
REGULAR ARTICLE

A CD123-targeting antibody-drug conjugate, IMGN632, designed to
eradicate AML while sparing normal bone marrow cells

Yelena Kovtun, Gregory E. Jones, Sharlene Adams, Lauren Harvey, Charlene A. Audette, Alan Wilhelm, Chen Bai, Lingyun Rui,
Rassol Laleau, Fenghua Liu, Olga Ab, Yulius Setiady, Nicholas C. Yoder, Victor S. Goldmacher, Ravi V. J. Chari, Jan Pinkas,
and Thomas Chittenden

Science, Technology, and Translation, ImmunoGen, Inc, Waltham MA

Key Points

• IMGN632 is a conjugate
of a novel CD123-
targeting antibody with a
highly potent DNA
alkylating payload.

• IMGN632 is active in
preclinical models of
AML with poor
prognosis at concen-
trations far below levels
that impact normal
bone marrow cells.

The outlook for patients with refractory/relapsed acute myeloid leukemia (AML) remains

poor, with conventional chemotherapeutic treatments often associated with unacceptable

toxicities, including severe infections due to profound myelosuppression. Thus there exists

an urgent need for more effective agents to treat AML that confer high therapeutic indices

and favorable tolerability profiles. Because of its high expression on leukemic blast and

stem cells compared with normal hematopoietic stem cells and progenitors, CD123 has

emerged as a rational candidate for molecularly targeted therapeutic approaches in this

disease. Here we describe the development and preclinical characterization of a

CD123-targeting antibody-drug conjugate (ADC), IMGN632, that comprises a novel human-

ized anti-CD123 antibody G4723A linked to a recently reported DNA mono-alkylating

payloadof the indolinobenzodiazepine pseudodimer (IGN) class of cytotoxic compounds. The

activity of IMGN632 was compared with X-ADC, the ADC utilizing the G4723A antibody

linked to a DNA crosslinking IGN payload. With low picomolar potency, both ADCs reduced

viability in AML cell lines and patient-derived samples in culture, irrespective of their

multidrug resistance or disease status. However, X-ADC exposure was .40-fold more

cytotoxic to the normal myeloid progenitors than IMGN632. Of particular note, IMGN632

demonstrated potent activity in all AML samples at concentrations well below levels that

impacted normal bone marrow progenitors, suggesting the potential for efficacy in AML

patients in the absence of or with limited myelosuppression. Furthermore, IMGN632

demonstrated robust antitumor efficacy in multiple AML xenograft models. Overall, these

findings identify IMGN632 as a promising candidate for evaluation as a novel therapy

in AML.

Introduction

Acute myeloid leukemia (AML) is the leading cause of leukemia mortality in the United States.1 Curative
treatment involves intensive induction chemotherapy, before proceeding to either consolidation
chemotherapy or allogeneic stem cell transplantation based on the patient’s risk for relapse.2 This
approach has been employed for .4 decades and, although most individuals achieve complete
remissions with front-line therapy,3 the majority of patients ultimately relapse with drug-resistant disease,
and overall survival rates remain disappointingly poor.4 The limited ability of many patients to tolerate the
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intense chemotherapy-based treatments, in particular hematologi-
cal toxicity, further contributes to the poor outcomes noted in this
disease. Thus there exists an urgent, unmet need for new agents
that are both effective and not excessively toxic to the patients.

An increased understanding of the biological and genomic complexity
of AML has resulted in the investigation of molecularly targeted
approaches designed to shift treatment away from broad-based
cytotoxic use toward more tailored interventions.2,5 One target of
considerable interest is CD123, the a-subunit of the interleukin-3
receptor (IL-3Ra).6 CD123 expression is elevated on AML blasts
compared with normal hematopoietic stem and progenitor cells, with
high levels reported to be associated with aggressive disease.6-9

Furthermore, CD123 expression levels on leukemic stem cells are
similar to those on leukemic blasts,6 suggesting that CD123-directed
therapies have the potential to both debulk and eliminate the source of
the disease, potentially translating to more durable therapeutic
responses. The differential expression pattern of CD123 has been
exploited to selectively target AML cells, and a variety of CD123-
targeted agents, including a fusion protein of diphtheria toxin with IL-3,
antibodies with enhanced antibody-dependent cellular cytotoxicity
(ADCC), bispecific molecules, and chimeric antigen receptor (CAR)
T cells, have shown promising activity in preclinical models,6,10-17 with
a number having advanced into human clinical trials.5,18

The prominent cell surface expression of CD123 makes this antigen
well suited for antibody-drug conjugate (ADC)-based therapeutic
strategies. An ADC comprises a cytotoxic payload conjugated to
a monoclonal antibody directed against a tumor-associated anti-
gen.19 Validation of this approach for leukemia was provided by the
regulatory approval of gemtuzumab ozogamicin (GO), a conjugate of
a CD33-targeting antibody with a calicheamicin derivative payload,
for the treatment of AML.20 The clinical utility of GO, however, can be
hampered by limited efficacy in multidrug-resistant disease and
significant safety concerns, including hepatotoxicity (veno-occlusive
disease) and myelosuppression.21,22

We recently reported on a new chemical class of potent DNA-
interacting payloads developed for incorporation into ADCs,
indolinobenzodiazepine pseudodimers (IGNs).23 IGNs can be
prepared in either a mono- or a diimine form, which act via DNA
monoalkylation or DNA crosslinking, respectively. Although both
forms are highly active, ADCs with alkylating IGNs demonstrated a
better safety profile, and high therapeutic indices in vivo.23,24 Here
we describe the development and preclinical characterization of a
novel CD123-targeting ADC, IMGN632, consisting of a humanized
anti-CD123 antibody conjugated to an alkylating IGN payload via a
protease cleavable linker. IMGN632 demonstrated potent cytotox-
icity against CD123-positive AML cells and primary patient samples
in culture, at concentrations well below those that affected normal
bone marrow progenitors. This selective activity against leukemic
cells, coupled with favorable tolerability and robust efficacy in
xenograft models of AML, provide a rationale for the clinical
development of IMGN632 as a treatment of AML with potential
therapeutic advantages over existing agents.

Methods

Antibodies and ADCs

The 7G3, 9F5, and 6H6 antibodies were purchased from BD
Biosciences and BioLegend. GO was purchased from Mika Pharma-
ceuticals. The CD123-6 antibody was generated by immunizing

BALB/c mice with the mouse pre-B-cell line 300-19 stably expressing
human CD123. CD123-6 was humanized by grafting the CDRs into
the human IGKV1-16*01 VL and IGHV1-46*03 VH frameworks. Back-
mutations were introduced to restore high-affinity binding to CD123,
and a cysteine residuewas engineered at position 442 (EU numbering)
in the CH3 domain of the Gamma1 constant region to allow for site-
specific drug attachment. The resulting antibody, G4723A, and a
nontargeting control antibody of identical Fc sequences as G4723A,
were conjugated with IGN dimers as described24 to generate
IMGN632, X-ADC, and control ADCs.

AML cell lines and primary patient samples

Cell lines were obtained from ATCC or DSMZ and grown according
to the supplier’s recommendations. Primary samples from AML
patients (ConversantBio) and healthy donors (AllCells) were
characterized by multiparametric flow cytometry. Cell populations
were defined by lineage markers25-27 as presented in supplemental
Table 1. The median number of CD123 antibody binding sites
(ABCs) was determined by the BD QuantiBRITE assay (BD
Biosciences) using G4723A conjugated to phycoerythrin at a 1:1
ratio. MDR1 (P-glycoprotein)-mediated efflux activity was assessed
using a flow cytometric method, in which cells were incubated with
0.3 pg/mL of the fluorescent stain Syto16 in either the absence or
the presence of 2.4 mg/mL of the MDR1 inhibitor PSC833.28

Epitope mapping of anti-CD123 antibodies

A series of molecules where the extracellular domains of IL-3Ra and
GM-CSFRawith a histidine tag had been swapped were expressed
in HEK293T cells and added to enzyme-linked immunosorbent
assay plates at 1 ng/mL in 50 mM sodium bicarbonate buffer pH
9.6. The plates were incubated at 4°C for 16 hours, washed with
Tris-buffered saline containing 0.1% Tween-20, and blocked with
Tris-buffered saline containing 1% bovine serum albumin. Serially
diluted anti-CD123 antibodies were then added and incubated at
room temperature for 1 hour, followed by addition of antihuman
immunoglobulin G (IgG)–horseradish peroxidase (Jackson Immuno-
Research) for 1 hour at room temperature and development with
3,39,5,59-tetramethylbenzidine substrate (Surmodics).

Internalization, processing, and cytotoxicity studies

Prior to all studies, 200 to 500 nM of a nontargeted huIgG1was added
to culture medium to block Fc receptor–mediated uptake by cells. For
internalization studies, AML cells were incubated with 10 nM of Alexa
Fluor 488 (AF488; Invitrogen)-labeled G4723A or nonbinding human
IgG1 control at 37°C. At selected time points, cell-surface–associated
fluorescence was quenched with 10 mg/mL of anti-Alexa Fluor 488
antibody, and internalized fluorescence signals were quantified by
flow cytometry. To assess G4723A processing, the antibody was
labeled with [3H]-propionate (3H-G4723A) as previously de-
scribed.29 Cells were exposed to a 30-minute pulse with 2 nM
[3H]-G4723A, washed, and cultured for an additional 24 hours at
37°C, prior to harvest and extraction by acetone in order to separate
soluble [3H] species from protein-associated species as described.24

Cytotoxicity in cell lines was assessed using the WST-8 viability
assay (Dojindo Molecular Technologies) as previously described.30

Samples from AML patients and healthy donors were tested using
colony-forming unit (CFU) assays. Cells were treated with serial
dilutions of a test compound for 20 hours and then mixed with
MethoCult (StemCell Technologies) supplemented with 50 ng/mL of
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each IL-3, stem cell factor, and FLT-3 ligand (Humanzyme) and seeded
into 6-well plates. Plates were incubated for 7 to 14 days until colonies
formed. Colonies were counted under a microscope and 90% of
maximal inhibitory concentration (IC90) values were estimated by
dividing the number of colonies for each treatment by the number of
colonies in control wells, plotted against the test-compound concen-
trations. All untreated control wells had .100 colonies.

Xenograft models

Female athymic nude mice were obtained from Charles River
Laboratories (Wilmington, MA). All animal procedures were
approved by ImmunoGen’s Animal Care and Use Committee and
were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. In all studies,
mice received an intraperitoneal injection of a nonbinding huIgG1
(400 mg/kg) 24 hours prior to ADC treatment and again on days 5
and 10 post-ADC injection (at 100 mg/kg) to block Fc receptors.

Mice were inoculated subcutaneously with EOL-1 cells (107 cells
per mouse), and 6 days later were randomized into study groups by
tumor volume (8 mice per group). The next day, the mice received a
single IV bolus injection of either vehicle (phosphate-buffered saline
[PBS]), IMGN632, the control ADC, G4723A, or FGN849 (the
active payload catabolite of IMGN632 and the control ADC24).
Other groups began intraperitoneal treatment with either cytarabine
or azacitidine. Tumors were measured twice weekly, and tumor
volume was calculated as previously described.23

The MOLM-13 disseminated model was established by injecting
107 cells IV into mice. Seven days later, the mice were randomized
into study groups by body weight (10 mice per group) and received
a single IV bolus injection of vehicle (PBS), IMGN632, or the control
ADC. The mice were monitored for body weight loss and clinical
signs. The Kasumi-3 disseminated model was established at
Molecular Imaging (Ann Arbor, MI) by IV injecting female NSG
mice (Jackson Laboratories) with 53 106 Kasumi-3-Luc-mCh-Puro
cells engineered to express luciferase. Six days later, the mice were
injected with luciferin, imaged with IVIS 50 optical imaging
(Xenogen), and randomized into the study groups (6 mice per
group) based on bioluminescent tumor burden. On days 7 and 41, a
single IV bolus injection of vehicle (PBS), IMGN632, or the control
ADC was administered. The mice were imaged to quantify tumor
burden and monitored for body weight loss and clinical signs.

The patient-derived xenograft model was established at Champions
Oncology (Hackensack, NJ) by IV injecting irradiated female NOG
mice (Taconic) with 5 3 106 primary leukemia cells from a patient
with refractory AML. Eight weeks postinjection, the engraftment
was confirmed by flow cytometric staining of peripheral blood cells
for human CD451/CD331 cells, followed by randomization into
study groups and treatment with a single bolus IV injection of
IMGN632 or the control ADC. Fifteen days later, all mice were
euthanized, and tissues were collected for immunophenotyping.

Results

Characterization of a novel anti-CD123

antibody G4723A

Initial screening of monoclonal antibodies generated against human
CD123 (IL-3Ra) identifiedCD123-6 as the lead. TheCD123-6 antibody
exhibited greater antigen binding affinity than 3 well-characterized

commercially available anti-CD123 antibodies 7G3, 9F5, and 6H6
(supplemental Table 2), and, similar to 7G3, inhibited IL-3–dependent
cell proliferation (supplemental Figure 1). CD123-6 was subsequently
humanized to create G4723A, an IgG1 that retained the functional
properties of its parental antibody.

Using chimeric proteins that comprised extracellular domains of the
IL-3Ra and GM-CSFRa (Figure 1A), the G4723A epitope was
localized to an area within the 2 discrete folding domains (D2 and D3)
of CD123, which differs from the reported binding regions for 7G3,
9F5, and 6H6 in the N-terminal domain.31 Next, G4723A binding was
examined on a panel of primary samples from 5 healthy donors and 36
AML patients (Figure 1B). Among the normal cells, the highest ABC
(antibodies bound per cell) values were found on granulocyte
macrophage progenitors and common myeloid progenitors (median of
2829 and 943 ABC, respectively). The other subtypes, including
HSCs, multipotent progenitors, megakaryocyte-erythroid progeni-
tors, and common lymphoid progenitors, each had ,500 ABCs
(Figure 1B). Higher ABC values were observed in the AML blasts,
progenitors, and leukemic stem cells cell populations (median of 1883,
1850, and 2300 ABCs, respectively).

Antigen-directed internalization and subsequent intracellular process-
ing of the antibody moiety are both prerequisites for ADC activity.
Therefore, G4723A internalization was first assessed in 2 CD123-
positive AML cell lines, EOL-1 and HNT-34 (Figure 1C). In each line,
rapid internalization and intracellular accumulation of fluorescently
labeled G4723A, but not of a nontargeting control antibody, was
observed. Next, antibody proteolytic processing studies were
performed using G4723A labeled with [3H]-propionate (Figure 1D).
Following a pulse exposure to 3H-G4723A, the mean percentage of
antibody degraded in HNT-34, MV4-11, and SHI-1 cells in 24 hours
ranged between 40% and 66%. Taken together, these data are
consistent with selective target-mediated uptake and processing of
G4723A in CD123-positive AML cells.

Generation of anti-CD123 ADCs

To select an optimal cytotoxic payload, monoimine (alkylating) or
diimine (crosslinking) containing IGN molecules were conjugated to
engineered cysteines of the G4723A antibody via a peptide linker,
yielding IMGN632 or X-ADC, respectively (Figure 2A). Mass
spectrometric analysis revealed that IMGN632 and X-ADC were each
uniformly loaded with 2 payload molecules per antibody (supplemental
Figure 2). The binding affinities of G4723A, IMGN632, and X-ADC to
HNT-34 cells were similar (supplemental Tables 3 and 4), indicating
that conjugation had only a minimal impact on antigen-specific binding.

In vitro cytotoxicity against AML cells

The cytotoxicities of IMGN632 and X-ADC were first assessed in a
panel of AML cell lines, which expressed CD123 at levels similar to
AML blast cells (ABC values, 1100-13 000) and encompassed a
variety of poor prognostic markers (Table 1). Both ADCs were very
potent against all AML lines examined, with half maximal inhibitory
concentration (IC50) values in the low picomolar range. This activity
was antigen-dependent, because CD123 blocking experiments with
an unconjugated G4723A antibody reduced the potency by .1000-
fold (Figure 2B), and each ADC showed only a minimal activity against
CD123-negative Namalwa (B-cell lymphoma) cells (Table 1). The
unconjugated G4723A antibody alone had no antiproliferative effects
on these cell lines at concentrations as high as 1 mM (supplemental
Figure 3).
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Next, IMGN632 and X-ADC were evaluated in primary samples
from 16 AML patients with newly diagnosed or relapsed/refractory
AML (Table 2) using CFU assays designed to induce proliferation of
myeloid progenitors. IMGN632 and X-ADC were both highly potent
(IC90 ranges, 3-56 and 2-31 pM, respectively), irrespective of
multidrug resistance or disease status (Table 2; Figure 2C).
Corresponding control (nonbinding) ADCs were at least 100-fold
less active than IMGN632 and X-ADC, confirming the antigen
dependence of the effects (Figure 2C). The G4723A antibody was
inactive at the highest dose tested (10 000 pM), indicating that the
IGN payload is needed for ADC activity.

Sensitivity of normal myeloid progenitors to IMGN632

and X-ADC

IMGN632 and X-ADC toxicity to normal myeloid progenitors was then
assessed in a panel of bone marrow cell samples from healthy human

donors in the CFU assay (Table 3; Figure 2D). Unexpectedly, X-ADC
treatment was .40-fold more cytotoxic to the normal myeloid
progenitors than IMGN632 (median IC90 values of 45 pM vs 1900
pM, respectively, in matched samples). To confirm the finding, normal
bone marrow cells were exposed to either IMGN632 or X-ADC for 72
hours at a concentration highly active against AML cells (100 pM), and
the degree of caspase 3 activation, a marker of apoptosis, in different
cell populations was assessed by flow cytometry (supplemental
Figure 4). Staurosporine treatment, a known inducer of apoptosis,
increased caspase 3 signal in the populations of mature cells (CD342

CD45high) and early progenitors/HSC (CD341CD382CD45med), but
these same populations were unaffected by either ADC in this assay.
However, exposure to X-ADC, but not IMGN632, resulted in robust
caspase 3 activation in the late myeloid progenitors (CD341CD381

CD45med). Taken together, these data suggest that the ADC with
monoimine containing IGN payload (IMGN632) is less myelotoxic than
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the ADC with the diimine payload (X-ADC). Based on these results,
IMGN632 was selected for further evaluation.

IMGN632, but not GO, exhibits pronounced and

selective cytotoxicity against AML progenitors

The potency of IMGN632 was then compared with GO activity in an
extended panel of commercially available bone marrow cell samples
from randomly selected AML patients and healthy human donors
using the CFU assay (Tables 2 and 3). IMGN632 demonstrated
similar potency to GO in 3/15 AML samples; for the others it was up
to.600-fold more active (Table 2). On average, in comparison with
GO, IMGN632 was 70-fold more cytotoxic to AML progenitors and
only fivefold more cytotoxic to normal myeloid progenitors. More-
over, only 6 out of 15 AML samples were sensitive to GO at
concentrations below those affecting normal myeloid progenitors
from healthy donors (Figure 3). In contrast, AML progenitors from all

patients were acutely sensitive to IMGN632 and, most importantly,
at concentrations 120-fold lower than those that impact the normal
samples (Figure 3), suggesting a favorable balance between
antileukemic activity and myelotoxicity.

Antitumor activity of IMGN632 in AML

xenograft models

Having established a favorable therapeutic profile in vitro, the in vivo
efficacy of IMGN632 was examined in human AML xenograft
models. It has previously been established that the conjugate is well
tolerated in mice at doses up to at least 8000 mg/kg.24 In mice
bearing subcutaneous EOL-1 tumors that were resistant to high
doses of cytarabine and azacitidine, a single administration of
IMGN632 (240 mg/kg) induced complete and durable regressions
in 8/8 animals (Figure 4A). In contrast, unconjugated G4723A
antibody, active payload catabolite (FGN849), or the control

Table 1. Cytotoxicity of IMGN632 and X-ADC in AML cell lines

Cell line CD123 ABC IMGN632 IC50, pM X-ADC IC50, pM Prognostic marker

EOL-1 2600 2 1 —

HNT-34 13 000 9 4 EVI1 ↑

KASUMI-3 9 000 3 0.9 EVI1 ↑, MDR1

KG-1 3 500 10 6 p53 mut, MDR1

KO52 1 200 6.6 2 —

MOLM-13 5 300 0.5 0.8 FLT3-ITD

MV4-11 8 800 1 0.4 FLT3-ITD

SHI-1 4 300 5 2 p53 mut

SKM-1 1 100 40 40 p53 mut

UCSD-AML1 3 200 0.6 0.2 EVI1 ↑

Namalwa (B-cell lymphoma) 0 10 000 8000 —

—, No known prognostic markers were present.

Table 2. Cytotoxicity of IMGN632, X-ADC, and GO in primary AML samples

Sample no. Patient status BM blasts, % MDR1 status IMGN632 IC90, pM X-ADC IC90, pM GO IC90, pM

39 Diagnosis 88 2 3.4 2.8 30

30 Diagnosis 28 1 3.6 2.8 300

35 Refractory 18 1 7 NT 1 000

9 Diagnosis 87 1 7.6 2.4 44

41 Diagnosis 90 1 9 NT 5 000

16 Relapsed 93 2 13 11 13

32 Diagnosis 83 1/2 13 2.3 2 500

31 Diagnosis 18 1/2 15 4.8 .10 000

12 Relapsed/refractory 91 1/2 18 7.9 1 200

13 Diagnosis NT 2 18 10 NT

21 Diagnosis 80 NT 18 NT 2 000

37 Diagnosis 83 2 20 NT 2 000

45 Relapsed/refractory 90 1 26 14 30

36 Diagnosis NT 1 40 NT 800

38 Diagnosis 95 1/2 40 19 30

28 Diagnosis 30 1 56 31 10 000

1, Greater than twofold shift in Syto16 in the presence of MDR1 inhibitor; 1/2, up to twofold shift in Syto16 in the presence of MDR1 inhibitor; 2, no shift; NT, not tested.
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(nonbinding) ADCs were all inactive at IMGN632-matched doses,
indicating that both payload-to-antibody conjugation and CD123-
targeted delivery were required for activity. Of note, IMGN632 was
also efficacious at single doses of 40 and 80 mg/kg in this model
(supplemental Figure 5).

Next, IMGN632 antitumor activity was evaluated in 2 models of
disseminated disease. In the first, mice were inoculated IV with
MOLM-13 cells, and initiation of therapy was delayed for 7 days to
allow engraftment and outgrowth of AML cells. Mice received a single
administration of either vehicle, nonbinding control ADC (80 mg/kg)
or IMGN632 (8 mg/kg or 80 mg/kg), and survival was monitored out
to 152 days (Figure 4B). The majority (7/10) of mice treated with
80 mg/kg IMGN632 survived until the end of study, whereas all
control ADC-treated animals succumbed to disease by day 64. Even
at the lower, suboptimal 8-mg/kg dose level, IMGN632 increased the
lifespan of the animals by 263% compared with vehicle treatment
(median survival, 102 vs 28 days, respectively). Robust antileukemic

activity was also observed in the multidrug-resistant Kasumi-3 model,
with 2 doses (240 mg/kg or 800 mg/kg) of IMGN632 leading
to increase in lifespan by 50% and 64% over control animals,
respectively (Figure 4C). Bioluminescent imaging confirmed the
substantial reduction in tumor burden in all IMGN632-treated animals
compared with those treated with the control ADC.

Finally, tissue-specific effects of IMGN632 treatment were exam-
ined using a patient-derived xenograft model established with cells
derived from an individual with refractory AML. Following engraft-
ment, mice received a single bolus dose of 800 mg/kg IMGN632 or
control ADC. Two weeks posttreatment all mice were euthanized,
and immunophenotyping for human CD451 cells revealed that only
IMGN632 reduced tumor burden in the peripheral blood, spleen,
and most notably, bone marrow (Figure 4D).

Discussion

Here we report the development and preclinical characterization of
a novel CD123-targeting ADC, IMGN632, which utilizes a highly
potent DNA-alkylating payload, resulting in an ADC with robust
preclinical activity in multiple models of AML. In contrast to
previously reported CD123-targeted agents, such as CSL360/
362, MGD006, and SGN-CD123A,12,13,32,33 which employ vari-
able domains of the 7G3 antibody and bind to the N-terminal
domain of CD123,31 IMGN632 binds to the D2-D3 region in the
extracellular domain via its unique G4723A antibody moiety. This
may be therapeutically advantageous, given that 2 CD123 isoforms
have been reported: the full-length protein and an alternative
splicing variant that lacks an N-terminal domain, but still has the D2-
D3 region.34 In addition, G4723A was similarly effective as 7G3 in
inhibiting IL-3-mediated growth of an AML cell line. IL-3 initially
binds to the D2-D3 region of CD123, followed by a secondary
interaction with the N-terminal domain of the receptor.35 It is
reasonable to speculate that binding of G4723A to the D2-D3
region is sufficient to prevent primary IL-3 interaction, whereas
the 7G3 antibody interferes with the IL-3 secondary binding to
CD123.31,35 In preclinical studies, 7G3 reduced AML engraftment
and burden in murine models,36 and the humanized version of this
antibody, CSL360, as well as a derivative with enhanced antibody-
dependent cellular cytotoxicity activity, CSL362, has been evalu-
ated in human trials. Both CSL360 and CSL36212 demonstrated
favorable safety profile in humans.32 However, only minimal activity
was observed in a phase 1 study for CSL360, leaving the authors to
conclude that CD123 blockade and abolition of IL-3 signaling alone
was an ineffective therapeutic strategy for AML.32

As an ADC, IMGN632 couples the targeting and pharmacokinetic
features of the antibody with the additional cancer-killing impact of
its payload.19 A majority of ADCs in development use highly potent
tubulin inhibitors as their effector molecules.37,38 However, the
clinical experience with these types of agents suggests that they are
more suitable as payloads for targeting antigens that are expressed
at levels higher that of CD123.39 Cytotoxic agents that target DNA
are broadly used as AML therapy, making them a logical option for
use in ADCs in this disease. However, ADCs that use derivatives of
calicheamicin, which promotes double-stranded DNA breaks, such
as GO and inotuzumab ozogamicin,40,41 have limited activity in cells
with high multidrug resistance protein activity, a phenotype found in
a significant fraction of AML patients.42 Another ADC, SGN-
CD123A, comprising an engineered form of the CD123-targeting
7G3 antibody conjugated to a synthetic pyrrolobenzodiazepine

Table 3. Cytotoxicity of IMGN632, X-ADC, and GO in normal bone

marrow samples

Sample no. IMGN632 IC90, pM X-ADC IC90, pM GO IC90, pM

1 3500 NT 770

2 5700 NT 10 000

3 910 NT .10 000

4 210 NT 3 600

5 1000 45 .10 000

6 1900 60 .10 000

7 290 26 .10 000

8 3700 66 760

9 180 14 2 700

10 3500 77 10 000

11 3500 37 .10 000

10-12

10-7

10-8

10-9

10-10

10-11

AML Normal

GO IMGN632

IC
90

 [A
DC

, M
]

AML Normal

Figure 3. IMGN632 displays preferential killing of leukemic over normal

progenitors. Bone marrow mononuclear cells from 15 AML patients and 11 healthy

donors were treated with serial dilutions of IMGN632 and GO for 20 hours, followed

by CFU assay. The ADC concentrations that kill 90% of the cells are presented.

Horizontal bars indicate median value for the sample set.
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Figure 4. IMGN632 exhibits potent antitumor efficacy in multiple AML xenograft models. (A) Nude mice bearing EOL-1 subcutaneous xenografts were treated with

vehicle or a single dose of either IMGN632 (240 mg/kg), control nonbinding ADC (240 mg/kg), unconjugated antihuman CD123 antibody (G4723A, 240 mg/kg), active

payload catabolite (FGN849, 3 mg/kg), or a regimen of cytarabine (75 mg/kg, daily 3 5) or azacitidine (3.75 mg/kg, every 3 days 3 5). Complete regressions (8/8) in the

IMGN632 group were monitored to the end of the study (day 116). (B) Kaplan-Meier analysis of overall survival in a disseminated Molm-13 xenograft model where
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dimer, which acts via DNA crosslinking, has entered clinical trials
after showing robust activity in preclinical models of AML, including
those with multidrug resistance.33

During the development of the IGN payloads, it was found that
changing the IGN mechanism of action from a DNA crosslinker to a
DNA alkylator improved the tolerability of the resultant ADC.23,24

Mechanistically, IGNs confer cytotoxic activity via DNA damage,
which in turn leads to cell-cycle arrest and apoptosis.43 As part of the
payload selection process, we directly compared the activity of
IMGN632 (monoimine-containing, alkylating IGN) with another
CD123-targeting conjugate, X-ADC (diimine-containing, crosslinking
IGN). In vitro, IMGN632 and X-ADC each demonstrated highly
selective and potent activity in AML cell lines that encompassed a
variety of genetic alterations linked to poor prognosis in AML, such as
the internal tandem duplication in FLT3 (FLT3-ITD), ecotropic viral
integration site 1 (EVI1) protein overexpression, and p53 mutations.
Importantly, however, IMGN632 was .40-fold less toxic to normal
myeloid progenitors than X-ADC. In addition, IMGN632 was highly
active and well tolerated in both subcutaneous and disseminated
AML xenografts, including drug-resistant and MDR1-positive models.
Of note, activity was observed at doses that represented 0.1% to
10% of maximally tolerated levels for the ADC in mice. In all cases,
the antitumor activity was target specific, because a nonbinding
control ADC exhibited no activity at comparable dosing.

A key observation of this study was the marked, selective cytotoxicity
of IMGN632 against leukemic vs normal myeloid progenitors.
Myelosuppression is a well-established side effect of current AML
therapies, with prolonged events leading to an increased risk of
infections and death.44 Consequently, therapies that preferentially kill
leukemic cells over normal bone marrow cells are urgently required,
and the overexpression of CD123 on AML leukemic stem cells and
blasts compared with normal hematopoietic cells contributes to its
attractiveness as a therapeutic target in this disease.6,45 However,
severe myelosuppression and myeloablation have emerged for some
investigational CD123-targeted treatment modalities. For example,
CD123-targeted CAR T cells markedly impaired human myeloid
hematopoiesis in xenograft mice models.11 In a separate study, CAR
T-based treatment resulted in specific cytolysis of nonmalignant bone
marrow progenitors and HSC in vitro.15 To identify populations of
normal cells that might be affected by CD123-targeted therapies,
antigen expression was assessed on bone marrow progenitors from
healthy donors, with the most notable levels being observed on
common myeloid progenitors and granulocyte macrophage progen-
itors. In GM-CFU assays, an established method to assess toxicity of
cytotoxic agents to these progenitors,46-48 IMGN632 was cytotoxic
to leukemic progenitors from AML patients at concentrations 120-
fold lower than those that impacted viability of normal bone marrow
cells. This remarkable difference in sensitivity between AML and

normal progenitors to IMGN632 likely reflects both higher endoge-
nous CD123 levels on AML progenitors and a lower sensitivity of
normal progenitors to the monoimine IGN payload. The selective
cytotoxicity of IMGN632 to AML progenitors suggests an opportunity
for a significant therapeutic window; nevertheless, the potential for
myelosuppression cannot be excluded given the activity against
normal progenitors observed at much higher concentrations. In
addition to bone marrow cells, significant CD123 protein levels have
also been reported on basophils, plasmacytoid dendritic cells, and
monocytes.6,13 Although IMGN632 exposure did not induce an
apoptotic signal in monocytes derived from the bone marrow, these
populations could present potential pharmacodynamic biomarkers
and should be monitored during clinical trials of CD123-targeted
agents.

In conclusion, we have developed and characterized a CD123-
targeting ADC that combines a unique antibody and a DNA-alkylating
payload. This ADC demonstrated potent antitumor activity in preclinical
models of AML, including those with poor prognostic markers and
multidrug resistance. Importantly, IMGN632 was effective at concen-
trations well below those that affected normal bone marrow cells,
suggesting the potential for efficacy in AML patients with reduced
likelihood of myelosuppressive side effects and favorable safety profile.
These findings identify IMGN632 as a promising new therapeutic
candidate for the treatment of this disease, and a first-in-human study in
patients with relapsed/refractory CD123-positive AML has recently
been initiated (NCT03386513).
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Figure 4. (continued) tumor-bearing nude mice were treated with either vehicle (purple) or a single dose of a control nonbinding ADC (80 mg/kg) or IMGN632 (8 or

80 mg/kg), as indicated. Survival was monitored to day 152. (C) Kaplan-Meier analysis of overall survival (left) and bioluminescent images of mice (right; day 27) in a

disseminated Kasumi-3-Luc-mCh-Puro xenograft model where tumor-bearing NSG mice were treated with either vehicle or 2 doses (on days 7 and 41) of a control nonbinding

ADC (800 mg/kg) or IMGN632 (240 or 800 mg/kg) as indicated. Survival was monitored to day 118. (D) Mice bearing a primary patient-derived AML model were treated with

a single dose of either a control nonbinding ADC (800 mg/kg) or IMGN632 (800 mg/kg). All animals were euthanized 15 days posttreatment, and cells from peripheral blood,

bone marrow, and spleen were harvested and stained for murine CD45, human CD45, and human CD33 and analyzed by flow cytometry. Percentage of human CD451/

human CD331/murine CD452 of all viable cells is presented on the graphs.
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