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Abstract

Background—Although several novel agents are currently in clinical trials for eosinophilic
disorders, none has demonstrated efficacy in reducing blood and tissue eosinophilia in all subjects.
Additional approaches are clearly needed.

Objective—To explore the potential of the human eosinophil surface receptor, EGF-like module
containing mucin-like hormone receptor 1 (EMRL1), as a therapeutic target for eosinophilic
disorders.

Methods—EMR1 expression was assessed in blood and bone marrow specimens from
eosinophilic and normal subjects, cell lines, CD34+ cells differentiated in vitro, and tissue biopsies
using flow cytometry, quantitative PCR and immunostaining. Eosinophil targeting by a novel
humanized afucosylated anti-EMR1 IgG1 was evaluated in vitro by NK killing assay and in vivo
in cynomolgus monkeys.

Results—Analysis of blood and bone marrow cells from normal and eosinophilic donors and in
vitro differentiated CD34+ cells confirmed restriction of human EMR1 surface and mRNA
expression to mature eosinophils. Tissue eosinophils also expressed EMR1. Although EMR1 was
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highly expressed on eosinophils from all subjects, surface expression was negatively correlated
with absolute eosinophil count (AEC) (r = -0.46, P <0.001) and soluble plasma levels correlated
positively with AEC (r= 0.69, P<0.001), suggesting modulation of EMRL1 in vivo. Nevertheless,
afucosylated anti-EMR1 mAb dramatically enhanced NK killing of eosinophils from normal and
eosinophilic donors and induced a rapid and sustained depletion of eosinophils in monkeys.

Conclusion—EMRL1 expression is restricted to mature blood and tissue eosinophils. Targeting
of eosinophils using afucosylated anti-EMR1 antibody shows promise as a treatment of
eosinophilic disorders.
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Introduction

Eosinophils are multifunctional leukocytes implicated in the pathogenesis of a wide variety
of disorders, including asthma, helminth infections, hematologic malignancies, and
hypereosinophilic syndromes (HES)L. Although glucocorticoids are first-line therapy for
many of these disorders, long-term toxicity is common, and resistance can occur. Whereas
clinical trials of novel therapeutic agents targeting eosinophils, including monoclonal
antibodies to IL-5 (mepolizumab and reslizumab) and IL-5 receptor a (IL-5Ra;
benralizumab)? 3 have demonstrated the safety of eosinophil-depletion in the treatment of
various eosinophilic disorders, including eosinophilic asthma, eosinophilic esophagitis, HES
and eosinophilic granulomatosis with polyangiitis, none has shown complete elimination of
tissue eosinophils or clinical symptoms. Clearly, additional targeted therapies are needed.

Human epidermal growth factor (EGF)-like module containing mucin-like hormone receptor
1 (EMR1) is a surface receptor of unknown function that belongs to the EGF-seven-
transmembrane (EGF-TM?7) family of G-protein coupled receptors®. Other family members
include EMR2 and CD97, molecules involved in modulation of neutrophil activation and
leukocyte migration to sites of inflammation®’. The human ortholog of F4/80, which is
expressed on murine monocytes, macrophages, myeloid dendritic cells and eosinophils8,
human EMR1 has been reported to be expressed exclusively on eosinophils® and to be
highly expressed in nasal polypsl®. EMR1 is therefore, an ideal potential target for the
treatment of eosinophilic disorders.

In the present study, we describe the expression profile of EMRL in the blood, bone marrow
and tissues of normal donors and subjects with a variety of eosinophilic disorders.
Modulation of the receptor was also explored ex vivo and in vitro. Finally, the efficacy of an
afucosylated chimeric antibody to EMR1 to target eosinophils for NK-mediated antibody-
dependent cell lysis was assessed in vitro and in vivo in a primate model.

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 May 01.
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Methods

Anti-EMR1 monoclonal antibodies

Recombinant extracellular domains (ECD) from human and cynomolgus monkey EMR-1
were expressed as Fc-fusion proteins in CHO cells. After purification on protein-A columns,
Fc tags were proteolytically removed using Factor Xa, and human EMR1 ECD was used for
immunization in mice. The mouse hybridoma line, 1E7, which expresses high-affinity anti-
EMR1 monoclonal antibody was grown in Hybridoma SFM media (Invitrogen).
Afucosylated and fucosylated chimeric 1E7 antibodies with human 1gG1 kappa constant
regions were expressed in Potelligent CHOK1SV (Biowa/Lonza)!. Murine and chimeric
1E7 antibodies were purified by protein-A affinity chromatography.

Study subjects

Eosinophilic subjects (EOS, n=38) underwent detailed clinical and laboratory evaluation as
part of an Institutional Review Board (IRB)-approved clinical protocol to study eosinophilia
(NCT00001406) and included subjects with idiopathic HES (n=18), lymphocytic variant
HES (n=7), helminth infection (n=4), hypereosinophilia of unknown significance (n=3),
PDGFRA-associated myeloproliferative neoplasm (n=3) and familial eosinophilia (n=2). Six
subjects were on therapy at the time of study, but had persistent eosinophilia (geometric
mean (GM) absolute eosinophil count (AEC) 2167/uL, range 910-13000/uL). Healthy
volunteers were recruited under an IRB-approved clinical protocol designed to obtain
controls for in vitro research (NCT00090662). All participants gave written informed
consent.

Cell purification

Granulocytes and peripheral blood mononuclear cells (PBMC) were separated by
sedimentation over Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). Erythrocytes were lysed
by hypotonic shock with ice-cold ddH»O (for granulocytes) or ACK lysing buffer (for
PBMCs). Individual cell populations were purified using magnetic bead selection on an
AutoMacs (Miltenyi Biotech, Cambridge, MA) according to the manufacturer's instructions.
Eosinophils and neutrophils were purified from the granulocyte layer using the Eosinophil
Isolation Kit. NK cells, CD14+ monocytes and CD34+ stem cells were purified from the
PBMC layer using the NK Cell Isolation Kit, anti-CD14 beads and anti-CD34 beads,
respectively (Miltenyi Biotech). Granulocyte purity was determined by counting a minimum
of 300 cells on cytospin preparations stained with Diff-Quik (Siemens Healthcare
Diagnostics). Purity of other cells was determined by flow cytometry. Purity was >98% for
all cell populations studied. Cells for RNA expression analysis were counted and put
directly in TriZol Reagent (Invitrogen, Carlsbad, CA) at a concentration of 10x108/ml.

Human cell lines and culture conditions

Purified peripheral blood eosinophils were cultured in RPMI 1640 supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Biowhittaker), 25 mM HEPES, 2 mM L-
glutamine, 10 mM sodium pyruvate, and 50 pg/mL of gentamycin (culture medium (CM)).
The leukemic cell line EOL1 (DSMZ Institute, Braunschweig, Germany), the
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erythroleukemia cell line K562 (ATCC® CCL-243™, Manassas, VA), and the histiocytic
lymphoma U937 (ATCC® CRL-1593.2™) were maintained in RPMI 1640 medium with
10% FCS at 37°C. AML14.3D10 (ATCC® CRL-12079™) was maintained in CM
containing 50 pM B-mercaptoethanol. CHO cells transfected with EMR1 (CHOK1SV) were
cultured in CD-CHO (Invitrogen) supplemented with 25 pM L-methionine sulfoximine.

Detection of surface EMR1 by flow cytometry

EMR1 expression in bone marrow aspirates and peripheral blood was assessed by
multiparameter flow cytometry using directly-conjugated antibodies as previously
described!? (see Online supplement for detailed methodology).

Real time quantitative PCR

Total RNA was extracted from purified cell populations and cell lines using TriZol Reagent
(Invitrogen, Carlsbad, CA), and cDNA was synthesized from 1 pg total RNA using High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA) according
to the manufacturer's protocol. cDNA from human CD34+ cells cultured under conditions to
induce mast cell differentiation!3 and from the mast cell lines, HMC-1.1 (lacking KIT
D816V), HMC-1.2 (expressing KIT D816V), and LAD2 were provided by Dr. Todd
Wilson, NIAID/NIH. Approximately 50 ng of RNA equivalent cDNA template was used per
well and real-time amplification was performed in a 96- well plate using a GeneAmp
7900HT Sequence Detection System (Applied Biosystems). Primers used are provided in
the Online supplement. Each sample was run in triplicate, and cycle threshold values were
normalized using 18S cycle threshold values from corresponding samples.

CD34+cell differentiation in vitro

Human CD34+ cells isolated by positive selection from granulocyte colony-stimulating
factor (G-CSF)-mobilized peripheral blood of two healthy donors (provided by Dr. Harry
Malech, NIAID/NIH) were cultured in IMDM (Invitrogen) supplemented with 10% FBS
and GM-CSF (1 ng/ml), SCF, FIt3-L and TPO (each at 10 ng/ml), IL-5 (25 ng/ml), IL-3 (20
ng/ml) for 3 days, followed by IL-5 (25 ng/ml) only for another 21 days. Cells were
collected on days 4, 6, 8, 10, 12, 15, 18, 21, and 24 of culture, and total RNA and cell lysates
prepared at each time point. Eosinophil differentiation was assessed using Diff-Quik
(Siemens Healthcare Diagnostics) and Fast Green/Neutral Red (Sigma-Aldrich) staining. At
21 days of culture, >60% of the cells were eosinophil-like by morphologic criteria and
>20% were mature eosinophils based on Fast Green staining of cytoplasmic granules.
Growth and viability were determined by light microscopic evaluation with trypan blue
exclusion. Viability remained >95% throughout the 24-day experimental period.

Tissue immunostaining

A 5 mm skin punch biopsy obtained from a patient with HES was bisected. One half of the
specimen was fixed in neutral buffered formalin, routinely processed, sectioned, and stained
with Hematoxylin & Eosin (H&E) per standard procedures of the Laboratory of Pathology,
NCI. Immunohistochemical staining for eosinophil peroxidase (EPX) was performed using a
mouse anti-mouse monoclonal antibody (1:500, provided by Dr. J.J. Lee). The second
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portion was snap frozen for immunostaining with anti-EMR1 antibody (c1E7) using
standard techniques (see Online supplement for detailed methodology).

Acetone-fixed nasal polyp frozen tissue section slides obtained from Capital Biosciences
(female patient; CRSwWNP and bronchial asthma; 39 years old) were stained with mouse
1E7-Alexa595 (0.6 ug/ml), mouse anti-EPX antibody (Abcam; diluted 1:200 with 2% BSA
with PBS) and/or mouse anti-CD68 (Ventana; clone KP-1, diluted 1:2) using standard
techniques for visualization by immunofluorescence microscopy (see Online supplement for
detailed methodology).

Measurement of soluble receptors in plasma

Plasma levels of SEMR1 were measured by sandwich ELISA (MyBiosources). All assays
were performed in singlicate, and values were calculated on the basis of a standard curve.
The minimal detectable concentration of SEMR1 in plasma was 10 pg/mL.

In vitro killing assay

Purified eosinophils (8x104, target) were incubated with autologous NK cells (effector) at an
effector/target ratio of 5:1 in 96-well U-bottom plates at 37°C in the presence or absence of
10 pg/ml afucosylated c1E7 or IgG1 isotype control antibodies. After 4 hours, the assay was
stopped by putting the plates on ice and replacing the culture medium with binding buffer
(100 p1/well, BD Biosciences). Annexin V FITC (BD Biosciences) was added and after 15
min incubation at room temperature, samples were acquired and analyzed on a flow
cytometer (LSRII, BD Biosciences). Eosinophils were identified based on their granularity
(high side scatter). ADCC was determined by gating on Annexin V—positive target cells.

Administration of anti-EMR1 antibody in non-human primates

Male cynomolgus macaques received a single intravenous infusion of c1E7 at either 1
mg/kg (n=2) or 5 mg/kg (n=2) at Bio-Quant (San Diego) under a protocol approved by Bio-
Quant's IACUC and the attending veterinarian. Whole blood was collected for PK analysis
and eosinophil count at baseline, 5 minutes, 2,4, and 8, hours and 1,2,4,8,15,22,and 28 days
after dosing. The plasma concentration of c1E7 was measured using a quantitative antigen-
based ELISA (see Online Supplement for detailed methods). Complete blood counts and
serum chemistries were performed pre-dose and on days 8, 28, 42 and 56.

Statistical analysis

Statistical analyses were performed using the non-parametric Mann-Whitney U and
Wilcoxon tests for unpaired and paired comparisons of group means, respectively, and
Spearman rank for correlation. P<0.05 was considered significant for all analyses.
Pharmacokinetic analysis was performed using a non-compartmental model (see Online
Supplement).
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Results

Surface expression of EMR1 in humans is restricted to eosinophils

To confirm that EMR1 expression in human blood and bone marrow is restricted to
eosinophils, flow cytometric analysis was performed using whole blood and bone marrow
aspirates from normal donors and eosinophilic subjects using monoclonal antibody 1E7
generated against recombinant EMR1 extracellular domain. As reported previously, using a
different anti-EMR1 monoclonal antibody®, EMR1 expression was detected exclusively on
eosinophils (CD16-CD9+ granulocytes in blood and IL5Ra*CD16" siglec-8* granulocytes
in bone marrow aspirates) in all subjects tested (Fig 1, A-D). EMR1-positive cells were also
positive for IL-5Rq, Siglec 8, CD9, CD15, CD45, and CD49d, and negative for CD3, CD14,
CD16, CD19, CD34, CD64, and CD203 (data not shown). EMR1 was not detected on mast
cells, basophils, monocytes, neutrophils, lymphocytes, the monocytic cell line U937, the
erythroleukemic cell line K562, or either of two eosinophilic leukemia cell lines, Eol-1 and
AMLD14.3D10 (Fig 1, E); whereas the positive control CHOK1SV cell line (transfected
with full length EMR1 gene) showed uniformly high expression of EMR1 (Fig 1, E).

Quantitative reverse transcriptase PCR (qRT-PCR) confirmed the presence of EMR1 mRNA
in eosinophils from eosinophilic subjects and normal controls (Table ). EMR1 mRNA
expression was not detectable in purified PBMC, monocytes, or neutrophils, CD34+ cells
isolated from peripheral blood, mast cells generated by in vitro differentiation of CD34+
cells (data not shown) or any of the human cell lines tested (Table I).

EMRL1 is expressed late in eosinophil development

EMR1 surface expression was examined on CD34+ cells in bone marrow aspirates from 9
eosinophilic and 2 normal donors (representative staining shown in Fig2, A) and on purified
CD34+ cells isolated from peripheral blood of 4 normal donors (representative staining
shown in Fig 2, B). Although a small population (1-4%) of IL-5Ra+CD34+ cells was
identified, EMR1 expression was not detected on CD34+ cells in any of the samples studied
(Fig 2, A-B). To assess the kinetics of EMR1 expression during eosinophilopoiesis, purified
peripheral blood CD34+ cells from 2 donors were differentiated in vitro under conditions
known to promote eosinophil development. By day 12 after the addition of IL-5, surface
expression of CD34 was no longer detected by flow cytometry (Fig 2, C), and
approximately 20% of the cells were mature eosinophils (Fast Green-positive) (Fig 2, D). As
previously described® 15, expression of MRNA for eosinophil granule proteins and IL-5Ra
increased during the culture period, beginning approximately 3-4 days after addition of IL-5
and peaking at 10 days (Fig 2, F-G). Surface expression of EMR1 rose steadily beginning at
approximately 8 days after addition of IL-5 (Fig 2, E and E1, B), and double-staining
confirmed that EMR1-positive cells were also positive for IL-5Ra and siglec-8, consistent
with an eosinophil phenotype (Figure E1, C). EMR1 mRNA expression was first detected at
day 4 and slowly increased throughout the culture period (Fig 2, G).

EMRL1 is expressed on tissue eosinophils

Since the pathogenesis of eosinophilic disorders is primarily due to tissue infiltration by
eosinophils, EMR1 expression on eosinophils in skin and nasal polyp tissue was examined

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 May 01.
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by immunostaining. A formalin-fixed skin biopsy from a subject with HES showed scattered
eosinophils (Fig 3, A) with evidence of degranulation demonstrated on immunostaining with
anti-EPX antibody (Fig 3, C). Anti-EMRL1 antibody staining of an adjacent frozen section
identified scattered cells in a pattern consistent with intact eosinophils (Fig 3, B).
Immunofluorescence staining of nasal polyp tissue showed co-localization of cells staining
positive with anti-EMR1 with EPX-positive eosinophils (Fig 3, D-F), but not CD68-positive
macrophages (Fig 3, G-1).

EMR1 expression is correlated with eosinophilia

Eosinophil surface expression of EMR1 was quantified in whole blood from normal donors
(n=16), eosinophilic subjects on no treatment (n=14) and treated subjects with persistent
eosinophilia (n=7). Although EMR1 was highly expressed on eosinophils from all subjects,
the GM Amfi [95% CI] was significantly increased in the normal donors (5645 [4006-7956])
compared to either the untreated (2832 [1786-4489]) or treated (2393 [1248-4587]) subjects
with eosinophilia (p<0.05; Figure 4A). Furthermore, AEC was negatively correlated with
surface expression of EMR1 (r = -0.46, P <0.001; Fig 4, B), suggesting that modulation of
EMRL1 expression occurs in vivo. To further explore this possibility, surface expression of
EMR1 and CD69, an early activation marker, were assessed in vitro on purified eosinophils
from 8 eosinophilic subjects and 6 normal donors following incubation for 2 hrs in the
presence or absence of IL-5 (1 ng/ml). Whereas CD69 expression was upregulated in
response to IL-5 in all subjects, expression of EMR1 decreased in 6/6 eosinophilic and 4/6
normal subjects, and GM Amfi for EMR1 showed a significant, albeit small, decrease from
3845 to 3475 (P<0.05; Fig E2, A and B).

Levels of SEMR1 were assessed by ELISA in undiluted plasma from 13 eosinophilic
subjects and 9 normal controls. SEMR1 was detectable in 15 (68%) of the subjects tested,
and levels were positively correlated with AEC (Fig 1 C; r=0.69, P<0.001). SEMR1 was not
detected in culture supernatants of IL-5 activated eosinophils (n=5; data not shown).

EMR1 mRNA levels were positively correlated with AEC (r=0.36, n=39, P <0.05; Fig 4, D)
and were significantly increased in eosinophilic donors as compared to normal donors
(P<0.05, data not shown). In vitro stimulation of purified eosinophils with IL-5 at 1ng/ml,
overnight or for 6hr, also induced upregulation of EMR1 transcription with GM mRNA
levels increasing from 4.4 to 9.7 arbitrary units (x107°) related to 18S rRNA (n=13, P <0.01,
See Fig E2, C).

Eosinophil killing is enhanced in the presence of afucosylated anti-EMR1 antibody

Human 1gG1 lacking the monosaccharide fucose in its carbohydrate moiety has been shown
to have enhanced ADCC activity due to increased binding affinity for human FcyRIlla
receptor!l, Consequently, an afucosylated chimeric anti-EMR1 monoclonal antibody (c1E7)
was generated and tested in an in vitro NK cell-mediated killing assay using purified
eosinophils as target cells from 4 normal and 2 eosinophilic human donors (Figure 5A and
E3). The GM percentage of annexin VV+ eosinophils increased from 15.1 to 62.3 in the
presence of afucosylated c1E7 (P<0.05), but not in the presence of antibody isotype control
(Figure 5A) or fucosylated c1E7 antibody at concentrations up to 10 pg/ml (data not shown).

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 May 01.
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Afucosylated c1E7 had no effect on viability of eosinophils or NK cells when incubated
with these cells separately (Fig 5B).

Eosinophils are depleted in vivo following a single dose of afucosylated c1E7 antibody

Chimeric antibody, c1E7, binds with similar affinity to recombinant human or cynomolgus
macaque EMR1 as determined by ELISA (data not shown). The antibody was administrered
intravenously to cynomolgus monkeys at a dose of 1 mg/kg (group 1; n=2) or 5 mg/kg
(group 2; n=2). Mean peak plasma concentrations (Cpax) of cC1E7 were 41.1 pg/mL for
group 1 and 146.7ug/mL for group 2. The plasma concentration of c1E7 showed a bi-
exponential elimination profile and a terminal phase in all animals with a mean elimination-
phase half-life (t12B) of 89 hours for group 1 and 210 hours for group 2. Mean V¢ and Vg
for each group approximated blood volume consistent with limited tissue distribution (Table
El).

Prior studies in cynomolgus monkeys have demonstrated little variability in the AEC over
time in the absence of treatment16: 17 In contrast, peripheral blood eosinophils decreased
post-infusion in all 4 animals, becoming undetectable at the first time point measured (8
hours) in group 1 and at 2 hours post-infusion in group 2 (Figure 6 and Table E2).
Eosinophil counts returned to normal by day 28 post-infusion in the group 1 animals, but
remained below baseline for 28-56 days in the 2 animals that received the 5mg/kg dose
(Figure 6). A mild rebound eosinophilia was noted in 3 of the 4 animals at day 42, resolving
by day 56 in the one animal (CYN 10-65c) for which data is available (Figure 6 and Table
E2). The total leukocyte counts excluding eosinophils remained stable post-treatment, and
no clinically significant adverse events were reported after antibody administration. Plasma
levels of eosinophil granule proteins (major basic protein, eosinophil cationic protein,
eosinophil-derived neurotoxin and eosinophil peroxidase) were measured at each of the time
points using a suspension array assay in multiplex (see Supplemental Methods) and showed
no consistent trend in the first 24 hours post-infusion, but decreased in all 4 animals over the
28 days post-infusion (Figure E4). Additional pharmacokinetic and safety data can be found
in the Online supplement (Tables E1 and E3).

Discussion

In their recent report, the NIH Taskforce on the Research Needs of Eosinophil-Associated
Diseases (TREAD) listed the development of new eosinophil-targeted therapeutics as a
research priority8. In this regard, the present study not only confirms previously published
data demonstrating that EMR1 expression is restricted to eosinophils®, but expands this
finding to eosinophils from patients with a wide variety of eosinophilic disorders and
provides the first evidence that an afucosylated monoclonal antibody directed against EMR1
can selectively target and safely eliminate eosinophils in vivo in a primate model.
Benralizumab (MedImmune), an afucosylated antibody against IL-5Ra, has already been
used in a phase I trial in mild asthmatics, demonstrating that enhanced ADCC can be used to
deplete eosinophils in humans!’: 19, Although no severe adverse events were reported, none
of the subjects in this study had marked eosinophilia (>1500/uL) at baseline.

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 May 01.
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A major limitation of targeted therapies currently in clinical trials for eosinophilic disorders
has been incomplete depletion of tissue eosinophils. This is likely due, at least in part, to
alterations in eosinophil surface receptor expression that occur during tissue migration and
activation3. In the present study, EMR1 was detected on tissue eosinophils in skin from a
patient with HES, nasal polyps and asthmatic lung (data not shown). Of note, EPX staining
in the same tissues detected both intact eosinophils and free granules, consistent with
eosinophil activation. Together these data suggest that EMR1 expression is preserved in
activated tissue eosinophils. Nevertheless, the extent to which afucosylated antibody to
EMRZ1 will deplete these tissue eosinophils awaits further study.

EMR1 offers several advantages as a potential therapeutic target. Unlike many eosinophil
surface receptors, including IL-5Ra, EMR1 is not expressed on mast cells or basophils,
precluding unanticipated adverse effects due to mediator release during cytolysis of these
cells. Similar to siglec-820, EMR1 is expressed relatively late in eosinophil development and
is unlikely to deplete CD34+ eosinophil precursors that play a potentially important role in
plasma cell homeostasis?!: 22, Finally, although the function of EMR1 is unknown,
cynomolgus monkeys experienced no clinically significant adverse effects following
administration of anti-EMR1 antibody, and mice deficient in F4/80 (the murine homolog of
EMR1) are healthy and fertile23.

Modulation of cell surface receptors can occur by a number of different mechanisms,
including receptor internalization, proteolytic cleavage, and decreased transcription of
mMRNA for the membrane form of the receptor. The observed correlation of the peripheral
eosinophil count with decreased surface expression of EMR1 on eosinophils and increased
plasma levels of SEMR1 supports the hypothesis that EMRL1 is shed in vivo in response to
signals that promote eosinophilia. The fact that soluble receptor was not detected in culture
supernatants despite down-modulation of surface receptor by IL-5 is most likely due to
technical constraints related to the concentration of eosinophils in culture, the small change
in surface expression in response to IL-5 and the sensitivity of the EMR1 ELISA. Similar
findings have been reported for the EGF-TM7 family member, CD97, where increased
expression of CD97 in the synovium was accompanied by detectable soluble CD97 in the
synovial fluid in subjects with rheumatoid arthritis, but not in normal serum or activated T
cell supernatants?4 25, Although the mechanism of receptor shedding was not addressed in
this study, autoproteolysis of CD97 and EMR2 has been demonstrated to occur via G-
protein coupled receptor proteolytic sites (GPS) in their extracellular domains26. EMR1 also
contains a GPS site; however, the sequence is imperfect and functionality of the EMR1
domain has not been demonstrated to date?’.

Although decreased surface receptor and increased soluble receptor could both theoretically
interfere with the efficacy of a therapeutic antibody to EMR1 in patients with marked
eosinophilia, this is unlikely for the following reasons. First, despite the small, but
significant, decrease with increasing AEC, eosinophil surface expression of EMR1 remained
high in all subjects tested. Second, in vitro killing was equally efficient in subjects with and
without eosinophilia. Third, plasma levels of soluble receptor (10-126pg/ml; equivalent to
approximately 0.1 — 1.5pM) were several logs lower than the levels of chimeric afucosylated
antibody (2.15pg/ml or 14.3nM after 15 days and 11.1 pg/ml or 74nM after 28 days for
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doses at 1 and 5mg/kg respectively) achieved in pharmacokinetic studies in non-human
primates (Table E3).

In summary, EMR1 is expressed exclusively on mature eosinophils in the blood, bone
marrow and tissues of patients with eosinophilia regardless of the underlying disorder.
Although receptor expression is decreased on peripheral blood eosinophils in the setting of
eosinophilia and/or IL-5 exposure, this downmodulation was not sufficient to impair in vitro
killing by NK cells in the presence of afucosylated anti-EMRZ1 antibody. More importantly,
administration of a single dose of afucosylated chimeric anti-EMR1 antibody induced rapid
and sustained depletion of peripheral blood eosinophils without effect on other peripheral
blood cells or evidence of clinical toxicity. Although the number of animals studied was
small, these findings suggest that selectively targeting eosinophils using a humaneered®
afucosylated anti-EMR1 antibody may provide a safe and effective strategy for the treatment
of eosinophilic disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. EMRL1 is expressed exclusively on eosinophils
Representative staining of eosinophils using anti-EMR1 antibody in bone marrow (A) and

blood (B) from a subject with HES. (C-E) Absence of EMR1 expression on cells other than
eosinophils in bone marrow (C) and peripheral blood (D) and in cell lines (E). The
CHOKA1SYV cell line (CHO cells transfected with EMR1) is shown as a positive control.
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Figure 2. EMRL1 is expressed late in eosinophil development
(A,B) Surface expression of IL-5Ra, but not EMRL, is detected on CD34+ cells in bone

marrow from a patient with HES A) and on purified CD34+ cells isolated from peripheral
blood (B). (C-G) In vitro differentiation of CD34+ cells. Fast-green/neutral red staining of
cultured CD34+ cells 2 days prior to (C) and 21 days after (D) the addition of IL-5. The
arrow indicates a mature eosinophil with bilobed red nucleus and green secondary granules.
Surface expression of EMR1 and CD34 as a function of time (E). mMRNA expression as a

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 May 01.

Page 16



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Legrand et al.

Page 17

function of time for EPX, MBP, and EDN (F; left axis), ECP (F; right axis), EMR1 and
Siglec-8 (G; left axis) and IL-5Ra (G; right axis).
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A

"R
\‘

Figure 3. EMR1 expression on tissue eosinophils
A-C, Skin biopsy from a subject with HES. Frozen section stained with antibody to EMR1

(A). Adjacent paraffin-embedded sections stained with antibody to EPX (B) and with H&E
(C) showing eosinophilic infiltration and degranulation. The arrows indicate representative
eosinophils (C). (B). Original magnification 600x (A, B,) and 100x (C). D-I, Nasal polyp
biopsy. Immunofluorescence staining of EMR1 in red (D,G), EPX (E) or CD68 (H) in
green, and overlay (F,l) showing EMR1 staining on eosinophils and not on macrophages.
Original magnification 640x.
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Figure 4. EMRL1 expression in eosinophils is correlated with absolute eosinophil count
(A) Surface expression of EMR1 on eosinophils in whole blood expressed as the change in

mean fluorescence intensity (Amfi) in normal donors (ND), untreated (EOS) and treated
(EOS Rx) subjects with eosinophilia. Geometric means with 95% CI intervals are indicated
by horizontal lines. *P <0.05 versus ND. (B-D) Correlation of surface expression of EMR1
(Amfi), plasma levels of soluble EMR1 (in pg/ml), and EMR1 mRNA levels (expressed as
arbitrary units relative to 185 rRNA) with AEC. AEC < 500/mm3 is indicated by gray
shading. Each symbol represents data for an individual donor. Normal donors are indicated
by open circles, eosinophilic subjects on no treatment by black circles and eosinophilic

subjects on therapy by gray circles.
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Figure 5.

In vitro killing of peripheral blood eosinophils using afucosylated anti-EMR1 monoclonal
antibody (c1E7). (A) Eosinophil (target) cell death after 4h incubation with c1E7 or
afucosylated isotype control (Iso) and autologous NK cells (effector) (E:T ratio of 5:1). (B)
Lack of eosinophil or NK cell death after 4h incubation with antibody alone. Each symbol
represents data for an individual subject. Eosinophilic subjects (n=4) are indicated by black
circles and normal donors (n=4) by open circles. CM=culture medium, ** P <0.01
(Wilcoxon t test).
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Figure 6.
Eosinophil depletion over time following intravenous administration of a single 5mg/kg

dose of afucosylated anti-EMR1 monoclonal antibody in two cynomolgus monkeys. Each
panel shows the data for an individual monkey (CYNO 10-65c in panel A and CYNO
10-66¢ in panel B). The AEC (left axis) at each time point is represented by dark columns
and the white blood count (right axis) by open circles connected by a dashed grey line.
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Table |

EMR1 mRNA expression.

Cell type N EMRLmRNA"
EOS Eos 28 19.7+4.6
ND Eos 11 8.9+2.5
PBMC 12 1.6+0.7
Monocytes 4 0.28+0.14
Neutrophils 4 0.06+0.02
CD34+ 4 0.06+0.03
U937 1 0.045
K562 1 0
Eol-1 3 0.08+0.03
AML14.3D10 3 0.20+0.10
CHO-EMR1+ 3 7.97+1.98

*
in arbitrary units (><10'5) related to 18S rRNA (mean + std error)

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 May 01.

Page 22



