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ABSTRACT

Background: Sialic acid-binding immunoglobulin-lilextin (Siglec)-8 is a cell-surface protein
expressed selectively on human eosinophils, méist ead basophils, making it an ideal target
for the treatment of diseases involving thesetgpks. However, the effective delivery of
therapeutic agents to these cells requires an statheling of the dynamics of Siglec-8 surface

expression.

Objective: To determine whether Siglec-8 is endosgtl in human eosinophils and malignant
mast cells, identify mechanisms underlying its eytlosis, and demonstrate whether a toxin can

be targeted to Siglec-8—bearing cells to kill thesks.

Methods: Siglec-8 surface dynamics were examineftblay cytometry using peripheral blood
eosinophils, mast cell lines, and Siglec-8—tranedwzlls in the presence of inhibitors targeting
components of endocytic pathways. Siglec-8 inttatzeltrafficking was followed by confocal
microscopy. The ribosome-inhibiting protein sapawviais conjugated to a Siglec-8—specific

antibody to examine targeting of an agent to tloedls through Siglec-8 endocytosis.

Results: Siglec-8 endocytosis required actin regeenent, tyrosine kinase and PKC activities,
and both clathrin and lipid rafts. Internalized|8@8 localized to the lysosomal compartment.

Maximal endocytosis in Siglec-8—-transduced HEK288Ils required an intact immunoreceptor
tyrosine-based inhibitory motif. Siglec-8 was at$wittled to the surface via a distinct pathway.

Sialidase treatment of eosinophils revealed thgie&i8 is partially masked by sialylateid
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ligands. Targeting saporin to Siglec-8 consisteatlysed extensive cell death in eosinophils and

the human mast cell leukemia cell line HMC-1.2.

Conclusion: Therapeutic payloads can be targetedtsely to eosinophils and malignant mast

cells by exploiting this endocytic pathway.

Key messages:
» Siglec-8 is internalized in human eosinophils ara$ieells and trafficked to the
lysosomal compartment
* The intracellular ITIM, actin rearrangement, tyreskinase and PKC activities, clathrin,
lipid rafts, and sialylated cis ligands control IB@y8 endocytosis
* Antibody-toxin targeting via Siglec-8 effectivelyll human eosinophils and mast cell

leukemia cells in vitro

Capsulesummary: Our findings demonstrate that Siglec-8 can beadtqa as an endocytic

receptor to deliver drugs or toxins to kill humarsmophils and mast cells. This approach holds

promise to treat diseases involving these cellgype

Key words: Siglec-8, endocytosis, eosinophil, mast cell rglediseases, chronic eosinophilic

leukemia, systemic mastocytosis, immunotoxin, ténge

Abbreviations used

BIM: bisindolylmaleimide |

Page 4 of 38



88

89

90

91

92

93

94

95

96

97

98

99

100

BCR:
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INTRODUCTION

Eosinophils, basophils and mast cells contributeost defense responses against parasitic
infections, but are also involved in allergic ders including asthma and certain
myeloproliferative disorders? Currently, there are no therapies that selectigaly directly

target these cells. Sialic acid—binding immunoglobtype lectin (Siglec)-8 is a human glycan-
binding receptor expressed selectively on eosinspimast cells, and basophilslotably,

Siglec-8 is expressed at normal levels on eosit®phid basophils from patients diagnosed with
hypereosinophilic syndrome, chronic eosinophiligkiemia, or chronic myeloid leukemia as well
as on bone marrow mast cells from patients diaghagh indolent systemic mastocytois.
Consistent with the presence of a cytoplasmic inoneceptor tyrosine-based inhibitory motif
(ITIM) in the protein® Siglec-8 acts as an inhibitory receptor. LigatiéiSiglec-8 on eosinophils
using a primary antibody and a secondary crossimantibody leads to cell dedtiPriming
eosinophils with IL-5, GM-CSF, or IL-33 potentiatibss cell death function of Siglec-8 and
eliminates the requirement for a secondary crdasiinantibody to achieve consistently high
levels of cell deatft.” In contrast, Siglec-8 ligation on mast cells doescause cell death but
rather inhibits FeRI-mediated C& flux and prostaglandin £Dand histamine relea&here are

no published data regarding the function of Sig@ean basophils. No specific endogenous ligand
for Siglec-8 has yet been defined, bigh molecular weight O-linked Siglec-8 sialoglycotins

ligands have been detected in extracts of humaheeaand cultured tracheal gland c2lls.

In addition to its ligand-induced inhibitory funetis, Siglec-8 may represent a target via which
to deliver toxins, chemotherapeutic agents, costemids or other drugs selectively into Siglec-

8—expressing cells to treat a variety of diseaseslving eosinophils, mast cells, and basophils
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and achieve the selectivity that is currently lagkiHowever, the delivery of therapeutic
payloads to these cell types requires knowledgbeéndocytosis of Siglec-8, which has not

been determined.

In this report, we examine the endocytosis of Sifieidentify the pathway and proteins
involved, and determine whether this process cadeusraged to deliver a toxic payload to Kkill
human eosinophils and malignant mast cells. Owliriigs reveal unique ways in which Siglec-8
endocytosis may be modulated and leveraged totsglctarget eosinophils and mast cells.
Finally, we demonstrate that the dynamics of Sifeell surface expression are well suited for

the targeting of therapeutic payloads to Siglecx@ressing cells.
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METHODS

Human eosinophil isolation and culture

Written informed consent for blood donation wasaitetd using an institutional review board—
approved protocol. Eosinophils from blood donorseagurified from peripheral blood using
density gradient centrifugation, erythrocyte hymitdysis, and immunomagnetic negative
selection with CD16 beads (Miltenyi Biotec, Bergisgladbach, Germany) as descriti&d.

Purity and viability were consistently greater tl% as determined by Siglec-8 staining and
DAPI exclusion. Cells were cultured in RPMI 1640dien supplemented with 10% fetal calf
serum (FCS) and 1% penicillin/streptomycin (allnfr&ibco, Grand Island, NY) as well as up to
30 ng/ml rhiL-5 (R&D Systems, Minneapolis, MN) agpiously describefl Experiments were

performed with eosinophils only from a single dgreamples were not pooled for any analysis.

Mast cell lines and culture conditions

The human mast cell leukemia cell line HMC-1.2 \gaserously provided by P. Valent of the
Medical University of Vienna (Vienna, Austrid) HMC-1.2 cells were cultured in IMDM
medium supplemented with 25 mM HEPES, 3.024 g/lissudicarbonate, 10% FCS, 1% L-
glutamine, 1% penicillin-streptomycin, and 0. B¥mercaptoethanol (all from Gibco). The
LUVA human mast cell line was generously providgdlbSteinke and L. Borish of The
University of Virginia School of Medicine (Charlegville, VA)!? LUVA cells were cultured in
StemPro-34 serum-free medium supplemented witlstemPro-34 nutrient supplement, 1% L-

glutamine, and 1% penicillin/streptomycin.

Flow cytometric analysis of Siglec-8 surface expses
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The expression and internalization of Siglec-8 assessed with a delayed secondary staining
method, whereby the Siglec-8 initially present loa ¢tell surface was bound by an unlabeled
mouse IgG1 anti-Siglec-8 mAb (clone 2C4 or 1H18, diter generously provided by Dr. Nenad
Tomasevic, Allakos, Inc., San Carlos, CA) or isatypatched control mAb (clone MOPC-21;
Tonbo Biosciences, San Diego, CA) at ggdml at 4°C, the excess unbound antibody was
washed off, and the cells were incubated at 37t@ddous durations to permit internalization.
The antibody remaining at the surface was detdanyeatidition of a FITC-labeled secondary
anti-mouse IgG1 antibody (BioLegend, San Diego, .G\ lec-8 that had been shuttled or
recycled to the surface during the incubation 8C3Was detected with a directly Alexa Fluor
647—conjugated 2C4 mAD after staining with the sdany antibody and extensive washing. To
address the possibility of Siglec-8 shedding, sigrfaiglec-8 was bound by Alexa Fluor 647—
conjugated 2C4 mAb, and fluorescence was deteftedthe cells were incubated at 37°C for
various durations to permit internalization. Thisthrod was designed to measure both surface
and intracellular Siglec-8; loss of fluorescencauldandicate shedding of Siglec-8. Cells were
analyzed using a BD LSR Il flow cytometer (BD Bimstes, San Jose, CA), and FlowJo
software version 10 (Tree Star, Ashland, OR). Miiaorescence intensity (MFI) of isotype
control samples was subtracted from experimentdsNt-obtain adjusted MFIs, which were
used in further calculations. The calculation aSlof Siglec-8 from the cell surface was based
on the loss of fluorescence relative to fresh dedlst on ice that had not been incubated at 37°C

A, __ AdjMFli—q - AdjMFIt—x
(t—O). %loss at x min — AdjMFIi—

. The same formula was used to assess shedding of

Siglec-8 from the cell surface.
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Assessing the effects of Siglec-8 intracellular ni®bn endocytosis in Siglec-8—transduced
HEK293T cells

Tyrosine residues in the cytoplasmic signaling fedqtY447 of the ITIM, Y470 of the ITSM) of
Siglec-8 were mutated to phenylalanine residuesgusiQuikChange Il XL Site-Directed
Mutagenesis kit (Agilent Technologies, Santa Cl@#&). Full-length Siglec-8 and the mutant
versions were separately cloned into the MCS aEBIg-CMV-EF1-GFP-PURO lentiviral
vector and lentiviral particles were produced by IINA/RNA Delivery Core at Northwestern
University. The lentiviral particles were used tansduce HEK293T cells generously provided
by N. Lu of Northwestern University (Chicago, IDjotal loss of Siglec-8 from the cell surface
and any potential shedding of Siglec-8 at 120 m#neameasured by flow cytometry following
delayed secondary staining and, in parallel, detecf Siglec-8 with an Alexa Fluor 647-
conjugated anti-Siglec-8 mAb (2C4) in the transdu@@FP) population as described above.
Endocytosis calculations accounted for the losSigliec-8 from the cell surface due to shedding
after normalization to initial levels of surfacegkeic-8:

%SigleC8internalized = %SigleC8lost fromsurface — %SigleC8shed-

Confocal microscopy

The cells were incubated in the presence or abs#Hri2€® Green BSA, a self-quenched dye
conjugate of BSA that fluoresces when the BSAéaeéd by proteases and the quenching is
relieved (10 pg/ml; Thermo Fisher Scientific, Clhdd, CA) for 120 min at 37°C to mark
lysosomes either prior to labeling of Siglec-8 ba tell surface or following Siglec-8 labeling
that would lead to the visualization of internatiZgiglec-8. Eosinophils were incubated with

Alexa Fluor 647—conjugated anti-Siglec-8 mAb (264 Alexa Fluor 647—conjugated isotype-
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matched control mAb (MOPC-21; both at 2¢g/ml) during a 20-minute incubation at 4°C. The
eosinophils were cytospun onto glass slides aretifixith 4% paraformaldehyde (Affymetrix,
Santa Clara, CA) for 15 min at room temperatureleSIwere mounted using Fluoromount-G
mounting medium (Electron Microscopy Services, leidf PA) and imaged using a Nikon
A1R+ confocal laser microscope (Tokyo, Japan) uaii@0x/1.45 NA oil-immersion objective
lens and 488- and 640-nm lasers with a 1.5-AU geHmages were acquired and analyzed

using Nikon Elements software.

Siglec-8 targeting and assessment of cell death

Eosinophil cell death was assessed after 18—24rcobation with 2C4 mAb or isotype control
(MOPC-21; both at 2.hg/ml) or equimolar concentrations of saporin-coajieg 2C4 or
MOPC-21 (produced for us by Advanced Targeting 8yst San Diego, CA) in the presence or
absence of 15 ng/ml rhiL-5. Cell death was assesgtcannexin V (BD Biosciences)/DAPI
(Thermo Fisher Scientific) staining. Cell deathuntion in the HMC-1.2 human mast cell line
was assessed after 7-13 d (unless otherwise iaedjcat culture in medium containing 0.78
ug/ml of the non-ionic surfactant saponin (Sigmdlpfeing a 10-min incubation at 4°C with
1.25ug/ml of 2C4 or MOPC-21 mAbs or equimolar concerdra of their saporin-conjugated

counterparts and extensive washing.

Statistical analysis
Data are presented as means + standard deviatiessiotherwise indicated. Statistical
significance was determined by ANOVA and eitherumBett or Tukey multiple comparisons

test, as appropriate, using GraphPad Prism ve6s@nfor Mac OS X (La Jolla, CA). When
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227  appropriate, single outliers were identified anthoged from the data using a Grubbs’ outlier

228 test. Statistical differences were considered St at p < 0.05.
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RESULTS

Siglec-8 is internalized in human eosinophils andast cell lines

Because Siglec-8 endocytosis has not been stutketpsly, we first sought to confirm that
Siglec-8, like other siglecs, is indeed internaifellowing its engagement. To measure Siglec-8
endocytosis, cell-surface Siglec-8 was bound byrdabeled anti-Siglec-8 mAb and, following
incubation at 37°C to permit endocytosis, any méinaining at the cell surface was detected
using a labeled secondary antibody. Upon antibodygement of the receptor on primary
human eosinophils, Siglec-8 was slowly internakzedbout half of the initial pool of Siglec-8
surface molecules was internalized by about 90 naind-about 20% of this pool remained even
after extended incubations (FigA), Because soluble forms of Siglec-8 have beerctitan
patient serd® the possibility that Siglec-8 shedding from th# serface contributed to these
measures of Siglec-8 endocytosis was examineddkr ¢o assess Siglec-8 shedding, we
detected Siglec-8 directly with a fluorescentlydba mAb and incubated the cells at 37°C as
before. This staining protocol measures total asfleciated Siglec-8 (i.e., both cell-surface and
internalized). No loss of signal was detected tghmut this time course, demonstrating that the
loss of signal in the previous experiment was ialdsee to receptor endocytosis rather than
shedding from the cell surface (FigH), Internalization of surface Siglec-8 was also soead

on the human mast cell leukemia cell line HMC-haisimilar fashion (Fig I7). As with the
eosinophils, no Siglec-8 shedding from the HMC-dells was detected (Fig D), indicating

that the loss from the cell surface was the refudihdocytosis in these cells as well. To extend
these findings, the internalization of Siglec-8 a0 confirmed in the LUVA human mast cell
line (Fig E1). To explore the possibility that ttlene of anti-Siglec-8 mAb used in these

experiments (2C4) is unique in its ability to induendocytosis, we examined the ability of
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another clone (1H10) recognizing a distinct epitope different extracellular domain
(unpublished observations) to induce Siglec-8 epdsts. As shown, both clones cause Siglec-8

endocytosis on eosinophils (Fig E2).

Mechanisms of Siglec-8 endocytosis

Receptors may be internalized via a variety of watifs, including those mediated by clathrin or
lipid rafts/caveolae as well as phagocytosis. Tégetidence of Siglec-8 internalization on each
of these endocytic pathways was investigated omaises of the sensitivities of each of these
pathways to pharmacological or chemical inhibitiBigpertonic sucrose has been shown to
impede clathrin-coated pit formation and has besaauo disrupt clathrin-mediated endocytosis
(CME).***® Solutions made hypertonic by the addition of ssertat 500 mM, but not at 250

mM or lower concentrations) significantly preventidlec-8 endocytosis (Fig 2). However,
hypertonic sucrose solutions may also disrupt atheiocytic pathway¥. Therefore, more
selective inhibitors of each of the endocytic patfigvwere utilized. Amantadine inhibits the
formation of clathrin-coated vesicles and theretgvpnts CME-?! Treatment of eosinophils
with 500-1000 pM amantadine significantly decrea&Sigiec-8 endocytosis (Fig B).

Dynasore is a noncompetitive inhibitor of dynamativaty, which is required for clathrin-coated
pit formation and CME? #Treatment with dynasore also inhibited Siglec-8aaytosis,
suggesting a role for dynamin in this process @&i@). The polyene antibiotic nystatin has been
shown to inhibit lipid raft/caveolae—dependent esydosis by sequestering cholesterol from
these membrane domaifis? Interestingly, 50 pM nystatin treatment decreSigtec-8
endocytosis, suggesting that Siglec-8 may be iateed via a hybrid pathway or parallel

pathways (Fig 2D). However, treatment of eosinophils with LY2940082P 13K inhibitor
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shown to prevent both pinocytosis and phagocytdsiexerted no effect on Siglec-8
internalization, indicating that these pathwaygy pia role in the internalization of the receptor

(Fig 2, E).

The Siglec-8 ITIM is necessary for maximal Siglece®docytosis

It is presumed that Siglec-8 signaling throughritsacellular immunoreceptor tyrosine-based
inhibitory and switch motifs (ITIM and ITSM, respgeely) leads to the internalization of the
receptor. However, the motif and signaling molesulat are necessary for this process have not
been identified. In order to examine the contribsi of each motif on receptor endocytosis, we
introduced Siglec-8 or mutated versions in whiahtirosine residues in the motifs have been
replaced by phenylalanine residues into the HEK2€@dMine by transduction (Fig 3). We
observed that the replacement of the tyrosineanThM (Y447F) significantly reduced Siglec-8
endocytosis (Fig 3B; Y447F vs. WT, Y447/470F vs. Y470F). However, theras no effect on
Siglec-8 endocytosis associated with replacemetiteofyrosine in the ITSM (Y470F; Y470F
vs. WT, Y447/470F vs. Y447F). Together, these datiyest that the ITIM—and not the

ITSM—is responsible for receptor endocytosis upgation.

Siglec-8 is shuttled to the cell surface via a pathy distinct from that underlying its

endocytosis

By employing pharmacological inhibitors and disaugtof various signaling molecules and
cytoskeletal elements, we investigated the rolabesge molecules in Siglec-8 surface expression
dynamics. Treatment with the actin monomer—seqtiegtagent latrunculin B or the actin

polymerization—inducing agent jasplakinolide pofenthibited Siglec-8 endocytosis, indicating
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that Siglec-8 is internalized in a manner dependardctin rearrangement (Fig 4, A). In contrast,
nocodazole, which prevents microtubule polymerargtexerted no inhibitory effect. To identify
signaling molecules that may be involved in thidagytic pathway, we pharmacologically
inhibited PKC, tyrosine kinases, Src family kinaé8EKs), and protein tyrosine phosphatases
(PTPs). Treatment with the PKC inhibitor bisindatgdleimide | (BIM) also prevented
endocytosis of the receptor. In addition, treatnvettt the tyrosine kinase inhibitor genistein
significantly blocked Siglec-8 endocytosis. Basedlte canonical molecular mediators of ITIM
signaling?’ we expected to find that Src family kinases (SF&t®] protein tyrosine phosphatases
(PTPs) were involved in Siglec-8 endocytosis; hasvero effect was observed with the SFK

inhibitor PP1 or the PTP inhibitor sodium orthovdate.

Because this method of tracking Siglec-8 endocgtosly labels the pool of Siglec-8 molecules
initially on the cell surface, we employed an aaial sequential labeling step to detect Siglec-8
newly expressed on the cell surface during theldattan. This technique involved using
unlabeled anti-Siglec-8 mADb to ligate the receptanduce and measure endocytosis and only
then using directly labeled antibody of the sano@elto measure newly expressed surface
Siglec-8. Indeed, this technique indicates the esgion of low levels of unbound Siglec-8 at the
cell surface after 120 min and after as little amsid of incubation at 37°C (Fig E3 and data not
shown). As expected, the binding of directly comjiegl anti-Siglec-8 to cells that had been
preincubated with unconjugated mAb and maintairietf@ to prevent endocytosis and shuttling
did not significantly differ from staining with dsotype control antibody (Fig E3). To explore
the mechanisms involved in shuttling Siglec-8 te ¢kll surface, we again relied on

pharmacological inhibition. Shuttling of Siglec@the cell surface occurred independently of
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cycloheximide treatment, indicating that this was 8iglec-8 synthesizedk novo, and was
dependent on microtubule assembly, actin rearraaggrdynamin function, and the activities of
tyrosine kinases and PI3K (FigH#). While these data do not rule out recycling @fl&s-8 back

to the surface following disengagement from theabeled antibody in an intracellular
compartment, the inhibition of endocytosis and corent promotion of shuttling to the cell
surface observed with hypertonic sucrose solumnalserage increase in Siglec-8 surface
expression of 25% at 120 min with 500 mM sucroseBIM treatment (an average increase of
13-18% at 30—180 min) indicate that the recycliathpay is not likely to be the sole

contributor to this pool of Siglec-8 on the celtfsge (Fig 4C andD).

Siglec-8 is internalized to the lysosome within hameosinophils

Following endocytosis, internalized receptors n@lofv one of several pathways into distinct
intracellular compartments or back to the cell @cefvia a recycling pathway. The compartment
to which Siglec-8 localizes was investigated byfooal microscopy. Surface Siglec-8 was first
labeled with a fluorophore-conjugated mAb. Lysosswere labeled with DQ Green BSA (DQ
BSA), a self-quenched dye conjugate of BSA thairfisces when the BSA is cleaved by
proteases and the quenching is relieved. Siglees3abserved at the surface of cells in the
absence of endocytosis and, to a small degree,retam the surface of cells in which endocytosis
was allowed to occur (Fig 5, asterisks). Co-lo@dlan of the internalized Siglec-8 signal with

DQ BSA was observed, indicative of trafficking teetlysosomal compartment (Fig 5, arrows).

Sialylated cis ligands on the eosinophil surfacerpally mask Siglec-8 from interaction with a

high-avidity ligand
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Many siglecs are known to interactais with sialylated glycans at the cell surface tHatk
interactions with lower affinity ligands, therebgtng a threshold for productive siglec
signaling?®3?However, no such interaction had been demonstfategiglec-8. In order to
investigate the possible interaction of Siglec-&wnaskingcis ligands, a high-avidity synthetic
ligand (biotinylated 1-MDa polyacrylamide decorateith 6-O-sulfo-3-sialyl-LacNAc) was
used to bind Siglec-8 through its ligand-bindingréin >3 In addition, the ligand, eosinophils,
both, or neither were pretreated with sialidaseetoove sialic acid groups necessary for siglec
binding. The amount of biotinylated synthetic ligaon the cell surface initially or following
incubations of various durations at 37°C was meashy flow cytometry using fluorophore-
conjugated streptavidin. Sialidase pretreatmetti@figand decreased surface binding, as
expected, while sialidase treatment of the eosihgpiface increased synthetic ligand binding
by approximately 50%, demonstrating that at leastthird of the surface Siglec-8 pool is
prevented from interacting with this high-aviditgdnd by sialylatedis ligands (Fig E4A). In
addition, internalization of Siglec-8—bound synibéigand is significantly greater in sialidase-
treated eosinophils than in untreated eosinophits £4,B) but is proportional to the initial

amount of ligand bound (Fig E4, C).

Targeting of an immunotoxin to Siglec-8 eliminatélse need for cytokine priming for

induction of death in eosinophils and allows efféa killing of malignant mast cells

Signaling through Siglec-8 is well known to indwel death in eosinophils, especially those
that have been primed with IL-5, GM-CSF, or IL33However, in the absence of priming or a
secondary cross-linking antibody, anti-Siglec-8 nfais to consistently induce substantial

eosinophil cell death.” Thus, we sought to develop an agent capable o emisistently
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causing eosinophil cell death even in the absehcellolar preactivation. To this end, we chose
to deliver the ribosome-inactivating protein sapdd eosinophils via Siglec-8 endocytosis.
Eosinophils were incubated in the presence or aesehlL-5 and anti-Siglec-8 mAb (2C4) or
isotype control with or without saporin conjugatidinese treatments were compared to
eosinophils that were incubated in the absenceytatibody. After 18—-24 h, cell death was
assessed using annexin V/DAPI staining. As expecteg@tatistically significant improvement
was achieved in the presence of IL-5 between ungatgd versus saporin-conjugated 2C4 due
to the consistently high levels of cell death se&h both antibodies (Fig & andB). However,
saporin-conjugated 2C4 was significantly and marescstently effective at causing eosinophil
cell death in the absence of IL-5. Importantlystivias not due to a non-specific effect of the
saporin because the saporin-conjugated isotype didhbot induce cell death in the absence of
IL-5. In addition, saporin-conjugated anti-Sigleeshibited no off-target cell toxicity when

tested separately on donor-matched neutrophilsg€b)g

In mast cells, Siglec-8 signaling does not leadelbdeath but rather inhibits IgE receptor
signaling-dependent mediator relefs¢iowever, the selective targeting of a toxin w@lignant
mast cells via Siglec-8 may provide a means toielte such cells. Thus, we examined whether
this immunotoxin could also induce the death of Aanmast cell leukemia HMC-1.2 cells.
Following a brief preincubation with the antibodiegh or without saporin conjugation, the cells
were cultured and regularly assessed for vialalitgt surface Siglec-8 levels as an indicator of
protein synthesis. After one day of incubation,csapmediated inhibition of protein synthesis in
the immunotoxin treatment group was already higidgyificant (Fig E6A). Loss of cell

viability in this treatment group was slightly dgdal and became significant on day 2 (Fig E6,
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B). To examine whether rare live populations ofselbuld eventually overcome the treatment
effect, we assessed cell viability after at leaseak of incubation. However, even at that time
point, the vast majority of malignant mast celisated with the immunotoxin were apoptotic,

and there was no evidence of cells overcomingréarment (Fig 6C andD).
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DISCUSSION

Siglec-8 is considered a potential therapeuticetiaiay allergic disease due to its expression on
eosinophils, mast cells, and basophils and itsrolénducing cell death in activated eosinophils
and preventing RRI signaling-induced mediator release in mast Zéldowever, its potential

as a target via which to deliver toxins, chemotpetgic agents, or drugs had not been explored
previously and is especially relevant for mastscatid non—cytokine-primed eosinophils that do
not consistently undergo apoptosis with Siglec-8meXposure alone. In this study, it was
determined using primary human cells and cell lihes Siglec-8 is internalized and trafficked
into the lysosomal compartment via both clathrirdrated and lipid raft/caveolae—mediated
pathways that are dependent on actin cytoskekegatangement and the activities of tyrosine
kinases and PKC (Fig 7). Although Siglec-8 endosigtavas found to be relatively slow and
endocytosis was partially hindered by the presefsglylated maskingis ligands on the
surface of eosinophils, this endocytic pathway feasd to be suitable for targeting an
immunotoxin to eosinophils and malignant mast cdllss approach effectively and consistently
induced extensive cell death of eosinophils inowtithout prior cellular activation. Notably, for
the first time, this approach has been successtuflyloyed to target and kill mast cell leukemia

cells.

Murine Siglec-F is a functionally similar paralag$iglec-8 in that it also binds preferentially to
the glycan 6'-sulfo-sialyl Lewis X2 has a similar but distinct pattern of expressim (
eosinophils, alveolar macrophages, and intestufatells, rather than eosinophils, mast cells,
and basophils}® *”and promotes eosinophil cell dedt° Because of this, it is often used as a

surrogate for Siglec-8 in the mouse. The endo@atbway employed by Siglec-F has been
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418  studied* and one key similarity between that pathway aedoiie characterized here for Siglec-
419 8 s that both siglecs are internalized slowlyfdct, relatively slow endocytosis seems to be a
420 feature of many CD33-related siglecs. For exan@I233, Siglec-5, Siglec-F, and Siglec-9 are
421  all internalized slowly when cross-linked with dady, and, similar to our findings regarding
422  Siglec-8, this endocytosis is dependent on the liAthe cytoplasmic domains of CD33, Siglec-
423  F, and Siglec-9**While CD33 endocytosis is promoted by treatmetih\&iPTP inhibitor and
424  diminished by treatment with a SFK inhibit@rsuggesting that tyrosine phosphorylation of the
425 ITIM controls its endocytosis, no significant effen Siglec-8 endocytosis was seen with similar
426 inhibitor treatments. SFK inhibition also faileddoninish Siglec-F internalization, although

427  tyrosine kinase inhibition prevented its endocy5as was seen with Siglec-8 as well (Fig 4,
428 A).

429

430 These findings highlight yet another key differebetween Siglec-8 and Siglec-F that may limit
431 the usefulness of Siglec-F as a surrogate to sSiglgc-8 biology. Siglec-F is internalized in a
432 clathrin- and dynamin-independent manffenhereas Siglec-8 endocytosis is dependent on both
433  of these components but is also internalized ipid Faft/caveolae-dependent manner. While
434 there is abundant evidence linking endocytosifi¢oorganization of signaling everitst

435 remains to be determined whether the endocytostsgiéc-8 via each of these pathways leads
436  to distinct signaling pathways or functional conserces. Indeed, it remains unknown whether
437  Siglec-8 endocytosis is necessary to achieve sdite ghysiologic functions, such as apoptosis
438 induction.

439
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It is important to note that two splice variantsSaflec-8 exist and are expressed by human
eosinophils, one of which has a truncated cytoplasiomain that lacks the ITIM and ITSM
found in the full-length form of the receptdf? Critically, both the antibody and synthetic ligand
used in this study would bind both variants of &xg8. Although we found that not all surface
Siglec-8 is internalized in response to ligatidns ipossible that some or all of the remaining
surface Siglec-8 is the truncated form of the remetnat lacks the cytoplasmic signaling motifs

that may be necessary for endocytosis.

Because Siglec-8 measurement and ligation werérioakly linked by using an antibody or
synthetic ligand, it remains possible that Siglds-8onstitutively internalized with the kinetics
and trafficking we observed. Consistent with tressbility, the siglec CD22 undergoes
constitutive endocytosis that is not affected bydinig with a multivalent glycan ligarid.
However, the fact that total surface expressio8igkec-8 did not remain constant following
antibody ligation indicates that endocytosis ofl&ie was ligation-dependent rather than
constitutive (Fig 4C andD). The precise signaling mechanism leading to $tglendocytosis
remains incompletely defined. However, genisteid BiV both prevent endocytosis of Siglec-
8, implicating tyrosine kinases and PKC in thieeff Actin cytoskeletal rearrangement also
played a key role in endocytosis, as demonstragdceltment with the actin monomer-
sequestering and actin filament-stabilizing agéttsinculin B and jasplakinolide. Detecting
surface Siglec-8 after various periods of incubatitat was not bound by the initial detecting
antibody allowed the determination of how much &8 was shuttled to the surface. While
some components were involved in both endocytosissauttling (actin rearrangement and

tyrosine kinases), certain components were onlglired in shuttling (microtubule
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polymerization and PI3K) or endocytosis (PKC), aading that these two processes are
regulated independently. It is important to not tlalthough off-target effects have been noted
for several of these inhibitors at higher conceditre, they were used here at concentrations that
were appropriate for their intended protein targetsre uncertainty surrounds the specificity of
BIM in this process, however. Thed{f BIM on internalization was approximatelyud (data

not shown), suggesting it may be acting on an ey #KC isoform, although effects on other

PKC isoforms, PKG, or myosin light chain kinaseruatrbe ruled out.

Frequently, other siglecs interactdis with sialylated ligands that can prevent theierattion
with ligands intrans.?®? Thesecis interactions may be overcome with a higher-afiians
ligand or by unmasking the siglec, e.g., throughuta activation?® Data in Figure E4 show for
the first time that Siglec-8 is partially maskeddwchcis ligands. Although unmasking with
sialidase is not essential for Siglec-8 to inteveith the polymeric synthetic glycan ligand used
in this study, determining the nature of this iatg¢ion and disrupting it may potentiate the
effects of targeting strategies and enable leds-énadity synthetic ligands to be utilized for this
purpose in the future. Given the strong preferaic®iglec-8 to recognize specific sulfated
a2,3-linked sialylated structures, sugk ligands are likely to contain similar featureshatigh

none have yet been detecféd’

There remains a clinical need for improved, tardéberapies for diseases involving eosinophils
and mast cells, such as chronic eosinophilic leu&ehypereosinophilic syndrome, and systemic
mastocytosis. While some therapeutic monoclonabadies, such as benralizumab, an antibody

that targets IL-5R, have shown promise in depleting eosinophils abphils:? none of these
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therapies also target mast cells. In additiongh&no curative therapy for systemic
mastocytosig: > Therefore, it was of interest to determine wheigiec-8 endocytosis could

be leveraged therapeutically in these cell type®rtler to examine the efficacy of delivering a
toxic payload to human eosinophils and mast cakdenic cells through Siglec-8, a saporin-
conjugated anti-Siglec-8 mAb was tested in vitrap&in is a type-I ribosome-inactivating
protein (RIP) that lacks a B chain responsiblebioding to a target cell surface for
internalization that is found in type-1l RIPs likiein.>* However, conjugation of saporin to an
antibody or ligand for an endocytic receptor all@aporin to be internalized to exert its
function. Therefore, a saporin anti-Siglec-8 coafegseemed to be an ideal candidate to induce
the cell death of Siglec-8—expressing cells thatatootherwise undergo Siglec-8—induced
apoptosis, such as non-cytokine-primed eosinophitsmast cell®.? Indeed, we found that the
saporin-antibody conjugate caused consistently leigéls of cell death in eosinophils that had
not been primed with IL-5, whereas few of thesésogbuld undergo cell death with the anti-
Siglec-8 mADb alone (Fig & andB). Furthermore, the saporin-antibody conjugate @eduhigh
levels of cell death in the HMC-1.2 human mast lszlkemia cell line (Fig 6C andD). An
additional concern is the type of cell death thate cells undergo. The induction of necrosis or
other non-apoptotic cell death of mast cells mgghise a dangerous release of pre-formed
mediators in vivo. In contrast, this should notwoduring apoptotic cell death. The detection of
phosphatidylserine on the outer membrane leafletrimexin V staining well before loss of
membrane integrity by DAPI nuclear staining sugg#sat HMC-1.2 cells treated with the
saporin-antibody conjugate underwent apoptoticaegith. This is consistent with prior
publications using other saporin-conjugated anidg®dnd cell types where apoptotic cell death

was observed: >’ Brentuximab vedotin, a formulation that links therotubule-disrupting

Page 25 of 38



509

510

511

512

513

514

515

516

517

518

agent monomethyl auristatin E to a mAb specifictier CD30 protein expressed by a majority
of neoplastic mast cells, has been investigatedsmall number of patients with systemic
mastocytosis® Encouragingly, there was no evidence of mastroetliator release upon
treatment in this study. This represents the fins¢ that Siglec-8 has been leveraged to
selectively induce mast cell death. This demonrestrtiat Siglec-8 may be a suitable therapeutic
target on eosinophils and mast cells in a ranghsafases that involve these cell types. Future
efforts will include the use of transgenic mice eegsing Siglec-8 in appropriate cellular
compartments to explore the effectiveness of Sileargeting in preclinical models of

eosinophil- and mast cell-associated diseases.
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Figurelegends

Figure 1. Kinetic analysis of Sglec-8 endocytosis versus shedding.

Siglec-8 loss from the cell surface of human pryressinophils &) and HMC-1.2 mast cells

(C) was measured by the loss of anti-Siglec-8 mAmftbe cell surface. Data represent the
means * standard deviations of 4 independent expets. Surface Siglec-8 that remained cell-
associated (intracellular or remaining on the setface) in eosinophil$j and HMC-1.2 cells

(D) was measured using a fluorophore-conjugatedSigtec-8 antibody. Remaining
fluorescence at times 0 min (normal line), 30 ndashed line), 60 min (bold line), 90 min
(dotted line), and 120 min (grey filled histograof)ncubation at 37°C was detected by flow
cytometry. The black histogram represents labehitly the fluorophore-conjugated mouse 1gG1

control. Data are representative of results froam@ 4 independent experiments, respectively.

Figure 2. Sglec-8 endocytosis occurs via a clathrin- and dynamin-dependent pathway.

Siglec-8 surface expression on eosinophils was medss in Fig 1 after 120 min of incubation
at 37°C after preincubation with the indicated @ntcations of A) sucrose,B) amantadine,q)
dynasore, D) nystatin, or E) LY294002 and is expressed as a percentage @cauelxpression

at 0 min. *, p<0.05; **, p<0.01; ***, p<0.001. Datapresent the means + standard deviations of

3 (A, B, C, andD) or 5 E) independent experiments.

Figure 3. The ITIM but not the ITSM is necessary for maximal Sglec-8 endocytosis.

(A) Schematic representations of WT and mutant fah&glec-8 in which the tyrosine

residues in the ITIM (residues 445-450) and/onTt&M (residues 468-473) have been mutated
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to phenylalanine residue®)(Siglec-8 endocytosis was examined in HEK293Tsaelinsduced
with WT or mutant forms of Siglec-8. Siglec-8 engwsis is expressed as a percentage of that
observed in HEK293T cells transduced with WT Sige¢, p<0.05; **, p<0.01; ***, p<0.001;

**xx p<0.0001. Data represent the means + standkndations of 5 independent experiments.

Figure 4. Sglec-8 isinternalized and shuttled to the cell surface via independent pathways.
Eosinophils were pretreated with a panel of inbitsitat the indicated concentrations. Their
effects on Siglec-8 endocytosis)(or Siglec-8 shuttling to the cell surfad®) (vere assessed at
120 min. Siglec-8 shuttling was measured by detgdurface Siglec-8 that was not bound by
the unconjugated primary antibody initiall£) Eosinophils were pretreated with the indicated
concentrations of sucrose as in Figure 2. TotdbsarSiglec-8 was divided into an original
surface pool and a shuttled pool at 120 min andegeesented in a stacked column, normalized
to total Siglec-8 surface levels at 0 miD) Stacked columns of the original surface pool of
Siglec-8 and the shuttled pool at various durataacubation at 37°C in the presence or
absence of LY294002 and BIM (both atd\). *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001 relative to untreated eosinophils. Dapaegent the means + standard deviations ®f

independent experiments.

Figureb5. Internalized Sglec-8 localizes to the lysosome.

Siglec-8 at the eosinophil cell surface was labedebwith an Alexa Fluor 647-conjugated mADb,
and endocytosis of the receptor was permitted &€ 3720 min) or prevented with no incubation
at 37°C (0 min). A matched fluorophore-conjugatsatype-matched mAb was used as a

negative staining control in the same manner (mig@inel). DQ Green BSA (DQ BSA) was
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taken up by the cells during a 120-min incubatmseélectively label the proteolytically active
lysosomal compartment in green. An incubation idfp BSA at 4°C only (DQ BSA [0 min])
was used as a negative staining control (top pa@elpcalization of internalized Siglec-8 and
the lysosomal marker (bottom panel) is indicategéljow fluorescence signal in the merged
image (arrows). Siglec-8 at or near the cell s@faed distinct from the lysosomal compartment
is observed at both 0 min and 120 min (asterisk&ges are representative of 3 independent

experiments. Scale bar .

Figure 6. A toxin-conjugated mAb targeted to Sglec-8 causes cell death of eosinophils and a
malignant mast cdll linein vitro.

(A, B) Eosinophils were primed with 15 ng/ml IL-5 ortlehprimed and concurrently treated
with equimolar amounts of anti-Siglec-8 mAb (Antg8), isotype control mAb, saporin (SAP)-
conjugated 2C4, or saporin-conjugated isotype cbmAb or were left untreated for 18—-24 h.
(C, D) HMC-1.2 cells were preincubated with the indicateAbs or conjugates, washed
extensively, and incubated for 7-13 d. Cell deatls measured using FITC-labeled annexin V
and DAPI staining and flow cytometryA (C) Representative flow plots for each treatment.
Percentages of live cells are showB.,. D) Percentages of viable (annexin V—-negative, DAPI-
negative) cells for each treatment normalized éouhtreated group for each priming condition.
*, p<0.05; ***, p<0.001; **** p<0.0001. Error bargepresent the means + standard deviations

(B, D) of 12 and 8 independent experiments, respectively
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Figure 7. Schematic diagram showing a summary of mechanisms and pathways by which a

toxic payload can be delivered into an eosinophil via binding to and inducing the internalization

of surface Sglec-8.

(1) At baseline, Siglec-8 interacts with sialylatésiligands on the surface of eosinophils that
prevent interaction witkrans activating ligands. (2) Antibody ligation of Sigl8 activates
signaling from the cytoplasmic motifs of the re@gpBignaling from the ITIM is involved in the
induction of endocytosis, which involves actin reagement and the activities of tyrosine
kinases and PKC. (3) Siglec-8 endocytosis procedsoth clathrin-mediated and lipid
raft/caveolae-mediated pathways. (4) Internalizete8-8 localizes to the lysosomal
compartment. (5) The linker between the cargo aredanhti-Siglec-8 antibody is cleaved, and the

cargo is released within the eosinophil to exsreftects.
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ONLINE SUPPLEMENTAL MATERIALS

Eosinophil inhibitor treatments

To assess the involvement of various proteins ghe§t8 endocytosis and shuttling to the
cell surface, eosinophils were treated with théofeing compounds at the indicated
concentrations: sucrose, amantadine, nystatin,dazde, latrunculin B, genistein,
sodium orthovanadate (all from Sigma, St. Louis,)Mdynasore, cycloheximide (both
from Santa Cruz Biotechnology, Santa Cruz, CAplgsanolide (Calbiochem),
LY294002, PP1, and bisindolylmaleimide | (all fr@elleckchem, Houston, TX). Cells
were pretreated with the agents for 30 min at 3¥@ to Siglec-8 ligation and
maintained in the presence of these agents thereRgrcent inhibition of endocytosis or
shuttling was calculated relative to the untreataatrol sample®%; nipition =

%internalizationyptreated — Yointernalizationtreqted

%internalizationyntreated

Siglec-8 synthetic glycan ligand binding to eosinophils and sialidase treatments

The 8-O-sulfo-3-sialyl-N-acetyl-D-lactosamine (LacNAc)-polyacrylae-biotin probe
was generously provided by Prof. Nicolai Bovin (Ras Academy of Sciences,
Moscow, Russia).To demonstrate the necessity of the sialylatiothefligand and as a
control for sialidase treatment of cells, the lidamas treated with 50 mU/ml of sialidase
from V. cholerae generously provided by R. Schnaar of the Johnsidsfschool of
Medicine (Baltimore, MD) for 60 min at 37°C. Eosptols were incubated with the
sialidase-treated or untreated synthetic ligartslag/ml at 4°C for 20 min to allow

binding, then the excess ligand was washed oferAgh incubation at 37°C to permit



41

42

43

44

45

46

internalization, the remaining synthetic ligandtba cell surface was detected with APC-
conjugated streptavidin (2 pg/ml; BD Biosciencd®).eliminate sialylation on any
maskingcis ligands, eosinophils were pretreated with 50 mWhalidase for 60 min at

37°C and washed prior to testing synthetic ligaimdling.
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SUPPLEMENTAL FIGURE LEGENDS

Figure E1. Loss of Siglec-8 from the surface of HHU@ and LUVA mast cells. The
percentage of Siglec-8IMC-1.2 (A) and LUVA (B) cells was assessed byflo
cytometry after antibody ligation of the receptadancubation at 37°C. The Sigleé-8
gate was positioned on the basis of negative igo$y@ining. Data represent the means +

standard deviations of 4 independent experiments.

Figure E2. Ligation-induced Siglec-8 endocytosisas unique to the 2C4 mAb clone.
Eosinophils were incubated with anti-Siglec-8 (eftblone 2C4 [black columns] or 1H10
[white columns]) for 20 minutes at 4°C. Excesslaodly was washed off, and the cells
were incubated at 37°C for the indicated durationsermit endocytosis. Antibody
remaining at the surface of cell was detected wisecondary anti-mouse IgG1 antibody.
* p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001relative to eosinophils incubated
with 2C4 mAb without any incubation at 37°C. ##0B3d; ###, p<0.001; ####,
p<0.0001 relative to eosinophils incubated with QHdAb without any incubation at

37°C. Data represent the means +* standard devsabioh independent experiments.

Figure E3. Siglec-8 shuttled to the cell surface loa detected using a sequential labeling
step. Eosinophils were labeled with unconjugatddsiglec-8 mAb (2C4) and incubated
at 37°C to permit endocytosis as in Fig. 1. Follogwetection of remaining anti-Siglec-8
at the cell surface with a FITC-conjugated secopdahb (“Original”), Siglec-8 newly

expressed at the cell surface (“Shuttled”) wasaetkusing anti-Siglec-8 (2C4) directly
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conjugated to Alexa Fluor 647. Control antibodiethe same isotype (iso) are included
as negative staining controls. Loss of FITC sigmal gain of Alexa Fluor 647 signal at
120 min when using anti-Siglec-8 mAbs in both clelsmepresent receptor endocytosis
and shuttling to the cell surface. Effective blad&af Alexa Fluor 647-conjugated anti-
Siglec-8 binding can be seen at 0 min when antegi§ mAbs are used for both

channels (no additional Alexa Fluor 647 signal).

Figure E4. Sialylatedis ligands on eosinophils limits binding and internation of an
artificial Siglec-8 glycan ligand. A biotinylategrthetic Siglec-8 ligand-decorated
polyacrylamide polymer was used to label Siglebf®ugh its ligand-binding domain.
(A) Biotinylated 1-MDa polyacrylamide decorated lvé’-O-sulfo-3’-sialyl-LacNAc
binding to the cell surface after various duratiohgicubation at 37°C was detected by
flow cytometry using fluorophore-conjugated strepdan. Sialidase fronV. cholerae

was used to desialylate the ligand (dark gray cok)pthe eosinophil cell surface (black
columns), or both (light gray columns) prior to ¢himg of Siglec-8 with the artificial
ligand. Untreated cells and ligand are represelyatie white columns. (B) Endocytosis
of the Siglec-8 ligand in untreated (unfilled cas) or sialidase-treated (filled squares)
eosinophils was calculated as the loss of surfacemb ligand normalized to the amount
of ligand bound by untreated eosinophils at timg §<0.05; **, p<0.01; ***, p<0.001;
**xx p<0.0001 relative to untreated eosinophilsubated for the same duration at 37°C.
(C) Endocytosis of the Siglec-8 ligand in untredtadfilled circles) or sialidase-treated

(filled squares) eosinophils was calculated addbe of surface-bound ligand normalized
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to the amount of ligand bound at time 0 by eosiilsphithin each treatment group. Data

represent the means = standard deviations of §erdkent experiments.

Figure E5. Anti-Siglec-8 and saporin-conjugated-8idlec-8 induce cell death in
eosinophils but not in neutrophils. Eosinophils aedtrophils were isolated from the
same donors. Eosinophils were incubated in 30 nty/¥8l Neutrophils were incubated
in 25 ng/ml GM-CSF. Eosinophil (white columns) areltrophil (black columns)
viability was assessed following treatment withi-8iglec-8 with or without saporin
(SAP) conjugation, isotype controls, or anti-Sigiefclone K8, also mouse IgG1l) as a
positive control for siglec-mediated neutrophill ci#ath. ****, p<0.0001 relative to

isotype-treated eosinophils. ####, p<0.0001 redattivisotype-treated neutrophils.

Figure E6. Timeline of the effects of saporin-cagted anti-Siglec-8 on HMC-1.2 cells.
Following treatment with anti-Siglec-8 with (unétl circles) or without (filled circles)
saporin conjugation or isotype control mAb with filled squares) or without (filled
squares) saporin conjugation, surface Siglec-8esgoon (A) and viability (B) were
assessed daily. Cell viability was assessed witlex@n V and DAPI staining. ****,
p<0.0001 relative to anti-Siglec-8; ####, p<0.008lative to saporin-conjugated isotype
control; 8, p<0.05; 88§, p<0.01; 888, p<0.001; 8§88).0001 relative to isotype control.

Data represent the means + standard deviationsnafependent experiments.
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