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Abstract

Rationale—Siglec-8 is a surface receptor predominantly expressed on human eosinophils where
its ligation induces reactive oxygen species (ROS) formation and cell death. Since Siglec-8 has
intracellular tyrosine-based motifs, we hypothesized that Src family kinases (SFKs) are involved in
ROS formation and cell death induced by Siglec-8 engagement.

Methods—Human peripheral blood eosinophils were purified and incubated with anti-Siglec-8
monoclonal antibodies (mAb, agonist), IL-5, and SFK pharmacological inhibitors. We focused on
Siglec-8-induced cell death in short-term IL-5-activated cells leading to a regulated necrosis-type
cell death. ROS production was determined by dihydrorhodamine (DHR) 123 labeling and flow
cytometry, or by chemiluminescence using Amplex red. Activation of SFK was determined using
phospholuminex and Western blotting.

Results—In order to determine cellular localization of ROS production, we measured intra and
extracellular ROS. While an ETosis stimulus (calcium ionophore A23187) led to extracellular
ROS (ecROS) production, Siglec-8-engagement in short-term IL-5 activated cells led to
intracellular ROS (icROS) accumulation. Consistently, inhibition of extracellular ROS by catalase
inhibited ETosis, but not IL-5-primed Siglec-8-induced cell death. In order to determine signaling
events for Siglec-8, we performed Western blotting and found SFK phosphorylation in lysates
from eosinophils stimulated with anti-Siglec-8 mAb = IL-5. In order to identify which SFKs were
involved, we used the phospholuminex assay and found increased levels of phosphorylated Fgr in
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the cytoplasmic fraction of cells co-stimulated with anti-Siglec-8 and IL-5 for 3 hours compared
with cells stimulated with IL-5 alone. To test the involvement of SFKs in ROS production and cell
death, we used SFK inhibitors PP2 and dasatinib, both of which completely inhibited eosinophil
ROS production and cell death induced by anti-Siglec-8 and IL-5 co-stimulation.

Conclusion—Siglec-8 engagement in short-term IL-5-activated eosinophils causes icROS
production and SKF phosphorylation, and both are essential in mediating Siglec-8-induced cell
death.

Introduction

Siglecs (sialic acid binding 1g-like lectin) are a family of I-type lectins that recognize sialic
acid. Characterized by their preferential expression on hematopoietic and immune systems
and their common structure in cytoplasmic domain bearing one or more immunoreceptor
tyrosine-based inhibitory motifs (ITIMs), siglecs are assumed to have primarily inhibitory
function in the immune system. [1,2] Except for a few instances such as Siglec-2 (CD22)
mediated inhibition of BCR signaling in B cells, however, the roles and precise mechanisms
of siglec function in immune responses are yet to be understood. [3]

Siglec-8 is predominantly expressed on human eosinophils, although it is also found on the
surface of basophils and mast cells. [4,5] Interestingly, /n vitro ligation of Siglec-8 induces
apoptotic eosinophil cell death, and this function is paradoxically enhanced by co-
stimulation or prior priming with 1L-5, the latter being a prominent activation/survival factor
for eosinophils. [6,7] Clinically, Siglec-8 has been implicated in asthma pathogenesis; a
polymorphism of Siglec-8 was associated with asthma susceptibility in humans [8]. Mice
bearing a genetic deficiency for Siglec-F (the functional paralog of Siglec-8) [9,10] or
enzymes (e.g., ST3Gal-I11) responsible for generation of its putative ligand (glycans on
Muc5b) were shown to have exacerbated eosinophilic inflammation in models of type 2
responses. [11,12] Collectively, Siglec-8 and Siglec-F are suggested to have a role to prevent
chronic lung inflammation of asthma by inducing cell death of activated eosinophils. [13]

It has been demonstrated that Siglec-8 ligation induces apoptosis in resting cells, and a form
of regulated necrosis, involving reactive oxygen species (ROS) accumulation and prolonged
extracellular signal-regulated kinase (ERK) phosphorylation in short-term IL-5 pretreated
cells [14,15], consistent with the general notion that cells that receive a death signal but have
apoptosis inhibited (e.g. by IL-5) activate backup cell death pathways such as regulated
necrosis. [16] Recently, another form of ROS-dependent regulated necrosis was described in
eosinophils, ETosis. [17] The authors demonstrated that extracellular ROS (ecROS) is
produced in and required for the process of ETosis. On the other hand, previous results
suggested intracellular ROS (icROS) is accumulated and promotes phosphorylation of
nuclear ERK upon Siglec-8/IL-5 induced cell death. Whether the mechanism of regulated
cell death induced by ETosis stimuli and Siglec-8/IL-5 are identical, i.e., whether ecROS and
icROS play similar roles in Siglec-8/IL-5 induced cell death as in ETosis, is the first focus of
the present study. Furthermore, the mechanism of ROS induction by an ITIM-bearing
receptor is not known. In other siglec pathways, such as those involving CD22 on B cells or
CD33 on neutrophils, Lyn, a member of the non-receptor tyrosine kinase Src family kinases
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(SFKs), is implicated in signaling, suggesting an affinity of SFKs for the intracellular
membrane-proximal ITIM found in most siglecs. [18,19] In turn, SFKSs are also implicated
in chemoattractant-induced ROS production in neutrophils. [20] Therefore, to dissect the
signaling pathways mediating eosinophil cell death following Siglec-8 engagement in short-
term IL-5-primed eosinophils, we tested the hypothesis that SFKs are involved in ROS
accumulation and cell death induced by Siglec-8.

Materials and Methods

Eosinophil purification

Blood eosinophils were purified (to >95% purity) from healthy control subjects by using
Percoll gradient separation and the CD16 magnetic bead negative selection system (Miltenyi
Biotec, Bergisch Gladbach, Germany), as previously described. Written informed consent
was obtained from all blood donors, and the study was approved by the Institutional Review
Board of Cincinnati Children’s Hospital.

Eosinophil culture and cell death measurement

Human eosinophils were cultured at 1x10%/mL in RPMI 1640 containing 10% fetal bovine
serum (FBS) (subsequently designated as “normal media™), or for some experiments, in
RPMI 1640 containing 0.1% bovine serum albumin (BSA), in order to avoid the known
ROS-scavenging effect of FBS [FBS(-) media]. To activate eosinophils, we added
recombinant human IL-5 (PeproTech, Rocky Hills, NJ) (30 ng/mL), and anti-Siglec-8 or its
isotype-matched control antibody (BioLegend, San Diego, CA) (2.5 ug/mL). Unless noted
otherwise, IL-5 and anti-Siglec-8 were added simultaneously. Anti-Siglec-8 mAb 2C4
(mouse 1gG1) was produced as previously described.® In some experiments the clone 7C9
anti-Siglec-8 antibody (BioLegend) was used; results were identical regardless of which
anti-Siglec-8 antibody clone used. ETosis was induced by exposure to the calcium
ionophore A23187 (Sigma-Aldrich, MO) (2uM). The selective pharmacological inhibitor for
SFKs (PP2) and its inactive control (PP3) were purchased from EMD-Millipore Chemicals
(Merck, Darmstadt, Germany), and the pan-tyrosine kinase inhibitor dasatinib (DA) was
obtained from Fisher Scientific (Pittsburgh, PA). Inhibitors or controls were added
simultaneously with IL-5 and/or anti-Siglec-8, as specified in figure legends. When the ROS
inhibitor diphenyleneiodonium (DPI; Sigma-Aldrich, St Louis, MO) was used, cells were
preincubated with DPI for 5 minutes and then washed and resuspended with media prior to
adding the indicated stimuli. Catalase (Sigma-Aldrich), which does not penetrate intact
plasma membranes and thus works as an extracellular ROS scavenger, was added to the
medium just prior to adding the indicated stimuli. Eosinophil apoptosis and death were
assessed by means of flow cytometry with Annexin V and 7-aminoactinomycin D (7AAD)
staining and a FACS Calibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ). For
detecting ETosis, cells were cultured in an 8 well chamber slide (Thermo Scientific) for 3
hours after stimulation, then stained with DAPI before determination of typical morphologic
change of the nucleus by fluorescent microscopy.
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Measurement of released eosinophil peroxidase (EPX) activity

EPX release was measured as described previously. [21] Briefly, following stimulation of
eosinophils with indicated stimuli, the substrate O-phenylenediamine (OPD) was added
directly to cell suspensions, reaction was stopped by H,SO,4 and color intensity measured at
492-nm wavelength. Data are expressed as fold change, compared with level in supernatant
of unstimulated cells.

ROS production measurements

To measure icROS, after stimulation for the indicated times, cells were incubated in normal
media with 1 mM dihydrorhodamine (DHR) 123 (Invitrogen, Waltham, MA) at 37 C for 30
minutes, fixed with 1% PFA, washed with PBS, and subsequently analyzed by flow
cytometry. In some experiments, cells were incubated with DHR 123 for 15 minutes before
the addition of stimuli; at the end of stimulation period, cells were fixed with 1% PFA. For
measuring ecROS, the Amplex-Red® Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen)
was used according to manufacturer’s protocols. Briefly, isolated eosinophils were re-
suspended in normal or FBS(-) media at 1x10%/mL density, and following addition of
stimuli, reagents and/or catalase, cells were transferred to a 96 well microplate. The
microplate was kept at 37 °C in a plate reader and the fluorescence was measured every 10
minutes.

Immunochemical detection of phosphorylated signaling proteins

Phosphorylated signaling proteins were measured using a multiplex bead assay and Western
blotting. For the multiplex bead assay, an antibody panel kit for 8 phosphoproteins related to
SFK (Lck, Lyn, Src, Yes, Fgr, Fyn, Blk and Hck) was used (Milliplex; Millipore, Temecula,
CA). Briefly, eosinophils (1x108/mL) were cultured with or without stimuli for the indicated
times, washed with cold PBS, and lysed in the presence of a cocktail of protease/
phosphatase inhibitors (Thermo Fisher Scientific, Uppsala, Sweden) using manufacturer-
provided lysis buffer to generate lysates equivalent to 1x107 cells/mL, Lysates were then
filtered with centrifugation in provided filter plates. Total protein concentrations of the
lysates were measured and adjusted by diluting with lysis buffer. Lysates were mixed with a
cocktail of antibody-specific beads overnight, treated with detection antibody and
Streptavidin—PE, and analyzed with the Luminex system (Luminex, Austin, TX). In some
experiments, cell lysates were fractionated with the NE-PER nuclear and cytoplasmic
extraction kit (Thermo Fisher Scientific), according to the manufacturer’s protocols.

For Western blotting, protein lysates were electrophoresed through Bis-Tris 4-15% gradient
NuPage gels (LifeScience-Invitrogen) and transferred to nitrocellulose membranes by using
the iBlot dry blot system (LifeScience-Invitrogen), according to the manufacturer’s
guidelines. Anti—phospho-Yes antibody, which recognizes phosphorylation of Tyr537 in
multiple SFKs, was purchased from Thermo-Fisher. After blocking with 5% BSA in Tris-
buffered saline—-Tween, membranes were incubated overnight with primary antibodies
(1:1000 in Tris-buffered saline-Tween/1% BSA). Specific binding to these antibodies was
detected with HRP-conjugated secondary antibodies using the Luminata Forte
chemiluminescent HRP detection kit (Millipore).
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Statistical analysis

Results

Prism® (GraphPad Software, CA) was used to determine statistical significance. Unless
noted otherwise, data in figures represent mean values with error bars indicating standard
deviation of replicates within an experiment. The number of independent experiments is
denoted in figure legends. P value of less than 0.05 by t-test was regarded as significant and
indicated with (*).

Cellular localization of ROS

ROS is released to both intra- and extra-cellular compartments by NADPH-oxidase. [22]
Intracellular ROS is also produced in various other intracellular compartments, most notably
mitochondria, where they play roles in multiple functions, from host defense to regulation of
cellular signaling. [23] In ETosis, extracellular ROS is produced and can cause eosinophil
death.® We have previously shown that intracellular ROS is produced and required for
Siglec-8/1L-5 induced cell death”:15; however, the role of cellular localization of ROS, i.e.,
whether only intracellular or both intra and extracellular ROS are required for Siglec-8/IL-5-
stimulated eosinophils, has not been determined. Thus, we compared production of
intracellular and extracellular ROS in eosinophils in response to the calcium ionophore
A23187, which induces ETosis, to ROS generated in response to anti-Siglec-8/IL-5. Both
stimuli led to comparable degranulation and eosinophil death, as measured by extracellular
EPX release and annexinVV/7AAD flow cytometry (Figure 1A upper and lower panels,
respectively), suggesting similar magnitudes on cell death. Interestingly, while A23187 led
to extracellular ROS accumulation (as previously reported), anti-Siglec-8/IL-5 led to
intracellular (icROS) accumulation but not extracellular ROS generation (Figure 1B upper
and lower panels, respectively). Removal of FBS (a known ROS scavenger [24]) from the
media (FBS(-)), enhanced ROS, while catalase completely eliminated the ROS produced in
response to A23187; neither had any effect on anti-Siglec-8/IL-5-treated cells (data not
shown). Consistent with A23187 leading to extracellular ROS, catalase completely
scavenged ROS (Figure 1B lower panel) and prevented A23187-induced, but not anti-
Siglec-8/IL-5-induced, cell death and EPX release (Figure 1C upper and lower panels,
respectively). Finally, the expulsion of nuclear DNA (“net” formation, characteristic of
ETosis) was not seen in anti-Siglec-8/IL-5 treated cells, even in FBS (=) (Figure 2). These
finding suggest that while both stimuli led to eosinophil death, they do so employing
different pathways and mechanisms.

Phosphorylation of SFKs in IL-5/anti-Siglec-8 stimulated cells

Since Siglec-8 has intracellular tyrosine-based signaling motifs, and its ITIM domain was
necessary for signaling in mast cells [25], we hypothesized that Src family kinases (SFKSs)
are involved in this intracellular ROS formation and cell death induced by Siglec-8
engagement. Thus, we first performed Western blotting for phospho-SFK (using an antibody
against the Y537 motif conserved in most SFK members) in anti-Siglec-8/IL-5 co-
stimulated cells. As seen in Figure 3A, there was increased SFK phosphorylation in the
cytoplasmic fraction of cells treated with anti-Siglec-8/IL-5 compared with IL-5 alone at 10—
180 minutes. No phospho-SFK was seen in the nuclear fraction (data not shown). These
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results demonstrated that SFK was phosphorylated after Siglec-8 antibody engagement, this
phosphorylation was sustained for at least 180 minutes, and was localized to the cytoplasmic
cell fraction.

Since this Western blot antibody recognized phosphorylated tyrosine in multiple SFKs, we
used phospholuminex to screen more specifically for SFK phosphorylation in anti-Siglec-8/
IL-5 co-stimulated cells. Based on the known spatial specificity of SFK function, we
examined fractionated nuclear/cytoplasmic lysates, using cells stimulated by IL-5 only or
anti-Siglec-8/IL-5. While no remarkable phosphorylation was found for each SFK among
nuclear fractions (Figure 3B), phosphorylated-Fgr levels were uniquely increased upon
Siglec-8 ligation in the cytoplasmic fractions (Figure 3C). These results supported our
hypothesis that SFKs are involved in signaling events following engagement of Siglec-8.

Inhibition of SFKs prevents icROS accumulation and cell death in eosinophils following
Siglec-8 engagement

To test if activation of SFKs is required for the downstream outcomes of anti-Siglec-8—
initiated signaling, namely ROS production and cell death, we examined the effect of
pharmacological SFK inhibitors. As shown in Figure 4A, the pan-tyrosine kinase inhibitor
dasatinib (DA; 10 nM) and the the SFK inhibitor PP2 (7.5 pM), but not its inactive control
PP3, effectively inhibited anti-Siglec-8/IL-5 mediated intracellular ROS production, detected
by DHR123 flow cytometry. When evaluating their effect on cell death, co-incubation with
PP2 or DA also significantly prevented eosinophil cell death following anti-Siglec-8 + IL-5
stimulation as measured by Annexin-V/7AAD flow cytometry (Figure 4B left and right
panels, respectively). Together, these results suggest that activation of SFKs is required for
intracellular ROS production and cell death following Siglec-8 stimulation.

Discussion

In this study, we elucidate the signaling pathway of cell death that occurs in IL-5/anti-
Siglec-8 co-stimulated eosinophils. Specifically, our data support a model wherein
engagement of Siglec-8 in short-term IL-5 activated eosinophils leads to SFK-mediated
intracellular ROS accumulation and cell death that is distinct from the recently described
process of ETosis.

We demonstrate that there are at least two distinct modes of ROS production and
requirement for eosinophil cell death. Unequivocally, ETosis (induced experimentally by
calcium ionophore A23187) and anti-Siglec-8/1L-5-induced cell death showed distinct
modes of ROS production and usage, as the former was shown to be exclusively ecROS
dependent while the latter is essentially icROS—predominant. The source of ecROS is
presumably NADPH oxidase located on the plasma membrane or membrane of released
granules, but definitive proof of this will require further experimentation. The exact source
of icROS induced by Siglec-8 engagement is not known, but may include diverse sources
such as NADPH oxidase on intracellular granules, or oxidative phosphorylation in
mitochondria. In addition to mechanistic insight, this difference in ROS generation may have
implications on consequences of the two types of eosinophil cell death. While both ETosis
and IL-5/anti-Siglec-8-induced cell death led to some release of eosinophil granule proteins,
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ecROS may further contribute to tissue injury in ETosis and not IL-5/anti-Siglec-8-induced
cell death. On the other hand, another study demonstrated that ecROS can deactivate damage
associated molecular patterns (DAMPS) to abrogate further tissue damage. [26] Regardless,
the presence or absence of ecROS may affect the extent of tissue damage caused by different
mechanisms of eosinophil cytolysis, and studies, preferably using physiological stimuli, are
warranted.

We attempted to define the intracellular molecular events that link Siglec-8 activation to
icROS production, and identified an indispensable role for the SFKs. Western blot data show
phosphorylation of the C-terminal SFK tyrosine, Y537. Regulation of SFK activity is
complex, with two tyrosines, and four possible phosphorylation states (neither, both, or each
tyrosine single phosphorylation state). While the phosphorylation of Y416 is associated with
an active status, phosphorylation at Y537 can be associated with an active status (if Y416 is
also phosphorylated) or an inactive status of the enzyme (if only Y537 is phosphorylated).
[27] Thus, we used pharmacologic inhibitors to assess if function of SFK is required for
downstream effects. As can be seen in Figure 4, using two independent inhibitors we show
that SFK activity is required for IL-5/anti-Siglec-8 co-stimulated ROS accumulation and cell
death.

Furthermore, the motif surrounding the C-terminal tyrosine is conserved among the Src
family kinase members, and thus the antibody does not distinguish between family
members. Thus, we turned to phospholuminex, where beads are coated with a panel of SFK-
family member specific capture antibodies, and phosphorylation is detected with a pan-
phosphotyrosine antibody. This approach enabled us to identify Fgr as one SFK (among
those tested) that is phosphorylated following Siglec-8 engagement. Interestingly, the change
in phosphorylation status was evident only following subcellular fractionation (data with
whole cell lysates not shown), and specifically in the cytoplasmic fraction. Src family
kinases traffic to different intracellular compartments to perform different functions, and
thus focusing on a specific fraction increases the signal-to-noise ratio enabling differences to
be seen which were not seen when whole cell lysates were used.

Previously, SFKs have been implicated in ROS production in neutrophils. Specifically,
neutrophils require SFKs (Lyn, Fgr or Hck) to generate ROS production in an immediate
response to chemoattractants (such as fMLP) or in a late response to integrin—-mediated
adhesion.® Our finding that SFK activity is required for ROS production and eosinophil cell
death in IL-5/anti-Siglec-8 co-stimulated cells may appear unexpected given that ITIM-
bearing receptors, like those found in siglecs, are traditionally believed to signal via tyrosine
phosphatases [28], and that SFKSs are traditionally associated with activation and survival
pathways. However, multiple studies have demonstrated that same mediators, such as SFKs,
can be responsible for triggering both the activation and inhibitory pathways, thus allowing
temporally regulated control of signaling. [29,30]

Our study has some limitations. For instance, we used antibodies to crosslink Siglec-8 and
calcium ionophore to induce ETosis. These are commonly used surrogates for their specific
cell death types, although previous studies have shown their equivalence to physiological
ligands.17:31] Furthermore, many questions remain, including which tyrosine motif on the
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Siglec molecule is involved (ITIM or ITSM), what is the source of intracellular ROS
(NADPH oxidases or mitochondria), and whether SFKs and ROS are involved in Siglec-8
signaling in mast cells. Furthermore, our studies with inhibitors of SFK suggest that an SFK
is upstream of ROS production. However, this inhibitor is not specific for Fgr and thus does
not unequivocally place Fgr upstream of ROS production. Furthermore, the possibility that
Fgr can work both up- and down-stream of ROS [32] has not been fully excluded. These and
other questions will be the subject of future studies.

In summary, our study identifies a novel signaling pathway leading to regulated eosinophil
cell death, which involves Src family kinase activity leading to intracellular ROS
accumulation and consequent lytic cell death.
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Figure 1. Comparison of anti-Siglec-8/1L-5-induced ROS production and cell death with ETosis
(A) Anti-Siglec-8/IL-5 co-stimulation and A23187 cause similar effects on eosinophils in

terms of cell death and granule release. Granule release by eosinophils (evaluated by
extracellular EPX assay at 3 hour time point) was evaluated with both Siglec-8/IL-5 and
A23187, shown as fold increase from unstimulated cells (upper panel). Cell death was
compared to no stimulation or IL-5 only stimulation at 24 hr (lower panel). Representative
of 3 experiments.

(B) Anti-Siglec-8/IL-5 co-stimulation or A23187 evoke distinct patterns of intracellular/
extracellular ROS production. icROS was detected by DHR flow cytometry (representative
of 3 experiments) (upper panel). ecROS was detected by Amplex-Red fluorescence with or
without catalase (Cat) (representative of 2 experiments) (lower panel). (C) Effect of catalase
on cell death (upper panel) and EPX release (lower panel; shown as fold change from
unstimulated, Cat[-] cells) induced by anti-Siglec-8/IL-5 or A23187 (*p<0.05).
Representative of 2 experiments.
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Figure 2. Morphological discrimination of anti-Siglec-8/IL-5-induced cell death and ETosis
Cells were incubated with IL-5 (A, E), anti-Siglec-8/IL-5 (B, F), A23187 (C, G) or A23187

in the presence of catalase (D, H) in normal media (A-D) or FBS (-) media (E-D). Note
that FBS(—) media, which should enhance ecROS, did not invoke ETosis after anti-Siglec-8/
IL-5 stimulation, contrary to A23187 treated cells, suggesting irrelevance of ecROS to anti-
Siglec-8/1L-5 induced cell death. IL-5 only or A23187/Cat treated cells are shown as
controls (representative of 2 experiments).
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Figure 3. Detection of SFK phosphorylation by immunochemistry
(A) Detection of phosphorylated Tyr537 of SFK (top) in cytoplasmic fraction lysates of

eosinophils treated with 1L-5 alone or anti-Siglec-8/IL-5 for the indicated time. Detection of
GAPDH on the same membrane is used as a loading control (bottom). Representative of 2
experiments. (B & C) Results of the phospho-luminex assay detecting phosphorylation of
eight SFKs in nuclear fractions (B) and cytoplasmic fractions (C) from human eosinophils
stimulated with IL-5 + anti-Siglec-8. Anti-Siglec-8 mAb was added simultaneously with
IL-5. Data are shown as each line representing change in phosphorylation from cells treated
with IL-5 alone to IL-5 with anti-Siglec-8 in an individual experiment.
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Figure 4. SFK inhibitors prevent ROS production and cell death of anti-Siglec-8/IL-5 stimulated
eosinophils
(A) DHR123 flow cytometry was used for detection of icROS production. Cells were
incubated with or without anti-Siglec-8/IL-5 for 1 hour in the presence of the selective SFK
inhibitor PP2 (7.5 uM) or its inactive control PP3 (7.5 uM), or the pan-tyrosine kinase
inhibitor dasatinib (DA; 10 nM). (B) Annexin V flow cytometry for detection of cell death.
Cells were stimulated with anti-Siglec-8/IL-5 overnight in the presence or absence of PP2
and PP3 (7.5 puM, left) or DA (10 nM, right). Representative of 5 (A), 5 (B left) and 6 (B
right) experiments. (*<0.05)
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