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Abstract

Background: Siglec-8 is a CD33 subfamily cell surface recetitat is selectively expressed on
human eosinophils. Following cytokine-priming, $gi8 mAb or glycan ligand binding causes
eosinophil apoptosis associated with reactive omygpecies (ROS) production. Most CD33-
related Siglecs function as inhibitory receptors, the ability of Siglec-8 to stimulate eosinophil
ROS production and apoptosis suggests that SighleayBinstead function as an activating
receptor.

Objective: To determine the role of IL-5 priming and to idgnthe signaling molecules

involved in Siglec-8 function for human eosinophils

Methods: We used a mAb and/or a multimeric synthetic satfatialoglycan ligand recognizing
Siglec-8, in combination with integrin blocking dadies, pharmacological inhibitors,
phosphoproteomics and western blot analysis, tioel#ie necessity of various proteins
involved in Siglec-8 function for human eosinophils

Results: Cytokine priming was required to elicit the unaigtated finding that Siglec-8
engagement promotes raig-integrin dependent eosinophil adhesion. Also hasas the

finding that this adhesion was necessary for sus®ROS production and apoptosis. Siglec-8-
mediated ROS was generated via NADPH oxidase dictivdbecause pretreatment of
eosinophils with catalase (an extracellular supermscavenger) or NSC23766 (a Rac GTPase
inhibitor) completely inhibited Siglec-8 mediateaseophil apoptosis. Finally, engagement of
Siglec-8 on IL-5 primed eosinophils resulted inrgased phosphorylation of Akt, p38 and JNK1
that was als@2-integrin dependent; pharmacologic inhibitiontedde kinases completely

prevented Siglec-8-mediated eosinophil apoptosis.
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Conclusions: These data demonstrate that Siglec-8 uniqueltifumcas an activating receptor
on IL-5 primed eosinophils via a novel pathway ilwig regulation of32-integrin-dependent

adhesion, NADPH oxidase and a subset of proteiass.
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Key messages.
* This is the first detailed description of how a GB&lated Siglec, namely Siglec-8, has
the ability to activate, rather than inhibit, cédluresponses.
» Siglec-8 engagement on IL-5 primed cells prom@2dntegrin dependent eosinophil
adhesion, which was absolutely required for subsegROS generation and cell death.
» These Siglec-8 functions on IL-5 primed eosinoptelguire the downstream intracellular

activation of NADPH oxidase, Akt, p38 and JNK1.

Capsulesummary: Siglec-8 can unexpectedly function as an activataogptor, not an
inhibitory receptor, because its engagement on-firtimed eosinophils promot@2-integrin-
mediated adhesion and activates NADPH oxidase eotdip kinases, all of which are necessary

for causing human eosinophil apoptosis.

Key words: Eosinophil, Siglec-832-integrin, apoptosis, phosphoproteomics, NADPHlase,

p38, INK, Akt
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Abbreviations

6’-O-Sulfo-3'SLN-PAA — 6’-sulfo-sialyl-N-acetyl-Ddctosamine-polyacrylamide
Akt — Protein Kinase B

DAVID - Database for Annotation, Visualization aimiegrated Discovery

Cc2E2 — chimeric 2E2 mADb in which the mouse IgGXrbm clone 2E2 has been replaced with
human 1gG4 Fc

ECP — Eosinophil cationic protein

GO - Gene ontology

HSP27 — Heat shock protein 27

ITIM — Immunoreceptor tyrosine-based inhibitory ihot

ITSM — Immunoreceptor tyrosine-based switch motif

JNK — c-Jun N-terminal kinase

LC-MS - Liquid chromatography— mass spectrometry

MAPK/ERK — mitogen-activated protein kinase/exttadar signal-regulated kinase
PAA — polyacrylamide

p38 — p38 mitogen-activated protein kinase

PARP — Poly ADP ribose polymerase

PI3K — Phosphatidylinositide 3-kinase

ROS — Reactive oxygen species

SFK — Src family kinase

SHP — Src-homology region 2 domain-containing phasgses

Siglec — Sialic acid-binding immunoglobulin-likecten
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Introduction

Eosinophils are innate immune leukocytes involvedast protection against helminth
infections, yet under different circumstances, eggshils can be pro-inflammatory effector cells
through their inappropriate localization, activatiand release of pro-inflammatory substances,
contribute to the pathophysiology of disordersundahg asthma, rhinitis, certain gastrointestinal
disorders and atopic dermatiti¢.Current treatments for these conditions includeliater
antagonists, glucocorticosteroids, biologics aroanti-inflammatory drugs that reduce
allergic cell numbers and inhibit mediator funcspbut they are neither fully effective nor
curative or disease modifyirigf It thus remains essential to identify additiorzabets on these

and other allergic effector cells for therapeutipleitation.

Siglecs (sialic acid-binding immunoglobulin-likectens) are single-pass transmembrane cell
surface proteins found predominantly on leukocwias are characterized by their ability to bind
specific sialic acid structures. The Siglec fanmslyglivided into two subsets, a highly conserved
subset and a rapidly evolving CD33-related sultketlatter of which includes Siglec28.

Siglec-8 is an eosinophil-selective surface reaegptat contains an intracellular immunoreceptor
tyrosine-based inhibitory motif (ITIM) and an imnmaneceptor tyrosine-based switch motif
(ITSM), thought to be responsible for inhibitorgsal transductio? Previous work has shown
that multimeric engagement of Siglec-8 on normah-oytokine primed eosinophils causes
apoptosis in a caspase-dependent mafii¢owever, in IL-5 primed human eosinophils, Siglec-
8 engagement induces loss of mitochondrial memlpatential and ROS production, enhances

activation of the mitogen-activated protein kinagéfacellular signal-regulated kinase
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(MAPK/ERK) pathway, and results in apoptosis tisahstead dependent on mitochondrial
damage and ROS productitii** This suggests that Siglec-8 may function as anatiig

receptor.

The intracellular mechanisms and pathways of siggdbr most Siglecs are not well
understood. Several studies have shown that antiboding of CD33-related Siglecs leads to
rapid phosphorylation of Src family kinases (SFK&t mediate the recruitment of Src-
homology region 2 domain-containing phosphatasels as SHP-1 and SHP-2, presumably to
intracellular Siglec ITIM domain&*°In an effort to more fully characterize the signg!
mechanisms mediated via Siglec-8, we discoverddtthangagement on eosinophils leads to a
rapid enhancement of eosinophil adhesion thattissgnp2-integrin mediated and requires IL-5
priming. We also show that blocking g2-integrins in IL-5 primed human eosinophils
completely inhibits Siglec-8-mediated apoptosis RS production. These responses require
the intracellular activation of NADPH oxidase ansludset of protein tyrosine kinases, thus
identifying a novel signaling pathway by which ®¢i8 actually functions as an activating

receptor.
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Materials and M ethods

Eosinophil isolation

Written informed consent for blood donation (ud8D mL) was obtained using an institutional
review board—approved protocol at the Northwestériversity Feinberg School of Medicine.
Eosinophils from mildly allergic and non-allergiortbrs were purified from peripheral blood
using density gradient centrifugation, erythrodyypotonic lysis, and CD16 immunomagnetic
negative selection (Miltenyi Biotec, San Diego, G#s)described Purity and viability were
consistently >95% as determined by flow cytometrgg BAPI exclusion (Thermo Scientific,
Waltham, MA). Cells were cultured in RPMI 1640 madicontaining 10% FCS and antibiotics
(“complete medium?”, all from Thermo Scientific) Wwibr without 30 ng/ml rhiL-5 (R&D

Systems, Minneapolis, MN) for 18-24 hr as indicated

Drugs and monoclonal antibody (mAb) reagents

LY294002, SB203580, SP600125, NSC23766 were oldtdnoen Selleckchem (Houston, TX),
mitoTempo and catalase were obtained from SigmaigidSt. Louis, MO) and carboxy-PTIO
was obtained from Cayman Chemical (Ann Arbor, NHuorochrome-conjugated or
unconjugated mouse IgG1 blocking mAbs against hu@iahlb (clone ICRF44), CD18 (clone
TS1/18) and activated CD11b (clone CBRM1/5) as aglan irrelevant mouse IgG1 and human
IgG4 control mAbs were obtained from BioLegend (Baego, CA). Mouse IgG1 anti-Siglec-8
mADb (clone 2C4) was used as previously repSrt€tiimeric IgG4 anti-Siglec-8 mAb (clone
c2E2, made from clone 2E2 that recognizes the sqitepe as 2C4 was generated by

molecularly swapping the mouse IgG1 Fc region \Wwitiman 1gG4. In addition, c2E2 F(ab’)



150 fragments were generated using immobilized pegduermo Scientific). Briefly, c2E2 was

151 initially dialyzed overnight against 20 mM sodiuetate and 100 mM sodium chloride (pH
152  4.5) and then incubated with immobilized pepsinddr at 37°C. The pepsin reaction was

153  stopped by raising the pH to 8.0. Non-digestedfmttagments were removed using MabSelect
154  Resin (GE Healthcare Life Sciences, Pittsburgh, &#) size exclusion chromatography. Both
155 c2E2 and c2E2 F(ab’fragments were kindly provided by John Leung aedd&tl Tomasevic
156  (Allakos, San Carlos, CA). Clear, flat-bottomedw@&H Falcon tissue culture-treated plates were
157  obtained from ThermoFisher Scientific (Pittsburgi,).

158

159  Eosinophil adhesion assay

160  Freshly isolated or rhiL-5 primed eosinophils (3X) were incubated for 1 h at 37°C in

161 complete medium with 2.pg/mL mAb 2C4 or IgG1 control in a 48-well tissudtate-treated
162 plate. Changes in morphology were assessed usi@jyampus 1X71 CellSens Light

163  Microscope (16x) (Tokyo, Japan). To quantify adbesireshly isolated or rhlL-5 primed

164  eosinophils (5 x 19 were incubated with either mAb 2C4, 1gG1 conteospecific artificial

165  Siglec-8 ligand (a polyacrylamide polymer decoratetth 6’-sulfated sialyl N-acetyl-D-

166 lactosamine [6’-O-Sulfo-3'SLN-PAA]), or a controARA polymer decorated instead with Lewis
167 X (Lewis X-PAA)*, both kindly provided by Dr. Corwin Nycholat (TISeripps Research

168 Institute, La Jolla, CA) for 2 h at 37°C in com@ehedium and non-adherent cells were

169 removed by pipetting up and down twice, collected their numbers determined using a

170  Cellometer AutoX4 Cell Counter (Nexcelom Biosciesideawrence, MA). Percent adhesion
171  was calculated by subtracting the number of noreetit cells from the number of cells added.

172
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Eosinophil degranulation assay

rhiL-5 primed eosinophils (5 x fPpwere incubated in complete medium at 37°C withtn2&4
or IgG1 control for various time points. Next, easphil cationic protein (ECP) levels in
supernatants diluted 1:10 with assay buffer wesessed using Mesacup ECP Test (MLB,
Woburn, MA) per the manufacturer’s instructions aoedmalized to ng/mL per 2@ells, with
the limit of detection of the assay being 0.125wlg/Percent degranulation was calculated by

normalizing to total eosinophil ECP levels.

Eosinophil phosphoproteomics

Freshly isolated or rhiL-5 primed eosinophils (15X) were incubated for 15 min at 37°C in
complete medium with mAb 2C4 or IgG1 control, aftdrich cell pellets were collected by
centrifugation at 140 x g for 5 min at 4°C. Pelletsre solubilized using three freeze-thaw cycles
in 8 M urea yielding between 150 - 20§ total protein for each treatment, as previously
described? Protein extracts were reduced and alkylated befiestion with trypsin (Promega,
Madison, WI). Resulting peptides were desaltedgiSiep-Pak C18 cartridge chromatography
(Waters, Milford, MA). The desalted peptides weawrcfionated by weak cation exchange
chromatography (PolySULFOETHYL A HPLC, PolyLC) ati bound peptides were
fractionated by elution with potassium chlorfdésractions were combined into 4 pools, dried,
and incubated with PHOS-Select Iron Affinity Geigi®a-Aldrich). Non-phosphorylated
peptides were collected in the unbound materialgmusphopeptides were eluted with
ammonium hydroxide. The resulting pools of phosahd non-phospho peptides were analyzed
by liquid chromatographymass spectrometryC-MS/MS) (Orbitrap Fusion Lumos, Thermo

Scientific).
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197 MSAnalysis

198 Raw spectral data were processed using ByonicgiprdMetrics, San Carlos, CA). Spectra were
199 searched against a target and decoy databaseabpédinuman proteins (Uniprot,

200  www.uniprot.org, November 5, 2015). Protein ideosfions were obtained using ProteolQ

201  (Premier Biosoft). Protein identifications were amband filtered using a minimum peptide
202  probability of 0.05% and a minimum protein grouphmbility of 0.5%. Gene ontology (GO)
203  analysis of biological processes associated welidbantified proteins was performed using
204 DAVID.?*®Data are presented by selecting all of the GOgeaites with p-values less than
205 0.0001.

206

207  Apoptosis assay

208  rhiL-5 primed eosinophils (2 x $pwere incubated for 18-24 h at 37°C with mAb 2@&1
209  control, mAb c2E2, IgG4 control, c2E2 F(ah'§’-O-Sulfo-3'SLN-PAA or Lewis X-PAA as
210 previously describeiat which point apoptosis was assessed by medtmiwotytometry after
211  FITC-Annexin V (BD Biosciences, San Jose, CA) atPD(Thermo Scientific) labeling per
212 the manufacturer’s instructions.

213

214 ROSassay

215  Eosinophil ROS production was measured using th8-4RDTotal ROS detection kit (Enzo Life
216  Sciences, Inc. Farmingdale, NY). rhiL-5 primed eoghils (5 x 18) were incubated with mAb
217 2C4,1gG1 control, mAb c2E2, IgG4 control, c2E21F) g 6’-O-Sulfo-3'SLN-PAA or Lewis X-

218 PAA at 37°C for the indicated time points and R@&ls were assessed per the manufacturer’s
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instructions. Levels of ROS generation were norpealito no treatment group within each

experiment.

Flow cytometry

Flow cytometric measurements were performed usiBD &SR Il flow cytometer (BD
Biosciences), and FlowJo software version 10 (Btege, Ashland, OR). In brief, freshly isolated
or rhiL-5 primed eosinophils (2 x I0were incubated for indicated time points with m2®4,
IgG1 control, mAb c2E2, IgG4 control, c2E2 F(ah§’-O-Sulfo-3'SLN-PAA or Lewis X-PAA

at 37°C in complete medium. CD11b surface exprasses measured using a PE-conjugated
mouse anti-human mAb while levels of CD18 and atéd CD11b were detected using FITC-

conjugated mAbs.

Stress and apoptosis array

rhiL-5 primed eosinophils (5 x fpwere incubated in complete medium at 37°C withtn2&4
or IgG1 control for various time points. Phosphatgtl stress and apoptosis proteins were
measured using the PathScan Stress and Apoptgsialig Antibody Array Kit (Fluorescent

Readout) (Cell Signaling, Danvers, MA) per manufegt's protocol.

Western blot analysis

rhiL-5 primed eosinophils (5 x ¥Ppwere incubated in complete medium at 37°C withtn2&4
or IgG1 control for various time points. Next, 2admmli buffer (Bio-Rad, Hercules, CA) was
used to isolate total protein from cell lysatesjcltwere then electrophoresed through mini-

PROTEAN TGX precast gels and transferred to Immiot-Bw fluorescence PVDF
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membranes using the Trans-Blot SD semi-dry trarcdi(Bio-Rad), according to the
manufacturer’s guidelines. After blocking with Odgy Blocking Buffer (TBS) (LI-COR,
Lincoln, NE), membranes were incubated overniglh warious monoclonal or polyclonal
antibodies (1:500 — 1:1000 in 5% BSA in TBS-T): phloo-Akt, Akt, phospho-p38, p38,
phospho-JNK/SAPK, JNK/SAPK (Cell Signaling). Sperhinding of these antibodies was
detected with infrared dye (IRDye) 680RD or 800RiWagated secondary antibodies (LI-

COR) using the Odyssey Imaging System (LI-COR).

Statistical analysis

Data are presented as mean + SEM unless othemdmaied. Statistical significance was
determined by one-way ANOVA using GraphPad Prisbe 61C50’s were calculated using
nonlinear fit, and outliers were determined usimg Grubbs test. Values were considered

significant at p < 0.05.



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

Results

Siglec-8 engagement in the presence or absence of 1L -5 induces changesin eosinophil

mor phology and promotes cell adhesion

Initial experiments to identify molecules involvadthe function of Siglec-8 in human
eosinophils led to the fortuitous observation th&th engagement of Siglec-8 on IL-5 primed
eosinophils promoted eosinophil sticking to tissukture plates. To directly investigate the
effect of Siglec-8 engagement on eosinophil adimggieshly isolated or IL-5 primed
eosinophils were incubated with mAb 2C4 or IgG1toarfor 1 h and morphologic changes
were assessed using light microscopy. As showmnguaré 1A, the addition of an antibody to
Siglec-8 triggered eosinophil flattening and spegdbut only in IL-5-primed cells.
Subsequently, analysis of the eosinophil phosphepme using LC-MS/MS identified 237
proteins that were differentially phosphorylatetldeing Siglec-8 engagement. A GO analysis
revealed that some of these proteins are linkgatioways associated with cell adhesion and
cytoskeleton organization (Figure 1B), suggestirad Siglec-8 engagement on IL-5-primed

eosinophils activates signaling pathways associatttdcell adhesion.

Siglec-8 engagement activates CD11b/CD18-dependent eosinophil adhesion in an IL-5
dependent manner

On their surface, eosinophils express a numbedioésion molecule$2-integrins in particular
are known to mediate eosinophil adhesion to varsauaces, and activation of adhesiveness in
eosinophils is often associated with rapid upreguteof surface expression of cert@i@-

integrins®®?8 Indeed, after 60 min and 120 min of incubatiorhwitAb 2C4 or Siglec-8
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synthetic ligand respectively, marked upregulabb@D11b and CD18 was detected on the
surface of eosinophils and this effect, like adbiesind cell spreading, was dependent on IL-5
priming (Figure 2A and Supplementary Figure 1A)dAidnally, 2C4 promoted activation of
CD11b (detected using a conformational epitopeifipenAb) that was also dependent on IL-5
priming (Figure 2B). When formally quantified, sificantly enhanced adhesion (62 + 6.8%
with 2C4 and 48 + 1.9% with Siglec-8 synthetic fighwas observed 2 h following Siglec-8
engagement with IL-5 primed, but not unprimed eoginls (36.5 + 5.5% adhesion) and IL-5
priming alone had very little, if any, effect onheion (Figure 2C and Supplementary Figure
1B). To determine if adhesion wp2-integrin dependent, IL-5 primed eosinophils were
incubated with CD11b or CD18 blocking mAbs, redgcBiglec-8-mediated eosinophil adhesion
to 38.3 £ 2.3% and 16.8 + 4.4% respectively (Fig2@g. These data demonstrate that Siglec-8
engagement triggers a rapid upregulation and aaiivaf eosinophil CD11b and CD11b/CD18
dependent adhesion in IL-5 primed eosinophils lotiimnon-primed cells. Because eosinophil
activation and adhesion can result in degranul&fidisupernatants of IL-5 primed eosinophils
were assayed at indicated time points with or witf®C4 for the presence of ECP by ELISA. As
shown in Supplementary Figure 2, levels of ECP werdifferent in the presence or absence of
mADb 2C4. These data therefore suggest that Sigiadi&ed adhesion does not result in
degranulation or necrosis above background, at tkasg the time frame studied, and that

granule protein release cannot be responsiblesfmrslarily enhancing adhesion.

Siglec-8-mediated eosinophil ROS production and apoptosis are p2-integrin dependent
Previously, it was shown that antibody ligatiorSaglec-8 on IL-5-primed eosinophils led to

ROS production and apoptosfssuggesting a downstream activation responsehbut t
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intervening pathways contributing to this procemsain poorly defined. Given the data in
Figures 1 and 2, experiments were performed tahate if adhesion was necessary for ROS
production and apoptosis. As shown in Figure 3le8i§-mediated eosinophil ROS production
and apoptosis were both significantly inhibitedhe presence of CD18 blocking antibody,
(=65% and~90% inhibition, respectively), while CD11b blockiagtibody only partially (by
~40%) and non-significantly inhibited ROS generatém had no effect on apoptosis. Taken
together, these data demonstrate that Siglec-8atestlgeneration of ROS and apoptosis require

functional eosinophi2-integrins.

Siglec-8 mAb-mediated effects on integrin-dependent processes, ROS production and
apoptosis are independent of Fc binding

Given the unanticipated activation of eosinophysSiglec-8 engagement with mAb, and given
the expression of the #RIIA isoform on eosinophil&’ it was important to rule out involvement
of the FgRIIA following Siglec-8 engagement by mAb. Therefpin addition to exposure to
mAb 2C4 and IgG1 control, we incubated eosinophite a chimeric human IgG4 anti-Siglec-8
mMADb c2E2 or c2E2 F(al¥)ragment and show that CD11b upregulation, RO®ggion and
eosinophil apoptosis are indeed Siglec-8 speaifctiadependent of Fc binding (Supplementary

Figure 3).

Siglec-8 engagement leadsto NADPH oxidase activation in | L-5-primed eosinophils
Previously, it was shown that antibody ligatiorSaglec-8 on IL-5-primed eosinophils led to
ROS production and that this ROS production wagsegary for cell death, but the kinetics of

ROS generation and its source remain unkntiwis shown in Figure 4A and Supplementary
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Figure 4A, following Siglec-8 engagement, there wasne-dependent increase in Siglec-8-
mediated eosinophil ROS production that peaked ahi® with the Siglec-8 mAb and at 180
min with the synthetic Siglec-8 ligand. The soun€&®OS production that was resulting in
apoptosis (Supplementary Figure 4B) following Stegleengagement of IL-5 primed eosinophils
was examined using intracellular and extracellR&S scavengers and a Rac GTPase inhibitor.
As shown in Figures 4B and C, Siglec-8 mediatedhephil apoptosis was inhibited by catalase
(extracellular superoxide scavenger) and NSC 23@@&8ac GTPase inhibitor) at anskf 250

— 625 U/mL and 19.8 uM, respectively. Although rigonpo (mitochondrial ROS scavenger)
and carboxy-PTIO (nitrate/nitrite scavenger) algmificantly inhibited Siglec-8-mediated
apoptosis (Supplementary Figure 5), these effeete wminimal in magnitude=(L0-20%

inhibition) compared to catalase and NSC 23766raqdired concentrations of scavenger well
beyond their reported igs 3" **Taken together, these data suggest that SigleedBated ROS
generation in IL-5-primed eosinophils is througlihation of NADPH oxidase rather than

mitochondrial sources.

Siglec-8 engagement induces phosphorylation of variousintracellular stressproteinsin a
p2-integrin dependent manner

To expand upon data generated in Figures 1B aittinify specific proteins involved in
Siglec-8-mediated signaling and eosinophil apoptase utilized a phosphoprotein array that
included a range of stress proteins. As shownguirféi 5A, exposure of IL-5 primed eosinophils
to mAb 2C4 led to enhanced phosphorylation of Beatk protein 27 (HSP27) and cleavage of
Caspase-3 and poly ADP ribose polymerase (PARPgaules shown to be regulated by

PI3K/Akt, p38 mitogen-activated protein kinase (p88d c-Jun N-terminal kinases (JNK1/2),
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which in turn can be regulated pg-integrins and oxidative stre$s>*Therefore, subsequent
experiments were performed to explore whether p&8 and JNK1/2 are phosphorylated at
various time points following Siglec-8 engagememtlo-5-primed eosinophils. As displayed in
Figure 5B-E, Siglec-8 engagement led to rapid aatissically significant increases in
phosphorylation of Akt, p38 and JNK1, but not INKAd phosphorylation of these proteins was
prevented by blockin@2-integrins. To establish necessity of these siggairoteins in Siglec-8
function, pharmacological inhibitors were used.shswn in Figures 6A-C, dose dependent
decreases in Siglec-8-mediated eosinophil apopigesie observed, with Kgs of 1uM for
LY294002 (PI3K/Akt pathway inhibitor), 1.AM for SB203580 (p38 inhibitor) and 4134 for
SP600125 (JNK inhibitor), all close to their pubbsi IC50s for their respective targ&ts’
Furthermore, when used atsf&oncentrations, only LY294002 and SB203580 wete tab
significantly block Siglec-8-mediated ROS genemaiibigure 6D), suggesting that Akt and p38
act upstream of ROS production. These data shawAkttap38 and JNK1 are necessary for
Siglec-8 signaling and downstream function in lipfimed eosinophils, providing further

evidence in support of the conclusion that Sigldartions as an activating receptor.
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Discussion

CD33-related Siglecs are thought to negatively lagunflammatory responses, but the proteins
mediating the downstream functional outcomes falt@weceptor engagement are not fully
characterized, especially for Sigle¢®8The present work extends previous findings thglesi8
engagement with mAb or a synthetic ligand induaesr®phil apoptosis in IL-5-activated
eosinophil$*** ?*by showing that Siglec-8 engagement, dependinth@priming status of the
cell, rapidly induces patterns of phosphoproteipregsion consistent with activation of
signaling pathways associated with adhesion, futbeoborated by finding rapid enhancement
of B2-integrin-dependent eosinophil adhesion. Previguisivas demonstrated that in the
presence of IL-5, GM-CSF or IL-33 priming, Siglee®gagement leads to ROS generation and
enhances eosinophil apoptosis, without causingatheggition, the latter differing from what can
be seen with briefer exposure to priming cytokitfe§” * *4n this study, IL-5 priming was
necessary to cause rapid and pronounced Sigleg&gyement-mediated upregulation of
eosinophil surface CD11b/CD18, activation of suef@PD11b and adhesion to and spreading on
tissue culture plates, processes that were eftdgtinhibited by CD11b and CD18 blocking
mADs. Although the exact ligand(s) responsiblegdnesion in the assay used were not
explored, FBS used in the culture media contaimsaraus proteins, including known ligands
for CD11b/CD18 (vitronectin, fibrinogen, periostind even albuminy “° Therefore, we
presume that proteins in the media get coatedtbettissue culture dish surface, providing

substrates for CD11b/CD18 eosinophil adhesion.
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The finding that Siglec-8 engagement upregulate$ 1DCD18 surface expression, activates
CD11b and promotes eosinophil adhesion and sprgdaifiiers significantly from data on the
mouse neutrophil Siglec-E presented by McMillaaleshowing that engagement of mouse
neutrophil Siglec-E can negatively regulate CD1&peahdent neutrophil recruitment to the lung,
but has no effect on neutrophil CD11b surface esgdom or on CD11b-mediated neutrophil
adhesion, which is in accordance with the typiadlan of Siglecs functioning as inhibitory
receptor$! Whether this occurs in eosinophils via its ITIMIBSM domairf remains unknown

and is the basis of ongoing studies.

While the requirement for prior IL-5 exposure ttoal Siglec-8 engagement to then activate
integrins and all the downstream activation stepsling to eosinophil apoptosis is now better
delineated, the biochemical events responsibléddt-5-dependence are less clear. One likely
explanation, supported by the literature, is thab provides pre-activation and repositioning of
integrins within cellular microdomains. For exampiefreshly isolated blood eosinophils,
CD11b/CD18 primarily exists in a bent, inactive fmmation. However, IL-5 priming of
eosinophils results in a high-activity conformatmmCD11b/CD18, enhancing eosinophil

adhesior?

"**Han et al. showed that IL-5 priming promotes egghil polarization, where the
nucleus and granules move in opposite directiangihg the nucleopod and the granular
compartment. Additionally, IL-5 priming promotes#ization and clustering of adhesion
receptors to the nucleopod, facilitating “outsideésignaling of the integrin by efficient coupling
to downstream signaling proteifislt is therefore tempting to speculate that whesirephils

are exposed to IL-5 family cytokines, eosinophih@sion and polarization promotes both

CD11b/CD18 and Siglec-8 clustering in the nuclegpwohging Siglec-8 in proximity to
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CD11b/CD18 and facilitating downstream signalinggasses that allow for induction of Siglec-

8-mediated eosinophil apoptosis upon Siglec-8 emgagt by its ligand.

Several lines of evidence have demonstrated3@witegrins can regulate the release of ROS
from eosinophils (and neutrophils) by activatingI2H oxidase?’ ** “®*NADPH oxidase is a
multi-subunit complex composed of membrane-asseti@p9t"™ and p22") and cystosolic
(40" pa?"** p67P" ™ and Rac GTPase) components. Upon cell stimulaae, GTPase

binds the cytosolic components and promotes mersliranslocation and NADPH oxidase
activation?’ The present studies show tiatintegrin activation and adhesion are necessary fo
Siglec-8-mediated eosinophil ROS production antlgbhavenging of extracellular ROS or
inhibition of Rac GTPase activity prevents Siglemi8diated apoptosis, but only in IL-5 primed
cells. These data are in agreement with work by MaMet al. showing that Siglec-E on mouse
neutrophils positively regulates NADPH oxidaseattiand ROS production in g2-integrin

dependent mannét.

Siglec-8-mediated eosinophil apoptosis was inhiblite LY294002 and Siglec-8 engagement
led to a time dependent increase in Akt phosphboylaSimilar Siglec-related observations
were made in platelets, where Siglec-7-mediategtayscs was inhibited in the presence of the
inhibitor LY294002%° Additionally, Siglec-E-mediated ROS productiomiouse neutrophils
required Akt activatiort® Akt is in a family of serine/threonine kinasestthkay a crucial role in
regulating cell metabolism, growth, proliferatiomdsapoptosis in a PI3K-dependent marmfe.
common function attributed to Akt is its ability itthibit apoptosis by negatively regulating pro-

apoptotic molecules and promoting cell-cycle pregien by controlling energy metaboliSm.
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However, Nogueira et al. challenge this dogma &mgdvahat activation of Akt can promote cell
apoptosis by increasing oxidative stress. Theyntdpat activated Akt induces ROS-dependent
apoptosis of mouse fibroblasts by increasing oxygersumption and impairing function of
ROS scavengeré.The present data is in agreement with this regitsuggests that Akt
activation following Siglec-8 engagement is upstmez ROS production and is necessary for
Siglec-8-mediated eosinophil ROS production andagsis. Therefore, it seems likely that
active Akt negatively regulates eosinophil ROS so@ers, and that this is a key molecular
event that triggers accumulation of ROS leadingdsinophil apoptosis following Siglec-8

engagement.

MAPKSs are an evolutionarily conserved family ofisefthreonine kinases that include ERK1/2,
JNK and p38 that have been shown to control a nuofatracellular processes, including cell
transcription, proliferation, survival and apop&s$i > The present work strongly suggests that
Siglec-8-mediated eosinophil apoptosis requiresthiwation of INK1 and p38, and activation
of INK1 is downstream of Siglec-8-mediated ROS paotidn. This is in line with multiple
studies reporting that ROS can activate JNK andhpte cell apoptosis in various cell typés.
Additionally, in eosinophils, it has been reportedt ROS can activate JNK and promote
apoptosis:’ Unexpected was our observation that pharmacolbigicibition of p38 inhibited
Siglec-8-mediated ROS production, suggesting tB8tgrts upstream of NADPH oxidase.
Although it is traditionally thought that oxidatiwtress activates p38 to promote cell d&ath,
other lines of evidence support the concept th8trpgulates NADPH oxidase activity in
granulocytes. In fact, activation of eosinophilsl aeutrophils with a variety of stimuli (formyl-

peptides, endotoxin, phorbol esters) leads to aiitim of p38, which is necessary for NADPH
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oxidase activation and ROS generaflor® further supporting our observation that p38 mediat
NADPH oxidase activity following Siglec-8 engagerhddnlike Siglec-E engagement on mouse
neutrophils, which negatively regulates p38 phosghtion, current findings are in agreement
with other data showing Siglec-5/Siglec-14 engagermpeomotes endotoxin or Group B

streptococcus (GBS) dependent phosphorylation 8fH8°

Although speculative, the current findings may hemplications for our understanding of the
function of Siglec-8 on eosinophils in health amkdse, as well as the safety and suitability of
Siglec-8 as a therapeutic target. Regarding thedorone possible scenario suggested by the
finding that Siglec-8 engagement activates adhe&@S generation and death could be that
when eosinophils encounter a natural ligand, ss@maendogenous sialoside-containing
structure in the airway%,the interaction selectively facilitates attachmefithe eosinophil,
leading to removal of the eosinophil via apoptoRisgarding potential safety concerns that
might arise when Siglec-8 is “activated” on a cymekprimed eosinophil in vivo by a
therapeutic agent such as an antibody, one migha sapid drop in circulating eosinophils via
margination if32-integrins are activated, but at the same timé&&i§ engagement, even of IL-
5-primed cells, does not result in detectable dagedion or necrosis, an important concern that
has been rightfully raised when trying to eliminatsinophils for therapeutic benéfitClinical
trials with humanized Siglec-8 mAbs have alreadyupe with at least one phase | study
completed and phase Il studies underway
(https://clinicaltrials.gov/ct2/results?cond=&teralkos&cntryl=&state1=&recrs=), so more

information regarding safety and efficacy shoulddréhcoming.
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In conclusion, the work reported here has uncovaredvel mechanism and pathway by which
IL-5-primed eosinophils undergo cell death. Follosvengagement of Siglec-8, downstream
activation off2-integrins promotes enhanced eosinophil adhesibith is necessary for

NADPH oxidase activation, ROS generation, activatba subset of tyrosine kinases and
ultimately eosinophil apoptosis (Figure 7). Studkesploying F(ab?) versions of Siglec-8 mAb
and polymeric Siglec-8 glycan ligands confirmed gecific engagement of Siglec-8,
independent of any possible role foyRcon eosinophils, was responsible for the observed
biological activities. Our current results challerthe established dogma implicating CD33-
related Siglecs as inhibitory receptors and praval@ovel mechanism for regulation of Siglec-8

function in cytokine-primed human eosinophils.
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FigureLegends

Figure 1: Siglec-8 antibody-induced changesin eosinophil mor phology and
phosphoproteomicsin the presence or absence of 1L-5 priming. (A) Freshly isolated or
overnight IL-5 primed eosinophils were incubatethwnAb 2C4 or IgG1 control for 1 h and
adhesion and cell spreading was documented ugjhgriicroscopy. Images are taken at 16x
magnification and data are representative of theparate experiments with identical results. (B)
Phosphorylated proteins were identified using nsgestrometry in lysates of IL-5 primed
human eosinophils cultured with mAb 2C4 or IgG1teoifor 15 min. Biological processes
associated with Siglec-8 engagement on primarynepsils were determined using functional
enrichment analysis by GO terms as described iVigtods section. Data are from a single
experiment and the numbers of identified phosphepre within each GO category are

indicated.

Figure 2. Siglec-8 engagement causes rapid CD11b/CD18 dependent eosinophil adhesion

that requires|L-5 priming. (A-B) Freshly isolated or overnight IL-5 primedsawophils were
incubated with mAb 2C4 or IgG1 control and the scefexpression of CD11b, CD18 and
activated CD11b was assessed at various timegft three hours. Levels of surface integrins
were normalized to no treatment group (CD11b - GM&$ 1214 + 130 in the presence of IL-5
priming and 1016 + 312 in the absence of IL-5 pnigniCD18 — GMFI was 3996 + 697 in the
presence of IL-5 priming and 3563 + 399.8 in theegiwe of IL-5; activated CD11b — GMFI was
747.6 £ 196 in the presence of IL-5 priming and.826188.1 in the absence of IL-5 priming).

(C) Freshly isolated or overnight IL-5 primed eaghils were incubated with mAb 2C4 or IgG1



700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

control for 2 h. Additionally, overnight IL-5 prindeeosinophils were incubated with gg§/mL
of CD11b or CD18 blocking antibody for 1 h as irated before the addition of mAb 2C4 or
IgG1 control for 2 h. After removal of non-adherestls, percent eosinophil adhesion was
determined. * p < 0.05; ** p < 0.01; *** p < 0.001*** p < 0.0001 (n = 3-5; one-way

ANOVA).

Figure 3: Siglec-8-mediated eosinophil ROS generation and apoptosis are p2-integrin

dependent. (A) Eosinophils were incubated overnight with IltHen 10ug/mL of CD11b or

CD18 blocking antibody was added for 1 h beforatamdof mAb 2C4 or IgG1 control. ROS

was assessed 1 h later and total ROS productiomarasalized to levels obtained with 2C4

mAD alone (GMFI 418 * 97) following subtractiontmdickground ROS levels (GMFI 146 + 75).
(B) Eosinophils were incubated as in panel A. Apsfg was then assessed 18-24 h later and was
normalized to levels of cell death seen with mARl2@atment alone (96 + 0.13 % apoptosis)
following subtraction of baseline apoptosis seeth&no treatment group (34 £ 5 % apoptosis).

*p < 0.05; **** p <0.0001 (n = 3 - 4, one-way AN\).

Figure 4: Siglec-8-mediated eosinophil apoptosisisinhibited by catalase and NSC 23766.
(A) Eosinophils were incubated overnight with Ilb8&fore the addition of mAb 2C4 or IgG1
control, and total ROS levels were measured abuariimes for up to 3 h. Total ROS
production was normalized to no treatment group EEEFAD + 6) as in Figure 3. (B-C)
Eosinophils were incubated overnight with IL-5 tleatalase (superoxide scavenger), or

NSC23766 (Rac GTPase inhibitor) was added for &farb the addition of mAb 2C4 or IgG1
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control. Apoptosis was assessed 18-24 h later Bgyure 3. * p < 0.05; ** p < 0.01; **** p <

0.0001 (n = 3-4, one-way ANOVA).

Figure5: Siglec-8 engagement induces phosphorylation of various stressproteinsin a 2-
integrin dependent manner. (A) Eosinophils were incubated overnight with Ilb&fore the
addition of mAb 2C4 or IgG1 control for the indiedttime points. Changes in phosphorylation
of various stress proteins were measured usinggpbloprotein array. Shown are data from one
experiment representative of at least two experim€B) Eosinophils were treated as in panel A
and levels of selected phosphorylated intracellptateins were measured by western blot at
various times as indicated. Levels of total proteere used as loading controls. Shown are data
from one experiment representative of at leasetksgeriments. (C) Bar graphs show average
guantified levels of phosphorylated proteins fraplicate experiments. * p < 0.05; ** p < 0.01;
*** pn < 0.001 (n = 3-4, one-way ANOVA). (D) Eosinbps were incubated overnight with IL-5
then 10ug/mL of CD18 blocking antibody was added for 1 fobe addition of mAb 2C4 or

IgG1 control for 1 h. Levels of selected phosphatedl intracellular proteins were measured by
western blot. Levels of total protein were usetbasling controls. Shown are data from one
experiment representative of at least three exmarisn (E) Bar graphs show average quantified
levels of phosphorylated proteins from replicatpesknents. * p < 0.05; ** p < 0.01; **** p <

0.0001 (n = 3, one-way ANOVA).

Figure6: Siglec-8-mediated eosinophil apoptosisisinhibited by LY 294002, SB203580 and
SP600125. (A-C) Eosinophils were incubated overnight with3lthen indicated concentrations

of LY294002 (PI3K/Akt inhibitor), SB203580 (p38 iiiitor) or SP600125 (INK inhibitor) were
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added for 1 h before the addition of mAb 2C4 orlgntrol. Apoptosis was assessed 18-24 h
later as in Figure 3. (D) Eosinophils were incubdateernight with I1L-5 then 1M LY294002
(PI3K/Akt inhibitor), 1.1uM SB203580 (p38 inhibitor) or 4,8M SP600125 (JNK inhibitor)

was added for 1 h before the addition of mAb 2C#y&1 control. ROS was assessed one hour
later as in figure 3. * p < 0.05; ** p < 0.01; *1 < 0.001; **** p < 0.0001 (n = 3-4, one-way

ANOVA).

Figure 7: Schematic diagram of the proposed Siglec-8 signaling mechanismin IL-5 primed
eosinophils. Siglec-8 engagement on IL-5 primed eosinophils\shbere with a Siglec-8 mAb
but likely true of other Siglec-8-specific liganggpmotes CD11b/CD18 expression, activation
andp2 integrin-dependent eosinophil adhesion, whiateisessary for NADPH oxidase
activation, ROS generation, activation of Akt, E8& JNK1, and ultimately eosinophil

apoptosisArtwork by Jacqueline Schaffer
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Supplementary Figure 1
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure Legends

Supplementary Figure 1: Siglec-8 engagement withsynthetic glycan ligand
promotes CD11b upregulation and eosinophil adhesiofA) Eosinophils were
incubated overnight with IL-5. Cells were then esgd to 2.5ug/mL Lewis X as a
negative control or 6’-O-Sulfo-3'SLN and CD11b sao# expression was assessed at
various time points for up to three hours. Lewdlsurface CD11b were normalized to
the no treatment group (GMFI was 1401 + 185.5).EB3inophils were treated as in
panel A and then tested for adhesion 2 h aftertiatdof synthetic glycans. After
removal of non-adherent cells, percent eosinopthieaion was determined. * p < 0.05;

**p <0.01; ** p <0.001 (n = 3, one-way ANOVA)

Supplementary Figure 2: Siglec-8 engagement doestnonduce eosinophil
degranulation. Eosinophils were incubated overnight with IL-5et2.5ug/mL mAb
2C4 or IgG1 control was added and ECP release s&essed at various times for up to
three hours. Levels of ECP released were normatzéatal eosinophil ECP levels (611

+ 291.5 ng/mL per 10eosinophils). (n = 3)

Supplementary Figure 3: Siglec-8 engagement with tact or F(ab’), monoclonal
antibodies promotes CD11b upregulation, ROS gener@n and eosinophil apoptosis.
(A) Eosinophils were incubated overnight with ILtben 2.5ug/mL mouse IgG1 control
(mlgG1), mAb 2C4, human IgG4 control (hlgG4), mAYER or 1.8ug/mL c2E2 F(ab’)

was added and after 2 h, surface CD11b was assas$edrigure 2. Levels of surface
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CD11b were normalized to the no treatment group fGWhs 914 + 96.5). (B)
Eosinophils were treated as in panel A and thaeeddsr ROS generation 1 hr after mAb
additions as assessed in Figure 4. ROS levelsnegrsalized to the no treatment group
(GMFI was 75.5 + 3.2). (C) Eosinophils were treatisdn panel A and then tested for
apoptosis 18-24 h after mAb additions as assessegjure 3. Values were normalized
to levels of cell death seen with mAb 2C4 treatnaone (98 + 0.19 % apoptosis)
following subtraction of baseline apoptosis seetheno treatment group (36 + 5 %

apoptosis). ** p < 0.01; *** p < 0.001; **** p < @001 (n = 3 — 5; one-way ANOVA)

Supplementary Figure 4: Siglec-8 engagement withgynthetic glycan ligand

promotes eosinophil ROS generation and apoptosiéA) Eosinophils were incubated
overnight with IL-5. Cells were then exposed t6 y/mL Lewis X as a negative

control or 6’-O-Sulfo-3'SLN and ROS generation veasessed at various time points for
up to three hours as in Figure 4. ROS levels werealized to the no treatment group
(GMFI was 78.7 £ 5.9). (B) Eosinophils were trea&sdn panel A and then apoptosis

was assessed at 18 - 24 h as in Figure 3. ** @& (h = 3-5, one-way ANOVA)

Supplementary Figure 5: Siglec-8-mediated eosinopghapoptosis is partially but
minimally inhibited by mitoTempo and carboxy-PTIO. (A-B) Eosinophils were
incubated overnight with IL-5 then mitoTempo (mhoadrial ROS scavanger) or
carboxy-PTIO (nitrogen radical scavenger) was addehle indicated concentrations for

1 h before the addition of 2\ ®/mL mAb 2C4 or IgG1 control. Apoptosis was assegsse
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46  18-24 h later as in Figure 3. * p < 0.05; ** p 9D, **** p < 0.0001 (n = 3-4, one-way
47  ANOVA).
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