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Cell surface molecules aberrantly expressed or overexpressed by myeloid leukemic cells
represent potential disease-specific therapeutic targets for antibodies. MUC1 is a polymor-
phic glycoprotein, the cleavage of which yields two unequal chains: a large extracellular «
subunit containing a tandem repeat array bound in a strong noncovalent interaction to a
smaller S subunit containing the transmembrane and cytoplasmic domains. Because the
a-chain can be released from the cell-bound domains of MUCI, agents directed against
the «-chain will not effectively target MUC1" cells. The MUC1 SEA (a highly conserved
protein module so called from its initial identification in a sea urchin sperm protein, in
enterokinase, and in agrin) domain formed by the binding of the « and B chains repre-
sents a stable structure fixed to the cell surface at all times. DMB-5F3, a partially human-
ized murine anti-MUC1 SEA domain monoclonal antibody, was used to examine MUC1
expression in acute myeloid leukemia (AML) and was found to bind acute myelomonocytic
and monocytic leukemia (AML-M4 and AML-M5) cell lines. We also examined monocytic
neoplasms freshly obtained from patients including chronic myelomonocytic leukemia and
juvenile myelomonocytic leukemia, which were found to uniformly express MUC1. CD34*/
lin”/CD38~ or CD38" presumed leukemic stem cell populations from CD34* AML and
CD34 CD38™ or CD38" populations from CD34~ AML were also found to express MUCI,
although at low percentages. Based on these studies, we generated an anti-MUC1 immuno-
toxin to directly gauge the cytotoxic efficacy of targeting AML-bound MUCI. Using single-
chain DMB-5F3 fused to recombinant gelonin toxin, the degree of AML cytotoxicity was
found to correlate with MUC1 expression. Our data support the use of an anti—-MUCI1
SEA module—drug conjugates to selectively target and inhibit MUC1-expressing myelomo-
nocytic leukemic cells. © 2018 ISEH - Society for Hematology and Stem Cells. Published
by Elsevier Inc. All rights reserved.

Cell surface molecules aberrantly expressed or overex-
pressed by acute myeloid leukemia (AML) cells may
represent potential disease-specific therapeutic targets
[1]. A few antigens, such as CD33 and CDI123, have
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been the targets of conjugated monoclonal antibodies
(MAbs), resulting in improved response in some subsets
of AML [2]. MUCI1 is an oncoprotein that has been
shown in recent years to be highly expressed by a num-
ber of human epithelial malignancies, as well as the
malignant plasma cells of multiple myeloma [3.4].
MUCI is a polymorphic type I high-molecular-weight
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glycoprotein that consists of an extracellular domain con-
taining 20—25 tandem repeats of a 20 amino-acid-long
sequence, followed by a transmembrane domain and a
short cytoplasmic tail leading to intracellular signaling
(Figure 1) [5,6]. Cleavage of MUCI yields two unequal
chains: a large extracellular o subunit containing the tan-
dem repeat array bound in a strong noncovalent interac-
tion to a smaller S-subunit containing the transmembrane
and cytoplasmic domains (Figure 1) [5].

Despite the potential of MUCI as a therapeutic tar-
get, most anti-MUCI1 antibodies reported to date target
the highly immunogenic tandem repeat of the MUCI
a-chain (Figure 1). Because the «-chain is released
from the cell-bound domains of MUCI, circulating
a-chain will sequester anti-a-chain agents, effectively
limiting their ability to target MUC1™ cells. In contrast,
the MUC1 SEA domain (a highly conserved protein
module so called from its initial identification in a sea
urchin sperm protein, in enterokinase, and in agrin)
represents a stable structure fixed to the cell surface at
all times. With this in mind, we generated anti-MUCI1
antibodies directed against the /B junctions [7,8] and
found that they bound avidly to cell surface MUCI.
Furthermore, a partially humanized anti-MUC1 SEA
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domain antibody linked to ZZ-Pseudomonas exotoxin
toxin was found to be cytotoxic to MUCI-expressing
solid tumor cells [8].

In the present study, we examined the expression of
MUCI in both AML blast cells and presumed leukemic
stem cells. Using anti-MUC1 SEA antibodies, MUC1
was found to be primarily restricted to cell lines of
monocyte and myelomonocytic subtypes of the French-
American-British (FAB) classification of AML. We
extended our analysis of MUCI1 expression from cell
lines to freshly derived cells from chronic myelomono-
cytic leukemia (CMML) and juvenile myelomonocytic
leukemia (JMML), two myeloid clonal disorders char-
acterized by increased monocytosis, confirming MUCI1
expression in these entities. Presumed leukemic stem
cells (CD34* or CD34~ lin”) from MUCI* AML
patients were likewise examined and were found to
express MUCI as well, although in varying intensities.

Based on the observed MUCI expression pattern in
AML, we generated an anti-MUC1 immunotoxin to gauge
the cytotoxic effect of anti-MUCI-bound toxin on mono-
cytic AML. A construct (designated SF3-VHVL) consisting
of a humanized, dimeric single-chain antibody of DMB-5F3
was fused to gelonin, a type I ribosome-inactivating toxin,
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“CELL MEMBRANE

——4

Figure 1. Structure of MUCI and epitopes recognized by anti-MUCI1 antibodies. MUC1 is a polymorphic type I high-molecular-weight glyco-
protein. Cleavage of MUCI generates a large extracellular o-subunit that is noncovalently bound to a membrane-tethered B-subunit [5]. From
the N terminus (N) to the C terminus (C), the a-subunit consists of a cleaved-off signal peptide (SP, purple), followed by N-terminal 30 amino
acids (yellow) leading into sequences (green) that N-terminally flank the VNTR (striped blue), followed by sequences (green) that C-terminally
flank the tandem repeat. The B-subunit extracellular domain is composed of 58 amino acids (red/white checkered) immediately N-terminal to
transmembrane (blue) and cytoplasmic (pink) domains. The orange and red/white checkered sections together consist of 120 amino acids that
form the SEA module. Anti-MUCI1 antibody HMFG-1 recognizes the 24 amino-acid-long peptide PDTRPAPGSTAPPAHGVTSAPDTR, corre-
sponding to a highly antigenic sequence in the VNTR moiety of the alpha chain (in red lettering), whereas DMB5F3 antibody binds the cell-

bound SEA module (green lettering; dotted circle).


https://doi.org/10.1016/j.exphem.2018.12.002

T. Guillaume et al. / Experimental Hematology 2019;70:97—108 99

thereby generating a S5F3-VHVL-gelonin immunotoxin.
Gelonin alone and unbound to antibody neither binds cell
surface nor internalizes into the cell. In contrast, anti-
MUC1 5F3-VHVL-gelonin was found to be highly cyto-
toxic to MUCI" monocytic lineage AML cell lines. Taken
together, these findings support the potential use of anti-
MUCI-drug conjugate to selectively target MUCI-express-
ing monocytic hematologic malignancies.

Methods

Cell lines

The DA3 murine mammary tumor cell line was used to
demonstrate binding of anti-MUC1 antibodies: DA3-PAR
(parent) does not express human MUC1, whereas DA3 sta-
bly transfected with the full-length human MUCI1 cDNA
(designated DA3-TM) expresses high levels of cell surface
human MUCI1 [8]. Both DA3-PAR and DA3-TM cells con-
tained pSV2neo encoding neomycin resistance, allowing
selection. The AML cell lines MOLM-14, MV4-11, and
THP-1 (all human acute monocytic leukemic cell lines),
HL-60 (a human promyelocytic leukemia cell line), U937 (a
histiocytic lymphoma cell line with monoblastic characteris-
tics), and K562 (a human erythroleukemia cell line) were
obtained from ATCC (Manassas, VA) and cultured in RPMI

Table 1. Characteristics of AML patients and MUCI expression

1640 supplemented with 10% inactivated fetal bovine serum
(FBS), 100 units/mL penicillin, 100 pg/mL streptomycin,
and 2 mmol/L L-glutamine at 37°C and 5% CO,.

Patients and healthy control samples

Bone marrow aspirates or peripheral blood samples were
obtained from 22 patients with AML, 15 patients with
CMML, and two patients with JMML, all under approval of
the institutional review board (Tables 1 and 2). Peripheral
blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation through Ficoll-Paque for 30 minutes
and cultured in RPMI 1640 containing FBS, antibiotics, and
L-glutamine. The assignment of AML according to the FAB
classification was based on cytomorphological analysis,
including enzymatic measurements, confirmed by immuno-
phenotyping [9]. PBMCs were also obtained from two indi-
viduals with infectious monocytosis.

Anti-MUC1 MAbs

HMFG-1 recognizes a 24 amino-acid-long peptide sequence
(PDTRPAPGSTAPPAHGVTSAPDTR) in the tandem repeat
moiety (variable number of tandem repeats [VNTR]) of the
MUCI1 a-subunit [10,11] and was purchased from Abcam (Cam-
bridge, UK). DMBS5F3 is a previously described murine IgG
antibody recognizing the MUC1 SEA module «/f junction [8].

Blasts
MUC1* MUC1*

PIN Diagnosis Karyotype Source Status WBC (/mm°) BM Blood HMFG1 DMBSF3
CD34* AML
1 AML 0 Monosomy 7, (3;3) Blood Relapse 110,500 >90% 94% <5% <5%
2 AML 2 Normal BM At diagnosis 1740 34% 0% <5% <5%
3 AML 2 Inv(16) Blood Relapse 6110 41% 58% <5% <5%
4 AML 1 Monosomy 7, (3;3) Blood At diagnosis 1390 46% 17% <5% <5%
5 AML 2 Normal BM At diagnosis 2740 30% 0% <5% <5%
6 AML 2 Normal Blood Relapse 12,070 T74% 55% <5% <5%
7 AML 2 Normal Blood At diagnosis 11,470 14.5% 15% <5% <5%
8 AML 2 Trisomy 8 BM At diagnosis 2560 36% 0% <5% <5%
9 AML 5 Normal BM At diagnosis 55,460 16.5% 4% <5% <5%
10 AML 6 Normal Blood Relapse 31,770 ND 93% <5% <5%
11 AML 5 Normal BM Relapse 3130 46.5% 33% 30.4 18
12 AML 1 Normal Blood At diagnosis 280,000 97% 98% <5% <5%
13 AML 4 Normal Blood At diagnosis 60,750 26% 8% 62.2% 58.8%
14 AML 2 Isochromosome 6 Blood At diagnosis 14,750 26.5% 10.5% <5% <5%
15 AML 2 Normal BM At diagnosis 5060 37% 4% <5% <5%
16 AML 6 Hypotetraploidy BM At diagnosis 2660 13% 0% <5% <5%
17 AML 0 Complex Blood At diagnosis 2740 37% 53% <5% <5%
18 AML 2 Complex BM At diagnosis 5310 31.5% 11% <5% <5%
CD34~ AML
19 AML 5 Normal Blood At diagnosis 188,000 81% 70% ND 73.8%
20 AML 5 ND Blood At diagnosis 42,000 37.5% 5.5% 83% 77.6%
21 AML 2 Normal BM At diagnosis 23,100 46% 19% <5% <5%
22 AML 5 Normal BM At diagnosis 79,000 33% 18% 62% 55.1%

BM-=bone marrow; flt3=Fms-like tyrosine kinase 3; ND=not done; NPM1=nucleophosmin 1; PIN=patient identification number; WBC=white

blood cell count.
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Table 2. Characteristics of CMML and JMML patients

Blasts
CD14* CD14*
Monocytes MUC1* MUCI1*

PIN Diagnosis Karyotype Source Status (/mm?) BM Blood HMFG1 DMBS5F3
23 CMML 1 Normal BM At diagnosis 2770 3.5% 0% 59.6% 92.9%
24 CMML 1 Normal Blood At diagnosis 1260 2% 0% 59.6% 99.5%
25 CMML 1 dell3q BM At diagnosis 2125 8% 0% 47.1% 99.3%
26 CMML 2 t(3;16) BM Follow-up 1050 10.5% 6% 19.9% 97.4%
27 CMML 1 Normal BM At diagnosis 1750 4% 0% 77% 99%
28 CMML 2 Normal BM Follow-up 2150 10.5% 0% ND 99.7%
29 CMML 2 Monosomy 7 Blood At diagnosis 4660 18% 5% 96.7% 94.6%
30 CMML 1 Normal BM At diagnosis 1930 5.5% 0% 58.2% 99.7%
31 CMML 1 Normal BM At diagnosis 5120 9% 0% ND 100%
32 CMML 1 ND Blood Follow-up 4370 4% 0% 98.7% 100%
33 CMML 2 Normal Blood Follow-up 1180 16% 10.5% 100% 100%
34 CMML 1 ND Blood Follow-up 1230 4% 0% 44.6% 100%
35 CMML 1 Normal BM At diagnosis 2140 4.5% 0% 95.7% 99.8%
36 CMML 1 ND Blood Follow-up 2190 6.5% 0% 99.8% 99.9%
37 CMML 1 Normal BM Follow-up 1360 3% 0% 54% 97.2%
38 JMML Normal Blood At diagnosis 9050 19% 3% 56% 98%
39 JMML Normal ras mutation BM At diagnosis 1750 15% 15.5% 56.8% 99.6%
40 Reactive monocytosis NR Blood At diagnosis 1160 ND 0% 92.7% 100%
41 Reactive monocytosis NR BM At diagnosis 970 1.5% 0% 82.3% 99.9%

BM-=bone marrow; NR=not relevant; PIN=patient identification number; WBC=white blood cell count.

AML and CMML immunophenotyping

A total of 5x 10° PBMCs were initially labeled with either
anti-MUC1 SEA antibody DMBS5SF3 (murine ascites diluted to
1/200) or anti-MUCI tandem repeat antibody HMFG1 diluted to
17200 in PBS, followed by phycoerythrin (PE)-conjugated goat
F(ab’)2 anti-mouse IgG (Beckman Coulter Immunotech, Mar-
seille, France). To characterize AML cells, anti-CD14 PECy7
(BioLegend, San Diego, CA), anti-CD34 APC, anti-CD38 V450,
and anti-CD34 APC (all three from BD Biosciences, Le Pont de
Claix, France) were reacted with cells. To specifically identify
CMML cells, a battery of antibodies to CMML-associated anti-
gens was used, including anti-CD16 FITC, anti-CD56
PercpCy5.5, and anti-CD45 APC (all three from BD Bioscien-
ces) and anti-CD14 PB (BioLegend). To identify AML
presumed stem cells, a cocktail of lineage-specific FITC-labeled
antibodies (anti-CD3, CD14, CD16, CD19, CD20, and CD56) as
well as anti-CD34 and anti-CD38 (all from BD Biosciences)
was used.

RNA extraction and real-time polymerase chain reaction

One microgram of total RNA extracted was reverse transcribed
using MMLV reverse transcriptase (Invitrogen, Carlsbad, CA).
Reverse transcriptase polymerase chain reactions (RT-PCRs)
were performed using QuantiTect Primer Assays and the RT?
SYBR Green qPCR Mastermixes according to the man-
ufacturer’s instructions (Qiagen, Germantown, MD).

Construction and purification of scfv-gel immunotoxin

The DNA sequences of the VH and VL genes from DMBSF3
were chemically synthesized and fused to the coding gene of
gelonin, a type I ribosome-inactivating toxin. Gelonin alone
unbound to antibody lacks the capacity to bind cell surface or

internalize into mammalian cells. Sequences coding for a PelB
signal and a 6his-tag were added in the 5'/Nter and 3'/Cter posi-
tion respectively. Two constructs were made with differing ori-
entation of the V gene as either VH-VL or VL-VH. The DNA
was cloned in a PT7 expression vector that was introduced into
E. coli and incubated at 37°C in LB growth medium with anti-
biotic selection to log phase. Target protein expression was
induced with 0.1 mmol/L isopropyl-Lthio-B-D-galactopyranoside
for 16 hours. The scfvs—gelonin conjugates (termed scfv 5F3-
VHVL-Gel-6His or scfv SF3-VLVH-Gel-6His) were purified by
affinity using immobilized metal affinity chromatography on
nickel Sepharose columns.

Cytotoxicity assay

MUC1* AML cells (10,000 cells/well) were incubated in 96-
well tissue culture plates. Purified scfv 5F3-VHVL-Gel-6His
and scfv SF3-VLVH-Gel-6His were diluted in a series of
concentrations and added to the wells in threefold dilutions.
Cells were incubated at 37°C for 72 hours. Cytotoxicity
assays, in triplicate, were evaluated by lactate dehydrogenase
using the CytoTox 96 kit according to the manufacturer’s
instructions (Promega, Madison, WI).

Results

MUCI expression by AML cell lines and blast cells

MUCI cell surface expression on AML cells was deter-
mined with two antibodies: HMFG-1, which recognizes
the tandem repeat of the MUC1 «-chain [10,11], and
DMBS5F3, which targets the SEA domain formed by
the interaction of the «-subunit with the extracellular
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portion of the B-subunit (Figure 1) [7]. A murine mam-
mary tumor cell line, DA3-PAR, and its counterpart,
DA3-TM, stably transfected with and expressing
human MUCI DNA served as negative and positive
controls, respectively (Figure 2A).

AML cell lines MV411 and MOLM14 derived from
the monocytic leukemic lineage clearly expressed cell
surface MUCI1, whereas monocytic leukemia cell line
THP-1 expressed low-level MUC1. The non-monocytic
leukemic cell lines U937, K562, and HL60 showed lit-
tle or no expression (Figure 2B). The degree of MUCI1
expression demonstrated by anti-MUCI1 cell binding
was confirmed by RT-PCR (Figure 2C).

A series of 22 freshly derived AML cells (12 blood-
derived and 10 bone marrow-derived: AMLO, n=2;
AMLI1, n=2; AML2, n=10; AML4, n=1; AMLS,
n=5; and AML6, n=2) collected either at the time of
diagnosis or at disease relapse (Table 1) were analyzed
for MUCI1 expression by flow cytometry with anti-
MUCI1-SEA DMBSF3. Blast cells from a subset of
AML samples highly expressed MUCI1 and, signifi-
cantly, all were of monocytic or myelomonocytic line-
age (AML4, n=1 and AMLS, n=4) (Figure 3A).

Lineage negative (Lin~) blast cells selected for
expression of CD34 and CD38 were examined for
MUCTI expression. In cells from CD34" AML, MUCI
was found to be expressed in both the lin”CD34*CD38~
and lin”"CD34"CD38" subpopulations at a relatively
low percentage (Figure 4). In CD34~ AML, the
lin~"CD34~CD38"~ population likewise expressed low-
level MUCI (Figures 4-3C and 4-3D).

MUCI expression by CMML, JMML, normal, and
activated monocytes

Having demonstrated expression of cell surface MUCI
on monocytic and myelomonocytic AML cell lines, we
investigated whether this would likewise be the case for
cells freshly derived from patients with CMML. CMML
is a proliferation of monocyte-derived cells expressing
high levels of CD14 and lower levels of CD16, in con-
trast to normal or reactive monocytes [12]. Furthermore,
CD56 is aberrantly expressed by the CD14" cells in
CMML [13—15]. Therefore, to most specifically capture
abnormal CMML clonal disease, we examined MUCI1
expression in the CD14*CD56" CMML cell population.
Fifteen CMML patients were analyzed for expression of
MUCI1 with DMBS5F3 antibodies by flow cytometry
(Table 2). CD14*CD56" cells from all patients coex-
pressed MUCI1 at high frequency, from 20% to 100%
(Figure 3B, Table 2). CD14* monoblasts freshly from
patients with JMML were likewise found to express
MUCI1 (Figure 3C). However, MUCI1 expression is not
restricted to malignant monocytes: CDI14* monocytes
from two patients with infectious-related monocytosis
also demonstrated MUC]1 expression.

Binding of immunotoxin to MUC1-expressing cells and
cytotoxic effects

The findings presented above demonstrate that anti-
MUCI1 SEA antibody successfully binds cell surface
MUCI1 on the malignant circulating cells of AML. To
demonstrate the cytotoxic potential of targeting MUCI,
we engineered an immunotoxin construct consisting of
single-chain anti-MUC1 DMBSF3 linked to recombi-
nant gelonin (rGel), a type I ribosome-inactivating
toxin (Figure 5A). Free gelonin unlinked to antibody
lacks the capacity to either bind cell surface or inter-
nalize into mammalian cells [16]. A 6X-His tag was
added to the anti-MUCI scfv-immunotoxin construct to
allow detection by flow cytometry. To analyze whether
the position of Vg and Vp domains affects the cyto-
toxic effect of the construct, the immunotoxin was con-
structed in two formats, V-V and Vi -Vg
(Figure 5A). Following purification, the rGel-based
immunotoxins migrated on SDS-PAGE at the expected
molecular mass of ~60 KDa (Figure 5B). To confirm
the binding of the immunotoxin to MUCI1* cells, both
scfvs (scfv 5F3-VHVL-Gel-6His and scfv 5F3-VLVH-
Gel-6His) were reacted with DA3-TM, the murine
mammary tumor cell line stably transfected with
human MUCI. scvf 5F3-VHVL-Gel-6His bound DA3-
TM whereas scfv in the orientation (scfv 5F3-VLVH-
Gel-6His) did not show significant binding. Having
demonstrated MUC1 binding by our scfv-immunotoxin
construct, we proceeded to examine the cytotoxicity of
SF3-VHVL-Gel-6His on leukemic cells expressing
varying levels of MUCI (MOLMI14, MV4l11, and
HL60). Of these, myelomonocytic cell lines MOLM14
and MV4-11 were found to be the most sensitive to
5F3-VHVL-Gel-6His, whereas promyelocytic HL-60
cells, although reactive, were less responsive
(Figure 5C). Cytotoxicity reactivity was consistent with
RT-PCR quantitation of MUCI1 cell line expression
(Figure 2C).

Discussion

AML is a disorder characterized by an increase of
immature myeloid blasts as a consequence of the loss
of normal differentiation and proliferation of hemato-
poietic progenitor cells. The disease is genetically het-
erogeneous, and a variety of molecular changes have
been described defining prognosis and therapeutic
response [17]. Treatment of AML has remained largely
unchanged in recent years, and a significant fraction of
newly diagnosed patients still fail to achieve complete
remission. To increase the rate of remission, immuno-
therapeutic targeting of AML represents a novel
approach. To that end, a limited number of putative
tumor antigens have been described on the AML cell
surface that might potentially serve as targets for anti-
body therapy, including CD33 and CD123 [1,2].


https://doi.org/10.1016/j.exphem.2018.12.002

102 T. Guillaume et al. / Experimental Hematology 2019;70:97—108

A 1la DA3-PAR 1b DA3-PAR 2a DA3-TM 2b DA3-TM
b "Bk "l PR
W L) i i
DMESF3
B
1 2 MV4-11 4
Lr Lt
i s
; k E 1 g
38 &9 3
] #
" oo W owt ot = B oo 'T w' oW ot w
DMBSF3 DMBSF3 DMBSF3
C
g 2500
2 2000

1500

nbr of relative co
=

1c  monocytes PINAD

2]
E - !;!' FT
a2
1 l:‘= 1 x ""‘f ' “.l‘-’ b. I"
isotype HMFG-1 DMB5SF3
23 monocytes PINAL 2b monocytes PINAL 2C monocytes PINA1
] :
™M
: b
g'_ ¥ Eil [
Sy & :.!
g :
M T B e e
isotype HMFG-1 DMBSF3
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Figure 4. Expression of MUC1 on presumed AML stem cells. MUC1 expression on lin~ blast cells from patients with CD34* AML (PIN9 and
PIN11) and CD34~ AML (PIN22) are shown in (1a), (2a), and (3a). Lin~ cells were analyzed for the expression of CD34 and CD38 (1b,2b,3b).
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AML PIN9 and PIN11. Expression of MUC1 on CD34~CD38~ and CD34~CD38" populations from CD34~ AML is shown in (3¢) and (3d).

MUCI, a polymorphic type I high-molecular-weight
glycoprotein, is a heterodimer composed of extracellu-
lar, transmembrane, and cytoplasmic domains that is
proteolytically cleaved into two subunits, o and S sub-
units, which bind to each other noncovalently (Figure 1)
[7]. Although the B-subunit remains bound to the cell
surface, the «-subunit undergoes an “on-and-off” mech-
anism whereby it sometimes binds the cell surface
B-subunit and at times freely disassociates from the
cell, such that, in vivo, it is shed into the peripheral
circulation. A number of anti-MUCI1 antibodies have
been described, the great majority of which target the
highly immunogenic tandem repeat (VNTR) of the
a-chain (Figure I). Although useful in demonstrating
MUC1 on the surface of cells, antibodies directed
against the «a-chain VNTR has limited therapeutic
application precisely because the «-chain is only inter-
mittently bound to the cell [5]: freely circulating
a-chain can act as a “sponge,” binding much of admin-
istered anti-a-chain antibody before it can even bind to
the cell surface MUC1 [5,6]. A case in point is
HMFGI, an antibody targeting a 24 amino-acid-long
sequence in the MUC1 VNTR (Figure 1), which has
been extensively studied [10,18]. Despite binding
MUCI in vitro, multiple attempts to use anti-tandem
repeat antibody in the clinical setting have been consis-
tently disappointing. Trials have included attempts to

bypass peripheral sequestration by repeat administra-
tions of antibody or efforts to multiply the antibody’s
antitumor effect by linking it to cytotoxic conjugates
such as Yttrium-90 [19]. All such trials failed to
improve outcomes in solid tumors [18,20,21].

To circumvent the limitation of ant8i-VNTR anti-
bodies and to target a MUCI moiety that does not
detach from the cell surface, we developed antibodies
to the MUC1 SEA moiety, which, unlike the «-chain,
remains cell bound [5,8]. Using an anti-MUC1 SEA
antibody, we examined MUCI1 expression in both AML
blast cells and their presumed stem cells. Results
revealed that AML subtypes 4 and 5 in the FAB classi-
fication [9] account for one-third of all AML express
MUCI, whereas other AML subtypes do not (Figures
2B and 3A). MUCI expression in AML appears to be
restricted to monocyte-derived leukemias. Consistent
with this finding, we observed, as have others, that nor-
mal monocytes show variable expression of MUCI
between individuals [22,23]. Significantly, monocyte-
derived dendritic cells have also been shown to express
MUCI1 [24]. Conversely, normal neutrophils do not
express MUCI1 on their surface [25].

Using MAb against the tandem repeat region of
MUCI, previous studies did not find a direct correla-
tion between MUCI1 expression and AML FAB classifi-
cation [26,27], although one study using an anti-VNTR
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are shown.
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suggested that MUC1 expression appeared to be more
frequent on the FAB M4 and M5 subtypes [28]. The
reason for the apparent discrepancy between the find-
ings reported by those investigators and the present
findings is unclear. It is not simply due to the density
of epitopes recognized by the antibodies, because both
anti-MUCI1 antibodies used in the present study, anti-
MUCI1 SEA and anti-VNTR, showed MUCI1 expression
to be limited to FAB subtypes 4 and 5. The fact that
anti-VNTR, which binds multiple copies of the same
epitope per MUCI1 molecule, and anti-SEA, which
binds a single site, both gave similar results suggests
that epitope number cannot account for the present
finding of MUCI1 expression limited to the FAB M4
and M5 cell subtypes [13,28].

Because examination of cell lines showed MUCI
expression to be limited to the monocytic lineages, we
proceeded to examine the expression of MUCI on
freshly derived CMML and JMML cells. CMML and
JMML represent two distinct monocyte-derived malig-
nant disorders. CMML is the most frequent myelodys-
plastic/myeloproliferative neoplasm, characterized by
persistent monocytosis, dysplastic features in the mar-
row, and less than 20% blasts [29,30]. CMML evolves
into AML-M4 in up to one-third of patients. In
CMML, >94% monocytes are so-called classical mono-
cytes with a CD14*/CD16~ phenotype [12], whereas, in
some cases, aberrant expression of nonmyelomonocytic
antigens such as CD56 is seen [13,14]. We observed
that CD14*/CD56" monocytes of all CMML patients
analyzed expressed MUCI1 (Figure 3). Similarly, the
monocytic neoplasm JMML, an aggressive malignancy
affecting infants and young children, expresses cell
surface MUCI1 (Figure 3B). Both disorders remain dif-
ficult to treat other than by allogeneic transplantation;
immunotherapy has not as yet been shown to affect
clinical outcome [31,32]. A majority of cases of AML
(approximately 75%) express CD34, whereas the
remaining do not. For CD34" AML, the precise pheno-
typic characterization of leukemic stem cells remains
unclear; stem cells may arise in the CD34*CD38" pop-
ulation, in the CD34"CD38™ population, or possibly
from both [33]. We therefore examined MUCI1 expres-
sion in lin~ cells of both CD34*CD38" and
CD34*CD38™ phenotypes in patients with CD34" AML
(Figures 4-1 and 4-2). Expression of MUCI1 on
CD347CD38~ and CD347CD38" populations from
CD34~ AML was likewise examined (Figure 4-3). All
presumed stem cell populations were found to express
MUCI, although in limited intensities (Figure 4). This
is consistent with levels reported by Stroopinsky [27].

Expression of MUC1 by monocytic neoplasms opens
the possibility for therapeutically targeting the cell-
bound MUC1 SEA module. MAbs must have a high
binding coefficient to be effective as single agents in

leukemia because they may be potentially over-
whelmed by the sheer volume of high blast numbers
[34]. The humanized anti-MUC1 SEA domain antibody
DMBSF3 used in the present studies has been demon-
strated to have unusually high affinity to MUC1™ cells,
with significant cell binding at antibody concentrations
as low as 20 pmol/L [8]. In addition to direct anti-
AML action, the binding domains of MAbs can be
used to deliver high-efficiency cytotoxins, with the
antibody acting to target the malignant cell surface and
to facilitate cell penetration [35]. A variety of MAb-
based conjugates using drugs, plant and bacterial tox-
ins, and radioisotopes have been described [2,36].
Gelonin, a plant-derived toxin, is highly effective in
cell-free systems while remaining essentially nontoxic
to intact cells because of the inability of unconjugated
gelonin to cross the plasma membrane due to lack of a
carbohydrate-binding domain [37]. However, gelonin
can be rendered highly cytotoxic if cell entry is facili-
tated by ligation to a target-specific binding molecule
[37]. The anti-MUC1 derived scvf 5F3-VHVL-Gel-
6His immunotoxin that we describe not only binds
MUCI1-expressing cells, but was also found to be cyto-
toxic to MUC1* AML cells (Figure 5C).

The present study was not devised to directly com-
pare the cytotoxic efficacy of DMBS5F3- immunotoxin
with an HMFGI1-bound toxin precisely because the
study involves preclinical in vitro studies. The primary
difference between anti-tandem repeat (VNTR) anti-
bodies such as HMFG1 and DMBS5F3 is, as noted, the
fact that its antigenic target, the «-chain VNTR, is
only intermittently bound to the cell surface (Figure 1)
and passes into the peripheral circulation in vivo,
whereas antibody DMBS5F3 targets the cell-bound SEA
MUCI1 moiety, which does not. This difference would
not be discernible in in vitro cell studies because shed-
ding of the a-chain into the peripheral circulation is
not relevant in vitro. That fundamental difference holds
only in in vivo and in studies.

In recent years, there has been increased interest in
antibody conjugates to target malignant cells. The
most intensely studied anti-AML antibody conjugate
is gemtuzumab ozogamycin, which targets CD33.
When combined with chemotherapy, it was found to
improve clinical outcomes in subsets of AML, but not
without attendant toxicity [38,39]. An anti-CD33
immunotoxin conjugated to recombinant gelonin
showed some reduction in AML blasts in a phase I
study [40], whereas vadastuximab talirine, an anti-
CD33 conjugated to a pyrrolobenzodiazepine dimer,
showed promising results in a phase I trial, but was
likewise found to be associated with serious side
effects. Schiffer et al. reported targeting CD64"
monocytes in CMML with a human granzyme B-based
cytolytic fusion protein [41].
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In the present study, we demonstrate that myelomo-
nocytic and monocytic leukemic cells preferentially
express cell surface MUCI. Targeting MUCI on leuke-
mic cells may potentially decrease MUCI1-expressing
normal monocytes as well because they too express
MUCI1 (Figure 2D). The ultimate clinical effect of
administered anti-MUCI1 antibody on normal blood ele-
ments is a function of dosing. High-burden circulating
AML cells overexpressing MUCI may “mop up”
administered anti-MUCI, thereby limiting the exposure
of normal cells to antibody in vivo. As in the case for
other antibodies targeting antigens shared by normal
and tumor cells, including anti-CD20 antibody rituxi-
mab and the anti-CD33 conjugate gentuzumab ozoga-
mycin [38,39], normal lineages repopulate following
treatment. The findings presented here should lead to
the development of immunoconjugates against MUCI1-
expressing AML either as single agents or in conjunc-
tion with other treatment modalities.
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