 37 °C. While settling,
neutrophils were incubated with 20 pm DPI (Sigma-Aldrich), a neutrophil
NADPH oxidase inhibitor. Neutrophils were then stimulated with IgA-IAV ICs or
PMA (0.1 mg/mL, Sigma-Aldrich) as a positive control, and DPI was maintained
in the media. Cells were then fixed with 3.7% PFA and stored at 4 °C until
staining and imaging.

Statistics. Graphs and statistical analyses were generated using Graphpad
Prism version 9 (GraphPad Software). P < 0.05 was considered to be signif-

icant across all experiments.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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