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Abstract

Background—The presence of eosinophils in the airway is associated with asthma severity and
risk of exacerbations. Cell-free eosinophil granules are found in tissues in eosinophilic diseases,
including asthma. This suggests that eosinophils have lysed and released cellular content, likely
harming tissues.

Objective—The present study explores the mechanism of CD32- and aMR2 integrin-dependent
eosinophil cytolysis of IL3-primed blood eosinophils seeded on heat-aggregated immunoglobulin
G (HA-IgG).

Methods—Cytoskeletal events and signaling pathways potentially involved in cytolysis were
assessed using inhibitors. The level of activation of the identified events and pathways involved in
cytolysis was measured. In addition, the links between these identified pathways and changes in
degranulation (exocytosis) and adhesion were analyzed.

Results—Cytolysis of IL3-primed eosinophils was dependent on production of reactive oxygen
species (ROS) and downstream phosphorylation of p-38 MAPK. In addition, formation of
microtubule (MT) arrays was necessary for cytolysis and was accompanied by changes in MT
dynamics as measured by phosphorylation status of stathmin and microtubule-associated protein 4
(MAP4), the latter of which was regulated by ROS production. Reduced ROCK signaling
preceded cytolysis, which was associated with eosinophil adhesion and reduced migration.

Conclusion and Clinical Relevance—In this CD32- and aMR2 integrin-dependent adhesion
model, lysing eosinophils exhibit reduced migration and ROCK signaling, as well as both MT
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dynamic changes and p-38 phosphorylation downstream of ROS production. We propose that
interfering with these pathways would modulate eosinophil cytolysis and subsequent eosinophil-
driven tissue damage.
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Introduction

Eosinophilic severe asthma is characterized by exacerbations, eosinophilic inflammation,
and lack of disease control [1]. In asthma, eosinophilia is strongly associated with type-2
cytokine production, including IL5 [2]. IL5 regulates eosinophil differentiation and
activation; its production is highly upregulated in the airways after an allergen challenge and
its receptor is almost exclusively present on eosinophils and basophils/mast cells [3-6].
Therefore, humanized monoclonal anti-IL5, or anti-IL5 receptor, antibodies have been
developed to reduce eosinophilia. These therapies significantly decrease blood eosinophil
count, but have a more modest effect on airway eosinophils [7-9]. We have recently shown
that an injection of anti-1L-5 (mepolizumab) in subjects with mild asthma dramatically
reduced blood and airway eosinophilia in bronchoalveolar (BAL) fluids after an allergen
challenge [10]. Yet, in these patients, despite significant reduction of BAL eosinophils, we
observed intense eosinophil toxic protein deposition and intact cell-free eosinophil granules
in the airway tissue obtained via bronchial biopsies done following segmental allergen
challenge in patients who had been pre-treated with anti-1L5 [10]. These data suggest
significant eosinophil lysis in lung tissue, and potential implication of other pro-eosinophilic
cytokines such as GM-CSF and IL3.

These findings are supported by several publications that reported presence of lysed
eosinophils and cell-free granules in patients with atopic dermatitis and nasal polyps [11-
13]. Furthermoare, the number of extracellular eosinophil granules in lung tissue correlates
with epithelial damage after allergen challenge [14]. Thus, although cytolysis of eosinophils
in tissue is a mechanism for clearance of eosinophils (as proposed by Uller et al. [15]), the
products of cytolysis may cause lingering damage by release of soluble mediators and cell-
free intact granules, the latter of which can further release toxic proteins and other
mediators, independently of intact eosinophils [16].

Several recent studies have described the formation of extracellular DNA traps by
eosinophils [17, 18], which could be linked to the process of cytolytic cell-death leading to
release of extracellular free eosinophil granules [19, 20]. More recently, extracellular
crystals of Charcot-Leyden crystal protein (CLC) released upon cytolysis have been shown
to activate the type-2 immunity [21]. Thus, products of lysed eosinophils likely contribute to
eosinophilic inflammation. A previous analysis of intracellular events during non-apoptotic
eosinophil death indicated that upon adhesion via aMR2 integrin to surfaces coated with the
iC3b form of complement C3 and highly concentrated 1gG, the eosinophil dies over an hour
by necroptosis [22]. In this study, activation of markers of necroptosis was upstream of a
signaling transduction pathway from phosphatidylinositol 3’-kinase (PI3K) to p38 mitogen-
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activated protein kinases (MAPK), and the production of ROS by dihydronicotinamide-
adenine dinucleotide phosphate (NADPH) oxidase [22].

We have previous developed an /n vitro model of eosinophilic degranulation that
recapitulates an airway eosinophilic-like phenotype responding to a biologically relevant
extracellular cue found in the asthmatic airway. In this model, blood eosinophils are
stimulated with long-term IL3 to induce a phenotype that is similar to intact airway
eosinophils obtained after an /77 vivo segmental allergen challenge [23, 24]. In this model
also, neutralizing antibodies against either CD32 or aM[32 integrin totally blocked
eosinophil attachment and degranulation (EDN release) on heat-aggregated (HA)-IgG [23].
In contract to 1L3, short or long-term treatment with IL5 does not result in a similar
phenotypic shift, and results in rapid loss of surface IL5 receptor and downstream signaling
[23-27]. Notably, antigen-bound or aggregated IgG is a relevant activator of eosinophils,
[28, 29] because IgG is present in human airways and allergen-specific 1gG correlates with
EDN levels in sputum of asthmatic patients [30, 31], and IgG complexed with eosinophil
peroxidase (EPX) and other autologous cellular components is present in airways of asthma
subjects [32]. Importantly, we have observed that the interaction of /n vitro-1L3-primed
blood and /n vivo-primed airway eosinophils with HA-1gG leads to an apparent cell death by
cytolysis [23, 27]. Therefore, in this study, we sought to determine the key intracellular
events implicated in the cytolytic death of IL3-primed eosinophils plated on HA-1gG.

Materials and Methods

Subjects and eosinophil preparation

Reagents

The study protocol was approved by the University of Wisconsin-Madison Health Sciences
Institutional Review Board. Informed written consent was obtained from subjects prior to
participation. Peripheral blood eosinophils were obtained from allergic subjects with and
without mild asthma. As previously described [23], eosinophils were purified by negative
selection. Eosinophils were cultured at 1x10%/ml in complete medium (RPMI 1640 plus
10% fetal bovine serum) with 1L3 (2 ng/ml) for 20 hours, and were then washed and
cultured with complete medium (no IL3) on heat-aggregated 19G (HA-1gG or 1gG) or
without 1gG as previously described [23]. More detailed materials and methods are in the
Supplemental Information section.

Recombinant human (rh) IL3 was purchased from BD Biosciences (San Jose, CA, USA).
Human serum IgG and phorbol myristate acetate (PMA) were from Sigma-Aldrich (St.
Louis, MO). The following reagents with their final concentration were used on eosinophils:
diphenyleneiodonium (DPI; 5uM; Selleckchem, Houston, TX, USA), L-NCG-monomethyl
arginine citrate (L-NMMA,; 10uM; Cayman Chemical, Ann Arbor, MI, USA), GSK843
(10uM; Aobious, Gloucester, MA, USA), necrosulfonamide (10uM; Calbiochem, Millipore
Sigma, Burlington, MA, USA), benzyloxycarbonyl-Trp-Glu(OMe)-His-Asp(OMe)-
fluoromethylketone (Z-WEHD-FMK; 5uM; Enzo Life Science, Farmingdale, NY, USA); (Z-
VAD-FMK; 5uM; InvivoGen, San Diego, CA, USA), colchicine (1uM; Calbiochem),
nocodazole (1uM; Calbiochem), cytochalasin-D (1uM; Calbiochem), Y27632 (10uM:;
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Calbiochem), 14-22-amide, myristoylated (4uM; Tocris-Bio-Techne Corporation,
Minneapolis, MN, USA), SB203580 and SB202474 (0.5uM; Calbiochem), U0126 and
U0124 (2uM; EMD Millipore), JNK inhibitor 1l (5uM; Calbiochem), LY294002 (10uM;
BioGems, Westlake Village, CA, USA).

Cytolysis measurement of eosinophils on heat aggregated IgG (HA-IgG)

At the indicated times and at the concentration recommended by the provider, 20 pl of bis-
alanyl-alanyl-phenylanlanyl-rhodamine 110 (R110; CytoTox-Fluor™ Cytotoxicity Assay,
Promega, Madison,WI) was added in each well for 30 min to measure loss of membrane
integrity by fluorescence (Fluo) (485nmg,/520nmgyy). For experiments with inhibitors,
inhibitor was added to cells after the 20 hours of IL3 priming, and 15 minutes before seeding
on coated HA-1gG (IL3IgGInh). Vehicles (DMSO, ethanol) used to prepare the inhibitors or
specific analogs were used as controls (IL31gGCon). Percentage inhibition of cytolysis was
calculated as follows: [1-((FluolL3IgGInh-FluolL3)/ (FluolL31gGCon-FluolL3))] X 100.

Microscopy for time —lapse

Peripheral blood eosinophils were cultured at 1x10%/ml in complete medium, with IL3 (2
ng/ml) for 20 hours. After 20 hours with IL3, eosinophils were washed and suspended at 2 x
10%/ml in fresh medium (no cytokine). Two ml of the cell suspension was added into glass
bottom culture 35 mm diameter Petri dishes with 14 mm glass diameter No. 1.0 coverslip
(MatTek, Ashland, MA, USA) which had been incubated overnight with HA-1gG (10ug/ml;
500pl/well) and saturated with 0.1 % gelatin for 30 minutes at 37°C. Cells were imaged
between 0 to 5 hours after seeding on HA-IgG-coated dishes. Time-lapse images were
captured in a DMi8 inverted wide-field microscope (Leica, Buffalo Grove, IL, USA) with a
motorized stage and Tokei Hit temperature- and CO2-controlled chamber using a 63x oil
immersion objective, at the University of Wisconsin-Madison Optical Imaging Core Facility.
Live-cell images of 1 frame/5 seconds were acquired using DIC optics on Leica Application
Suite X (LASX) and Metamorph software.

Total cellular EDN measurement and degranulation on heat aggregated IgG (HA-IgG)

Supernatant fluids were analyzed by ELISA for EDN release. The human EDN ELISA used
(MBL, Woburn, MA) has a minimum detection limit of 0.62 ng/ml.

Adhesion measurement of eosinophils on heat aggregated 1gG (HA-IgG)

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours in complete medium. Then
eosinophils (5x103 per well in 100 ul) were plated in wells of a 96 well-plate previously
coated with aggregated IgG (IL31gG) or without 1gG (IL3). All conditions were performed
in quadruplicate, and the plate was incubated for 2 hours at 37°C in 5% CO». Then, cells
were fixed with 4% paraformaldehyde (PFA) in PBS for 10 minutes at room temperature,
and permeabilized by adding 0.1% Triton X-100 in PBS. The wells were blocked by adding
Odyssey Blocking Buffer in PBS (LI-COR) for 30 minutes. After removing blocking buffer,
50ul/well of Cell Tag 700 diluted 1:500 in blocking buffer was added and the plate was
placed on a plate shaker for 1 h protected from light. The Cell Tag 700 was then removed
and the plate was washed 5 times with 0.1% Tween 20 in PBS. The wash buffer was then
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completely removed and the plate was either immediately imaged or stored at 4°C in a
plastic bag protected from light for imaging the following day. Imaging was performed using
the LI-COR CLx with a 3.5 um focus offset and scanned at medium quality with 84 um
resolution. Intensity of Cell Tag 700 staining was measured in the 700 nm channel and
quantified using Image Studio 5.2 software and the 96 well plate In-Cell Western analysis
settings. Cell Tag 700 is designed specifically for normalizing cell number for In-Cell
Western quantification, thus the intensity of staining correlates with the number of
eosinophils adhered to a given plate well.

Reactive oxygen species (ROS) measurement

Eosinophils (1x108/ml per well) were primed with IL3 (2 ng/ml) for 19 hours in complete
medium before addition of dihydrorhodamine-123 (5uM; Molecular Probes, Eugene, OR,
USA-Invitrogen™). Then, cells were washed and seeded on HA-1gG (IL31gG) or without
1gG (IL3) in 96-well plate in quadruplicate. The indicated inhibitors or vehicle only or
analog control were added on cells 15 minutes before seeded on 1gG. Intracellular ROS
production was measured by fluorescence (485nmg,/520nmgy,) at the indicated time points.
Fluorescence measured in medium only (no cells) was subtracted from the values shown. As
a positive control for ROS production, IL3-primed eosinophils were treated with PMA (100
ng/ml) for the indicated times.

Oxidative activity release by eosinophils

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours and were seeded (IL31gG) or not
(IL3) on HA-IgG for the indicated times. Cell supernatant fluids were stored at —80°C until
processed. Oxidative activity in the culture media was measured by chemiluminescence
(emission at 430 nm) using Acridan Lumigen PS-3 (Lumigen ECL Plus (PS-3; Lumingen,
MI ,USA) as described by Uy et al [33]. Briefly, 20 ul of culture medium and 40 pl of PBS
were added in quadruplicate in wells of a 96-well plate. Lumigen reagent was prepared as
recommended by the provider and 50 pl of the reagent was added in each well.
Luminescence was read after 8 minutes at 430 nm. Luminescence measured in control
medium was subtracted from values obtained with culture media.

Microscopy

Peripheral blood eosinophils were cultured at 1x108/ml in complete medium, with 1L3 (2
ng/ml) for 20 hours. After 20 hours with IL3, eosinophils were washed and suspended at
0.6x108/ml in fresh medium (no cytokine) and 500 ul was added to acid-washed coverslips
in a 24-well plate, which had been incubated overnight with or without HA-1gG (10ug/ml;
500pl/well) and saturated with 0.1 % gelatin for 30 minutes at 37°C. For experiments with
inhibitors, inhibitor was added on cells after IL3 priming, and 15 minutes before seeding on
1gG. Vehicles (DMSO, ethanol) used to prepare the inhibitors or specific analogs were used
as controls. After 5 hours of incubation at 37°C, coverslips were fixed with 3.7% PFA and
quenched with glycine. Eosinophils were permeabilized using 0.05% Triton X-100/PBS for
4 min at 37°C. Coverslips were washed with PBS, incubated with 10% BSA for 1 hour, and
incubated for 12-15 hours at 4 °C in primary antibodies diluted in 2% BSA, 0.1% SDS in
PBS. The primary antibodies used were rabbit anti-CD11b (Abcam, Cambridge, MA)
diluted 1:200 and mouse monoclonal anti-a-tubulin (Sigma-Aldrich) diluted 1:500.
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Coverslips were washed in PBS and incubated for 1h at room temperature with Alexa Fluor
488-conjugated donkey anti-rabbit 1gG and Alexa Fluor 555-conjugated donkey anti-mouse
IgG secondary antibodies (both from Thermo Fisher Scientific, Madison, WI) diluted 1:1000
in 2% BSA, 0.1% SDS in PBS. After incubation with 4”,6-diamidino-2-phenylindole
(DAPI), coverslips were mounted on slides, and sequential 0.3-um z-step images were
acquired using Nikon A1R-Si+ Confocal (60% oil objective) at excitation/emission
wavelengths of 409/450, 488/525, and 561/ 595 nm. Laser power settings and conversion
gains were kept constant and images were reconstructed post-acquisition using NIS
Elements AR v4.30 software and are displayed as maximal intensity projections (signal from
all slices).

Western-blot

Eosinophils (1x108/ml per well) were primed with IL3 (2 ng/ml) for 20 hours and were
seeded on HA-IgG for the indicated times. Cells were lysed directly in Laemmli buffer (10%
SDS plus R-mercaptoethanol), before boiling and loading onto 8% or 10% SDS—
polyacrylamide gels. Immunoblotting was performed as previously described [34]; briefly,
samples were subjected to polyacrylamide gel electrophoresis at 150V for 1 hour and then
transferred at 100V for 1.5 hour. Western blots were subsequently incubated with desired
primary antibodies: anti-B-actin from Sigma Aldrich, anti-cofilin from Santa Cruz
Biotechnology, anti-phospho-cofilin from Cell Signaling Technology (Danvers, MA, USA),
anti-phospho-p38 from Genetel Laboratories (LLC, Madison, USA), anti-phospho-MAP4
from ThermoFisher Scientific (Rockford, IL, USA) and anti-phospho-stathmin from Cell
Signaling. Then the appropriate (anti-mouse or anti-rabbit) HRP-conjugated secondary
antibodies (Calbiochem) were utilized. Immunoreactive bands were visualized using ECL
reagents and GE LAS4000 chemiluminescence imager (GE Healthcare, Little Chalfont,
UK). Bands were quantified using ImageJ (https://imagej.nih.gov/ij/).

Cell motility assay

Purified blood eosinophils suspended in 1 x 10%/ml in complete medium were cultured with
IL3 (2 ng/ml) for 20 h. Cell motility was assessed in a bead clearing assay as previously
described [35-37] with the following modifications. Wells had been coated overnight at
37°C with HA-1gG (10 ug/ml, 50 pl per well), or rh periostin (R&D Systems, Minneapolis,
MN, 5 pg/ml in Tris-buffered saline, 100 ul per well), or were not coated. Then, all wells
were blocked with 0.1% gelatin in HBSS for 30 minutes at 37°C, and 1-um-diameter
Polybeads were added to the wells. IL3-primed eosinophils were washed, diluted to
20,000/ml in RPMI-20% FBS without cytokine, pretreated or not with Y27632 for 10
minutes, and 50 pl (i.e., 1,000 cells) was added to each well and incubated for 2 hours at
379C. Wells were viewed in an Eclipse Ti inverted microscope (Nikon, Melville, NY, USA),
images were acquired and exported using NIS-Elements AR, and percentage of area covered
by migration tracks was quantified using ImageJ (https://imagej.nih.gov/ij/).

Statistical analyses

Statistical analyses were performed using the SigmaPlot 13.0 software package (Systat
Software, Inc., San Jose, CA, USA). Differences between two groups were analyzed using
the paired Student’s #test or £test without or after log10 transformation. One-Way ANOVA
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followed by the Holm-Sidak method was used to compare more than two groups. A< 0.05
was considered statistically significant. Three to six different donors with or without asthma
were used for each condition. In Figure 1D, the significant p value was adjusted for multiple
comparisons using Bonferroni Correction.

More detailed Material and Methods is described in the Supplemental Information section

Inhibition of reactive oxygen species production, microtubule formation, actin formation,
or p38 or PI3K signaling prevents eosinophil cytolysis on IgG

Demonstration of IL3-primed blood eosinophil cytolysis on IgG and its kinetics are shown
in Figure 1. Significant cytolysis was observed at 4 hours on IgG after priming with IL3 but
not after priming with IL5 (Figure 1A). Figure 1B shows three time-lapse panels of a typical
motionless IL3-primed cell losing membrane integrity between 3 and 4 hours on 1gG as
indicated by the black arrows. To evaluate the degree of cell death on IgG at 4 hours,
eosinophils were treated with a cytotoxic dose of PMA for 4 hours to provide quantification
for 100% cell death. Figure 1C indicates that ~50 % of maximal measurable cell death of
IL3-primed eosinophils on 1gG was reached after 4 hours.

Next, we screened for cell-death-relevant intracellular events involved in cytolysis by
treating eosinophils with inhibitors (Figure 1D) after IL3 priming beginning 15 minutes
before seeding on IgG for 5 hours. Note that cytolysis after IL3-priming reached a slightly
higher level at 5 h (12460£1350, n=10) than at 4 h on 1gG (10479+955, n=4). As shown in
Figure 1D, inhibitors of ROS production (DPI), MT formation (nocodazole), actin
polymerization (cytochalasin-D), mitogen-activated protein kinase (MAPK)-p38
(SB203580) and phosphoinositide 3-kinase (PI13K) (LY294002) signaling implicated these
processes or enzymes as being required for eosinophil cytolysis. In contrast, Rho-associated,
coiled-coil containing protein kinase (ROCK) inhibition (Y27632) enhanced cytolysis.
Statistical significance for the effect on cytolysis remained for all inhibitors mentioned
above but for Y27632 after p value correction (p<0.0035) for multiple comparisons.
Inhibitors of nitric oxide synthase (L-NMMA), caspases 1, 4, 5 and 8 (Z-WEHD-FMK),
protein kinase A (PKA) (14-22-amide) and the MAPKSs ERK (U0126) and JNK (JNK
inhibitor I1) indicated that these processes or enzymes are not involved in 1gG-induced
cytolysis. In addition and in contrast to the reaction of unprimed eosinophils with surfaces
coated with concentrated IgG and iC3b [22], inhibitors of necroptosis effectors RIPK3
(GSK843) and MLKL (necrosulfonamide) had no effect on cytolysis (Figure 1D). Finally,
the implication of apoptosis in cytolysis in this model was evaluated by microscopic
observation using the pan-caspase inhibitor, Z-VAD-FMK (5uM), and as expected [22],
apoptosis did not appear to be involved in cytolysis (data not shown).

PI3K and actin polymerization are implicated in non-cytolytic eosinophil degranulation on

1gG

Release of mediators from granules of live eosinophils occurs by exocytosis or piecemeal
release [38, 39] and was measured in IL3-primed eosinophils on IgG using EDN release into
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the extracellular compartment. Contrasting with release of intact granules by cytolysis,
eosinophil release of granule proteins was detected soon after adhesion (30 minutes,
p=0.005 compared to no IgG at 6 hours) and continued linearly up to 6 hours (Figure 2A),
indicating decoupling of degranulation and cytolysis. Use of specific inhibitors indicated
that PI3K (Figure 2B) is required for and F-actin polymerization (cytochalasin-D) (Figure
2C) is implicated in such non-cytolytic degranulation. Inhibitors of ROS (Figure 2D), MT
formation (Figure 2E), p38 (Figure 2F) or ROCK (Figure 2B) did not affect eosinophil
degranulation.

PI3K signaling is required for eosinophil adhesion on IgG

Eosinophils

Eosinophils

Previously, measurement of adherent eosinophils was determined by quantification of a
cellular protein such as EPX (a.k.a. EPO) [40]. Because in our model eosinophils have likely
lost a large amount of EPX after 2 hours on 1gG (Figure 2A), we used a different and
original approach consisting of quantifying eosinophils using fluorescence of a non-specific
cellular compound, CellTag 700 Stain. In Figure 3A (top panel), representative culture wells
in quadruplicate are shown demonstrating adherent cells after 2 hours on IgG (IL3IgG) or
without 1gG (IL3). A very low degree of adhesion was detected (Figure 3A, bottom panel) in
the absence of 1gG (1L3), while the presence of coated 1gG (IL31gG) highly and very
significantly increased eosinophil adhesion. The PI3K inhibitor strongly inhibited eosinophil
adhesion while inhibitors of actin polymerization, MT formation, ROCK or p38 signaling
did not affect adhesion (Figure 3B).

Based on these observations, subsequent study of cytolysis focused on the analysis of events
that impact cytolysis once eosinophils had adhered to HA-IgG. These included ROS
production, p38 phosphorylation, MT formation and ROCK signaling.

on IgG quickly produce large amount of ROS

Eosinophils on HA-IgG increased the rate of ROS production rapidly and linearly
comparable to PMA-treated cells, which were used as a positive control (Figure 4A). As
would be expected [22], ROS production was completely inhibited by the NADPH oxidase
inhibitor, DPI (Figure 4B). DPI also inhibited the 19gG-induced increase in ROS into the
extracellular compartment (Figure E1). In contrast, an inhibitor of MT formation
(colchicine, Figure 4C), actin polymerization (cytochalasin-D, Figure 4D), ROCK (Y27632,
Figure 4E) or p38 (SB203580, Figure 4F) signaling had no effect on ROS production. The
inhibitor of PI3K (LY294002), which strongly inhibited adhesion (Figure 3B) also prevented
most of the ROS production in cells (Figure 4E). These results indicate that ROS is produced
downstream of adhesion; and independently of MT and actin formation, and ROCK and p38
signaling.

display microtubule (MT) arrays on IgG

Because both of the inhibitors of MT formation (colchicine and nocodazole) strongly
inhibited cytolysis (Figure 1D), we performed immunohistochemistry for MT array
formation in IL3-primed eosinophils on IgG. In Figure 5A (left image), staining for CD11b
(an integrin, ITGAM) and tubulin reveals that 1L3-primed eosinophils spread on IgG and
displayed MT arrays. Cell membrane disruption was typically accompanied by loss of MT
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organization and nuclear (DAPI) diffusion (Figure 5A; right image). Colchicine prevented
the formation of MT arrays (Figure 5B), while the pro-cytolytic treatment with ROCK
inhibitor (Y27632, Figure 1C) did not. Treatment with inhibitors of ROS production (DPI)
or p38 signaling (SB203580), which were shown to reduce cytolysis (Figure 1D), did not
prevent MT formation (Figure 5D/E). Taken together, these observations indicate that the
presence of MT arrays per se is not sufficient to induce cytolysis and suggest a role for MT
dynamics in cytolysis. MT dynamics are usually defined by rates of microtubule growth and
shortening, and the frequencies of catastrophes and rescues [41, 42]. To demonstrate
changes in events linked to MT growth and rescue frequency, we analyzed the
phosphorylation status of two regulators of MT polymerization/depolymerization and
catastrophe/rescue events, stathmin and MAP4 [41-43]. The functions of these two MT-
associated proteins (MAPS) have not been studied in eosinophils, although we had
previously shown, using a proteomic approach, that stathmin and MAP4 were present in
resting and IL3-activated eosinophils [44, 45]. We thus analyzed the phosphorylation status
of Ser38 of stathmin and Ser696 in MAP4 in I1L3-primed eosinophils on HA-1gG compared
to no HA-IgG. If MT growth and rescue frequency were increased on 1gG, we would expect
stathmin to be phosphorylated and MAP4 to be dephosphorylated [41-43]. Figure 6A shows
that stathmin was indeed phosphorylated in IL3-primed eosinophils on 1gG for 2 or 4 hours,
and MAP4 was dephosphorylated at 4 hours. Inhibition of ROS production with DPI
reversed MAP4 dephosphorylation after 3.5 hours on 1gG, while inhibition of p38
(SB203580), MT formation (Nocodazole) and ROCK (Y27632) had no effect (Figure 6B/C).
ROS production also seemed to inhibit stathmin phosphorylation, while no other analyzed
pathways had a significant role in stathmin phosphorylation (Figure 6D). ROS inhibition did
not change MAP4 or stathmin phosphorylation at an earlier time-point (2 h on 1gG) (data not
shown), indicating that ROS production acted on MT dynamics at the time when eosinophils
lysed (3-4 h). Therefore, on IgG, eosinophils formed MT arrays and changed MAP
phosphorylation status favoring MT growth and rescue events. Among the pathways
analyzed, ROS production was the only regulator of the phosphorylation of MAPs.

Eosinophils phosphorylate p38 and dephosphorylate cofilin when on IgG

Since p38 and ROCK inhibitors decreased and increased eosinophil cytolysis, respectively
(Figure 1D), p38 and ROCK signaling were quantified in IL3-primed eosinophils on 1gG.
Figures 7A and B show that p38 was quickly phosphorylated at Thr180 and Tyr182, while a
downstream target of ROCK, cofilin, was dephosphorylated at Ser3 in eosinophils on IgG.
As expected, the inhibitor of p38 (SB203580) significantly decreased p38 phosphorylation
(Figure 7C). Interestingly, inhibition of ROS (DPI) almost completely prevented p38
phosphorylation (Figure 7D), indicating that ROS production is essential for p38
phosphorylation. Inhibition of MT polymerization (nocodazole) and ROCK signaling
(Y27632) decreased and tended to increase p38 phosphorylation, respectively, although
changes were small (Figure 7D). None of inhibitors of ROS production (DPI), p38 signaling
(SB203580) or MT polymerization (nocodazole) altered cofilin phosphorylation (Figure 7E).
Of note, the trend (p=0.12) to a minute effect of ROCK inhibitor (Y27632) on its
downstream target, cofilin dephosphorylation, compared to its vehicle (DMSO; Figure 7F)
was probably due to the initial low detection level of cofilin phosphorylation in eosinophils
when interacting with 1gG (Figure 7A). We may also speculate that ROCK inhibition with
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Y27632 enhanced cytolysis on 1gG (Figure 1D) via other known ROCK substrates involved
in cell polarization, contraction, elongation and migration [46].

While p38 signaling seemed easily modulated, particularly by ROS production, none of the
manipulations reversed the reduction of ROCK signaling (i.e., cofilin dephosphorylation)
(Figure 7D/E). Notably, it has been previously shown that Rho-associated protein kinase
(RhoA)/ROCK signaling is essential for eosinophil migration [47]. Therefore, we proposed
that migration arrest and lack of motion might be an important event preceding or
concomitant with cytolysis. To quantify the hypothesized lack of eosinophil migration on
1gG, we used a previously described bead-based cell-motility assay [36, 37]. Figure E2
shows that IL3-primed eosinophils in the absence of IgG (IL3) displayed some migration,
whereas in presence of 1gG (IL31gG) lack of migration or only small circular traces but no
migration tracks were observed. Furthermore, although not statistically significant, treatment
with the anti-ROCK signaling compound (Y27632) caused a trend to further attenuation of
cell movement (Figure E2B). Small circular movements of eosinophils on 1gG was further
demonstrated in Video 1, where cells have a typical small circular movement. Additionally,
Video 1 shows an occasional early event on IgG, an eosinophil that quickly adhered and
remained motionless.

Discussion

While the damaging consequences of eosinophil cytolysis via release of intracellular
mediators and intact cell-free granules are recognized in eosinophilic diseases [12-15], there
is little knowledge of the mechanisms leading to loss of the integrity of eosinophil
cytoplasmic membrane. Our study reveals several cytoskeletal events and intracellular
pathways required for lysis of primed eosinophil following interaction with surface-bound
HA-IgG via CD32 and aMR2 integrin.

We found that the pathways leading to cytolysis include ROS production and p-38
phosphorylation. The identification of these two intracellular events in an eosinophil non-
apoptotic death is in accordance with a recent study, which described unprimed eosinophils
interacting with glass surfaces coated with a mixture of 1gG and iC3b, a ligand for aMR2
[22]. However, we observed some notable differences compared to this previous study by
Radonjic-Hoesli et al. In this previous report, cytolysis occurred in the first hour, whereas in
ours there was a several-hour latency period. In addition, although both ROS and p-38
phosphorylation occur within minutes, we found that NADPH-dependent ROS production
was upstream of p-38 phosphorylation rather than the opposite [22]. However, lack of both
tight early kinetics to define the exact timing of p-38 phosphorylation and measurement of
phosphorylation of all four p-38 proteins (p-38a, p-38R, p-38+y are p-386) are limitations of
this study. This may be important since the inhibitor used in this study is potent for p-38a
and B but has little to no effect on p-38+y and p-386 [48, 49]. Furthermore, unlike this
previous work, we did not detect any blockade of cytolysis by inhibition of necroptosis
effectors, RIPK3 and MLKL. These discrepancies between the two studies may be due, at
least partially, to our use of a long-term priming with IL3 as opposed to lack of priming and
the use of freshly prepared eosinophils, and the use of different type and concentration of
coated IgG. It is not known what model best mimics 7n vivo tissue eosinophil activation and
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cytolysis. However, we believe that a period of priming /in vitro is appropriate because it
recapitulates /n vivo events (i.e. after exposure to a relevant allergen), the change of cell
phenotype from blood to airway eosinophil [50-52], and the activation of aMR2 integrin
[53] as the cells move through the airway tissue. To demonstrate the importance of priming,
we have recently shown, using a proteomic approach, that IL3 priming led to differential
amounts of 1853 proteins and changes of phosphorylation at 7330 sites compared to
unactivated eosinophils [44]. Furthermore, measuring adhesion along with degranulation
(i.e. EDN release) and cytolysis allowed us to attribute a role for PI3K in adhesion rather
than in cytolysis per se as proposed in the Radonjic-Hoesli et a/. study, where PI3K was
considered a messenger linking necroptosis to p38 phosphorylation upstream of ROS
production [22]. Of note, the role of PI3K in eosinophil adhesion via aMR2 integrin is in
accordance with previous studies by Sano ef a/. [54] and Barthel et al. [55]. Nevertheless, a
limitation in our study is the lack of identification of ligand(s) for aMR2 integrin, which we
know is required for eosinophil degranulation in this model [23], as well as the lack of
examination of autophagy [22].

NADPH oxidase-derived ROS are well-known actors in cell death, particularly in
granulocytes, including eosinophil cell death associated with DNA trap release [19]. Worth
mentioning, although DNA trap formation occasionally occurred in our model (not shown),
this event was not analyzed in our present study. The reason for the lack or rare observation
of DNA traps in our model remains unknown but may be due to the use of a low
concentration of IgG (10 ug/ml), the long-term priming, and the presence of 10% serum. It
is also noteworthy that DNA trap release is not necessarily accompanied by cell death [20],
indicating that cell cytolysis and DNA trap release can be two uncoupled events. In neurons,
ROS can drive cell degeneration via cytoplasmic membrane oxidation [56], its connection
with autophagy [57], and the disruption of cytoskeletal proteins leading to axonal
fragmentation (reviewed in [58]). Here we found that MT formation is required for cytolysis,
and we revealed that ROS likely control the phenomenon of MT polymerization/rescue by
dephosphorylation of MAP4. Although the MT network has been implicated in polarization
of activated eosinophils in suspension [59] and several eosinophil MAPs, including
stathmin, are known to change phosphorylation state upon acute activation with IL5 [45, 60],
no study has previously reported an analysis of MAP phosphorylation in relation to function
in eosinophils. MAPs bind to MT and regulate their dynamics, growth, catastrophe and
association with other molecular complexes [61]. MAP4 stabilizes microtubules primarily
by preventing catastrophes and increasing rescue frequency [41], which define the dynamic
instability of microtubule arrays, an important phenomenon for microtubule activity.
Phosphorylation of MAP4 by p38 on Ser696 and Ser787 leads to microtubule disassembly
[62]. This agrees with the dogma that phosphorylation of MAP4 induces its dissociation
from microtubules [63]. Therefore, we propose that dephosphorylation of MAP4 in
eosinophils on IgG is associated with its binding to MT and MT polymerization/rescue. In
plants, ROS generation by NADPH oxidase along with p38-like MAPKSs orchestrate MAP
activities and the rearrangements of tubulin cytoskeleton [64]. Surprisingly, in eosinophils,
while ROS enhanced p38 phosphorylation, p38 had no effect on MAP4 phosphorylation.
The downstream target(s) of p38 accounting for eosinophil cytolysis remain unknown.
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By binding microtubules, MAP4 can stabilize the microtubules by sterically blocking active
microtubule-disassembling proteins, such as stathmin (a.k.a. Op18) [41]. Phosphorylation of
stathmin mimics reduction of stathmin protein amount, which results in its release of bound
tubulin heterodimers and enhanced polymerization activity and stability of the microtubules
(reviewed in [42]). We found that eosinophils on IgG phosphorylate stathmin, and yet none
of the pathways studied were involved in the change of stathmin phosphorylation status. On
the contrary, inhibition of ROS enhanced stathmin phosphorylation, indicating that ROS
reduce stathmin phosphorylation. Four phosphorylation stathmin sites have been identified
and are important for inactivation of stathmin activity (reviewed in [42]). The pathway
responsible for stathmin phosphorylation in eosinophils on 1gG remains unknown. It is
interesting to note that we recently observed in a proteomic analysis that IL3 priming of
eosinophils for 20 hours was associated with decreased phosphorylation of MAP4 at Ser696
and increased phosphorylation of stathmin at Ser38,compared to resting eosinophils
(supplemental spreadsheet 2 in [44]). These proteomic data suggest that IL3 priming already
changes or conditions the phosphorylation states of MAP4 and stathmin before contact with
IgG and ligand(s) for integrins.

The interactions among MT, actin and myosin, and their roles in degranulation and cytolysis
as well as the role of migration arrest and ROCK signaling in these processes remain
important questions for future investigations. As replicated here, actin polymerization is
implicated in eosinophil degranulation (i.e. EDN release) [65]. However, unlike this previous
study by Shamri et al., we did not find a significant effect of MT polymerization on
degranulation. This difference may be due to the use of a lower dose of MT polymerase
inhibitor in our study. Therefore, although actin signaling seems more involved in
degranulation and MT polymerization more involved in cytolysis, the cytoskeleton
rearrangement in general may be implicated in both events. In another study, colchicine did
not alter eosinophil viability when interacting with coated 1gG [66]. The discrepancy
between this previous study and our current work may be due to the use of fresh eosinophils,
the lack of cell priming, and the marginal increase of cell death when eosinophils bound to
monomeric IgG. In apoptotic cells, surface blebbing is observed upon activation of myosin

Il via caspase cleavage of ROCK, ultimately promoting cells breaks [67]. RhoA inhibition
reduces migration in different cells [68], and inhibition of RhoA/ROCK pathway causes firm
attachment of the rear part of eosinophils to its substrate and migration arrest [47].
Altogether, we may speculate that upon interaction with 1gG, eosinophils quickly reduce
ROCK signaling leading to migration inhibition and eventually total lack of motility, which
along with important cytoskeleton dynamics ultimately causes cell membrane disruption.

In summary, our study supports the concept that when cytokine-primed eosinophils adhere
via CD32 and aMR2 integrin in a PI3K-dependent manner, as it is likely to happen when
they are in airway tissue, these eosinophils can quickly release their granular contents under
the control of actin polymerization. Reduced ROCK signaling promotes limited movement
of eosinophils on IgG, eventually reaching matility arrest. Concomitantly on IgG, MT arrays
are dynamically formed while ROS production controls p38 phosphorylation and MAP4
dephosphorylation, the latter of which directs MT dynamics, ultimately leading to cytolysis
and release of cell-free granules (Figure E3). We propose that these mechanisms and
pathways participate in eosinophil cytolysis and the release of large amount of cellular
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Figure 1. Inhibitor screensindicatethat cytolysisof |L3-primed eosinophilson 1gG requires
ROS production, microtubule and actin polymerization, p38, and PI3K activity, and is favored

by reduction of ROCK signaling.

Eosinophils were primed with IL3 and with IL5 (2 ng/ml) for 20 hours and seeded on heat-
aggregated 1gG (IL31gG and IL5IgG) or without IgG (IL3) for the indicated times. A/ Bis-
AAF-R110 substrate was then added for 30 minutes and fluorescence was measured at
485nmg,/520nmgpy,. Cytolysis was significantly induced on IgG versus no 1gG (IL3) at 4
hours (* #test, p=0.003, n=4, IL3 versus IL3IgG). B/ Images from time-lapse microscopy of
IL3-primed eosinophils on 1gG for the indicated times. Black arrow shows apparently intact
cytoplasmic membrane at 3 hours and cytoplasmic membrane disruption starting at 3.5
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hours. C/ Eosinophil cytolysis at 4 hours under IL31gG and IL3 conditions were compared
to maximum cytolysis using PMA (100 ng/ml) for 4 hours. There was a statistically
significant difference among the three conditions (ANOVA, p<0.002, n=6). A/ and C/ means
+ standard error of the mean (SEM) are shown. D/ Eosinophils were primed with I1L3 (2
ng/ml) for 20 hours and were treated with the indicated inhibitors for 15 minutes before
seeding on 1gG for 5 h. Bis-AAF-R110 substrate was then added for 30 min and
fluorescence was measured. Data are presented as percentage (%) inhibition of cytolysis
versus each respective inhibitor vehicle or analog (mean + SEM). Treatments with
unadjusted statistically significant changes compared to their specific control are colored
(blue and red) and p values are indicated on the graph (n=3 to 4 subjects per condition).
Inhibitor names, final concentrations (conc.) and targets are shown in table below the graph.
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Figure 2. IL3-primed eosinophils degranulate early and continuously on IgG, independently of
ROS production, microtubule polymerization, and ROCK and p38 signaling.

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours and were seeded on IgG (IL3IgG)
or without 1gG (IL3). EDN released from eosinophils (degranulation) was measured by
ELISA. A/ EDN release at the different time-points on 1gG (IL31gG) were compared to
EDN release when eosinophils were not on IgG for 6 hours (IL3, no 1gG; mean=80 ng/ml,
n=6). ANOVA was performed and p values are indicated on the graph for each time-point.
*indicates that EDN release is statistically different from the release at 0.5 hour on IgG (n=6
for all time-points, ANOVA). Means + SEM are shown. B/C/D/E/F/ Eosinophils were
primed with IL3 (2 ng/ml) for 20 hours and were treated with the indicated inhibitors, and
vehicles or an analog control, (as used in Figure 1D) 15 min before seeded on 1gG (IL3IgG).
EDN released was measured after 4-5 h on IgG. Y27632 (Y27), LY294002 (LY29),
cytochalasin-D (CYT) or diphenyleneiodonium (DPI) was compared to treatment with
dimethyl sulfoxide (DMSO). Colchicine (COL) was compared to its vehicle, ethanol (ETH),
and SB203850 (203) was compared to its analog control, SB202474 (202). *indicates that
treatment is statistically significant from its vehicle (¢test, p<0.05, n=3-4).
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Figure 3. IL3-primed eosinophils adhereto 1gG-coated surfacein the presence of inhibitor s of
ROS production, microtubule for mation, actin polymerization, or ROCK or p38 signaling.

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours and were seeded on IgG (IL3IgG)
or without 1gG (IL3) for 2 hours. Then, eosinophils were stained using a non-specific cell
stain, CellTag 700 Stain, to quantify the number of adherent cells. Non-adherent cells were

washed away and fluorescence from the adherent cells was measured. A/ On the top,

representative wells in quadruplicate are shown for both IL3 and IL3IgG conditions. On the
bottom, graph shows means + SEM of quantified fluorescence from four experiments.
Adhesion under IL31gG and IL3 conditions was compared using paired ¢test (p<0.001,
n=4). B/ Eosinophils were primed with IL3 for 20 hours and treated with the indicated
inhibitors for 15 minutes before seeding on IgG for 2 hours. Actin polymerization and
ROCK inhibitors, cytochalasin-D (CYT) and Y27632 (Y27) did not affect adhesion
compared to DMSO. The microtubule polymerization inhibitor, colchicine (COL) did not
affect adhesion compared to its vehicle, ethanol (ETH). The p-38 inhibitor, SB203850 did
not affect adhesion compared to its analog control, SB202474. Conversely, the PI3K
inhibitor, LY294002 blocked adhesion. *indicates that adhesion is statistically different from
DMSO (p<0.001, n=3; ANOVA).
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Figure 4. IL3-primed eosinophils produce ROS on | gG-coated surfacein the presence of

inhibitors of microtubule formation, actin polymerization, or ROCK or p38 signali

ng.

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours. In the last hour of priming,
eosinophils were incubated with dihydrorhodamine (DRH)-123 (5uM). Then, cells were
seeded on IgG (IL3IgG) or without 1gG (IL3). Intracellular ROS production was measured

by fluorescence (485nmg,/520nmg,,) at the indicated time-points. A/ ROS was

measured

under IL3 and 1L31gG conditions from 10 to 80 minutes. As a positive control for ROS
production, IL3-primed eosinophils were treated with PMA (100 ng/ml) for the indicated
times. *indicates statistically significant differences (p<0.05) between IL31gG and IL3 at the
indicated time points (paired #test, n=4). B/C/D/E/F Eosinophils were treated with
inhibitors or vehicle only or analog control 15 minutes before seeding on 1gG. B/ * indicates
that diphenyleneiodonium (DPI; 5uM) inhibits ROS production at each time-point compared

to vehicle alone (IL31gG-DMSO) (paired ttest, p<0.05, n=3). ROS production
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independent of colchicine (C) and cytochalasin-D (D) treatments. E/ * indicates that
LY294002 treatment inhibited ROS production at each time-point (paired #test, p<0.05,
n=3). ROS production is independent of Y27632 (E) and SB203580 (F) treatments.
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Figure5. IL3-primed eosinophils display microtubule arrays on | gG-coated surfacein the
presence of inhibitors of ROCK, ROS production or p38 signaling.

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours, treated with inhibitors or vehicle
alone, and seeded on 1gG for 4 hours. Eosinophils were stained for a membrane marker
(CD11b; green), a-tubulin (red) and DNA (blue). A/ Microtubule organization center
(MTOC) is indicated by a white arrow. In the IL3IgG condition, two images are shown
depicting two apparently different stages of eosinophil toward cytolysis. In the left image,
the eosinophil appears spreading and still intact, and displays microtubule arrays. On the
right, the eosinophil loses its microtubule arrays and its intact membrane. B/ Colchicine
treatment blocks microtubule array formation. C/D/E/ Microtubule array formation was not
inhibited by Y27632, DPI (ROS production) or SB203580 treatments.
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Figure 6. IL 3-primed eosinophils display stathmin phosphorylation and MAP4
dephosphorylation on 1gG.

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours and were seeded on IgG (IL3IgG)
or without 1gG (IL3) for the indicated times. A/ representative blots are shown and graphs
represent the mean + SEM of the indicated ratios after 2 and 4 hours on 1gG, with IL3 for
phospho-MAP4/R-actin and 1L31gG for phospho-stathmin/B-actin fixed at 100. *indicates
statistical differences p<0.002 to p<0.00003 between IL3 and IL31gG for n=3 to 4 different
eosinophil donors (paired £test). B/C/D after IL3 priming, eosinophils were treated with the
indicated inhibitors (DPI, SB203580 (203), nocodazole (NOC), and Y27632 (Y27)) or their
respective vehicle (DMSO; DM) or analog control (SB202474; 202) for 10 minutes before
seeding on IgG for 3.75 hours. B/ a representative blot is shown for inhibition of ROS
production (DPI) and graph represents the mean + SEM using eosinophils from 3 different
subjects with I1L3 fixed at 100. *indicates that DPI treatment increases MAP4
phosphorylation compared to DMSO (p<0.03, paired ¢test). C/ No other inhibitor changed
MAP4 phosphorylation status (n=3). D/ *DPI increased stathmin phosphorylation compared
to DMSO (,p<0.05, paired ttest, n=3).
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Figure 7. IL3-primed eosinophils display ROS-dependent increased p-38 phosphorylation, and
dephosphorylation of cofilin on 1gG.

Eosinophils were primed with IL3 (2 ng/ml) for 20 hours and were seeded (IL31gG) or not
(IL3) on IgG for the indicated times. Phosphorylation of p-38 (p-p38) and cofilin (p-cofilin)
were analyzed by western-blot. A/ representative blots. B/ graphs represent the mean = SEM
of the indicated ratios after 60 minutes on 1gG, with IL3IgG for p-p38/B-actin and IL3 for p-
cofilin/cofilin fixed at 100. *indicates statistical differences between IL3 and IL31gG (p-
p38/B-actin, p<0.00005, n=4; and p-cofilin/cofilin, p<0.007, n=5, paired ttest). C/D/E/F/ the
indicated inhibitors or their specific vehicle only or analog control was added after 1L3
priming and 10 minutes before cells were seeded on IgG for 60 minutes. C/ #SB203580
(203) inhibited IgG-induced p-p38 compared to its analog control, SB202474 fixed at 100
(ANQOVA, p<0.001, n=3). D/ DPI, nocodazole (NOC), and Y27632 effects on p-p38 were
compared to their respective vehicles used as control and fixed at 100. *indicates statistical
significant change compared to control (paired #test, p<0.05, n=3). E/ DPI, SB203580 (203)
and nocodazole (NOC) did not affect cofilin phosphorylation compare to DMSO (DM) or
the analog, SB202474 (202) fixed at 100 (paired ¢test, n=3). F/ *indicates cofilin
dephosphorylation compared to I1L3, which is fixed at 100 (no 1gG) (ANOVA, p<0.02 for
DMSO only (DM) and p<0.007 for Y27632 (Y27), n=3).
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