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ABSTRACT
◥

ADAMmetallopeptidase domain 9 (ADAM9) is amember of the
ADAM family of multifunctional, multidomain type 1 transmem-
brane proteins. ADAM9 is overexpressed in many cancers, includ-
ing non–small cell lung, pancreatic, gastric, breast, ovarian, and
colorectal cancer, but exhibits limited expression in normal tissues.
A target-unbiased discovery platform based on intact tumor and
progenitor cell immunizations, followedby an IHC screen, led to the
identification of anti-ADAM9 antibodies with selective tumor-
versus-normal tissue binding. Subsequent analysis revealed anti-
ADAM9 antibodies were efficiently internalized and processed by
tumor cells making ADAM9 an attractive target for antibody–drug
conjugate (ADC) development. Here, we describe the preclinical
evaluation of IMGC936, a novel ADC targeted against ADAM9.
IMGC936 is comprised of a high-affinity humanized antibody site-
specifically conjugated to DM21-C, a next-generation linker-
payload that combines a maytansinoid microtubule-disrupting
payload with a stable tripeptide linker, at a drug antibody ratio of
approximately 2.0. In addition, the YTE mutation (M252Y/S254T/
T256E) was introduced into the CH2 domain of the antibody Fc
to maximize in vivo plasma half-life and exposure. IMGC936
exhibited cytotoxicity toward ADAM9-positive human tumor
cell lines, as well as bystander killing, potent antitumor activity
in human cell line-derived xenograft and patient-derived xeno-
graft tumor models, and an acceptable safety profile in cyno-
molgus monkeys with favorable pharmacokinetic properties.

Our preclinical data provide a strong scientific rationale for the
further development of IMGC936 as a therapeutic candidate for
the treatment of ADAM9-positive cancers. A first-in-human
study of IMGC936 in patients with advanced solid tumors has
been initiated (NCT04622774).

Introduction
ADAM metallopeptidase domain 9 (ADAM9) is a member of the

ADAMfamily ofmultifunctional,multidomain type 1 transmembrane

proteins. ADAM9, as with other members of the family, is comprised
of a pro-domain, metalloprotease domain, a disintegrin domain, a
cysteine-rich region, an EGF-like domain, a transmembrane domain,
and a short cytoplasmic domain. In general, two biological activities
have been described forADAM9—proteolysis (via themetalloprotease
domain) and adhesion (via the disintegrin domain). These functional
activities of ADAM9have been implicated in several cellular processes,
including myogenesis, fertilization, cell migration, immune response,
proliferation, and cell–cell and cell–matrix interactions (1). In the
context of cancer, the biological activities of ADAM9 play a role in
cancer formation and progression (2–7).

ADAM9 is overexpressed inmalignant tumors, with limited expres-
sion in normal tissues, making it an attractive candidate for antibody–
drug conjugate (ADC) targeted therapy. Overexpression of ADAM9
has been described in breast cancer (8), pancreatic ductal adenocar-
cinoma (9, 10), gastric cancer (11), non–small cell lung cancer
(NSCLC; ref. 12, 13), renal cell carcinoma (14), cervical cancer (15),
prostate cancer (16), liver cancer (17, 18), glioma (19), ovarian clear
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cell carcinoma (20), and oral squamous cell carcinoma (21). The
overexpression of ADAM9 in human cancers has been correlated
with higher-grade tumors, node-positive status, metastasis to distant
sites, and shortened patient survival in the majority of these
cancers (8–19).

ADCs seek to increase the therapeutic window of potent cytotoxic
agents by linking them with monoclonal antibodies (mAb) that can
selectively target and deliver the cytotoxic payload to target-bearing
cells within a tumor. Selective targeting of tumors with ADCs, in
theory, increases the therapeutic index by both decreasing systemic
toxicity (increasing the maximum tolerated dose) while increasing
efficacy by reducing the minimal effective dose. Current advances in
linker and conjugation technologies, together with the emergence of
payloads with diverse potencies and alternate mechanisms of
action (22, 23), have provided the opportunity to further refine and
optimize the therapeutic benefit of ADCs.

We have used a discovery platform based on intact tumor or
progenitor cell immunizations to generate mAbs directed to cell
surface targets that are overexpressed in cancer relative to normal
tissues (24). Using this approach, we generated several mAbs
targeting ADAM9. The differential expression of ADAM9 on
tumor compared with normal tissue and the ability of antibody-
ADAM9 complexes to be internalized, led us to examine the
potential to target ADAM9 with an ADC. Here we report the
preclinical evaluation of IMGC936, a DM21-C maytansinoid-
based ADC targeting ADAM9 that has been optimized to extend
exposure. IMGC936 exhibited direct in vitro cytotoxicity toward
ADAM9-positive tumor cell lines, as well as bystander killing.
Consistent with the in vitro activity, IMGC936 showed potent
antitumor activity in cell line-derived xenograft (CDX) and
patient-derived xenograft (PDX) tumor models. In addition,
IMGC936 demonstrated a favorable pharmacokinetic and accept-
able safety profile in cynomolgus monkeys. Our preclinical data
provide strong scientific rationale for the continued development of
IMGC936 as a therapeutic candidate for the treatment of ADAM9-
positive cancers.

Materials and Methods
Generation of the lead anti-ADAM9 antibody, MGA021

Intact cell immunizations with primary human progenitor cells and
primary cancer cells were employed to generate mAbs to cell surface
targets (24). Human kidney epithelial progenitor cells were isolated
from fetal kidney tissue and propagated for greater than 30 passages in
a serum-free, low calcium-containing I3/F-basedmedium (25). BALB/
c mice were immunized via the foot pad with intact, viable human
kidney epithelial progenitor cells and Ribi adjuvant (Corixa) over a
period of 3 months. Antibody titer was monitored by flow cytometry
using the human kidney epithelial progenitor cells. Lymph nodes from
mice exhibiting positive titers were harvested, and lymphocytes were
fused with the mouse myeloma line X63-Ag8.653 (ATCC) using
standard methodology. Hybridoma supernatants were screened by
IHC on frozen normal human tissues (kidney, pancreas, liver, colon,
heart, and lung) and tumor tissue (lung, colon, breast, esophageal,
pancreatic, and head and neck cancers) to identify mAbs with pref-
erential binding to tumor versus normal tissue. The murine KID24
mAb was selected for further evaluation based on strong tumor versus
normal IHC reactivity. Tandem mass spectrometry of protein immu-
noprecipitated by KID24 from A498 renal cell carcinoma cell mem-
branes yielded a peptide corresponding to ADAM9 (Supplementary
Fig. S1). An ELISA assay using recombinant human ADAM9 (R&D

Systems) confirmed thatKID24was reactive with humanADAM9, but
not the related ADAM family members ADAM8, ADAM10, or
ADAM17 (Supplementary Fig. S1).

The variable light chain (VL) and variable heavy chain (VH) amino
acid sequences of the parental antibody, KID24, were humanized
(huKID24) (Supplementary Fig. S2) using the complementary-
determining region (CDR) sequences from the mouse KID24 mAb
and framework sequences from human germline V-kappa or VH
segment, respectively. The huKID24 VL and VH coding sequences
were synthesized de novo, and fused to the human C-kappa or human
gamma 1 constant region cDNA, respectively.

To improve the affinity of huKID24 toward cynomolgusADAM9,V
genes were cloned into a Fab display vector (variant to pComb3X). The
CDR3 region of the VH gene was randomized by replacing 6 conse-
cutive codons (positions 100a – 100f following Kabat nomenclature)
with NNS codons to allow for the inclusion of any amino acid in these
positions (26). The Fab library was displayed as a pIII fusion protein on
filamentous phage. Clones with improved binding to cynomolgus
ADAM9 were isolated from the library by 3 rounds of affinity-
based phage display panning with 20 nmol/L (round 1), 2 nmol/L
(round 2), and 0.2 nmol/L (round 3) biotinylated cynomolgusADAM9
protein (R&D Systems) immobilized on streptavidin beads (27).
Clones enriched after the third round of panning were reformatted
into an IgG expression plasmid and expressed in CHO cells. Surface
plasmon resonance analysis identified the antibody AEX6003 as
having improved binding to cynomolgus monkey ADAM9 com-
pared with huKID24, and was selected for further engineering.
Subsequently, the M252Y/S254T/T256E (YTE) triple mutation was
engineered into the CH2 domain of the Fc domain and cysteine
residues were substituted at position 442 of the mAb heavy chains to
yield MGA021.

Conjugation
MGA021 was reduced and reoxidized to enable site-specific con-

jugation at HC-C442 (Eu numbering) as described previously (28).
Conjugation of MGA021 to generate IMGC936 was effected by
addition of 5 equivalents of DM21-C, a maleimide-functionalized
version of a previously described maytansinoid ADC linker-payload
containing a tripeptide linker (29). The conjugation reaction mixture
contained PBS pH 6.0 with 2 mmol/L EDTA and 10% (v:v) dimethy-
lacetamide, and was incubated at 25�C overnight prior to purification
into 10 mmol/L acetate pH 5.0 with 9% sucrose and 0.01% Tween-20.
Analytical characteristics of IMGC936 are summarized in Supple-
mentary Table S1. Drug distribution and DAR average by size exclu-
sion chromatography-mass spectrometry for IMGC936 is shown in
Supplementary Fig. S3 and Supplementary Table S2. The non-
targeting control chKTI-DM21-C ADC was site-specifically conju-
gated at HC-C442 to an equivalent average DAR as IMGC936, as
described above.

Tumor cell lines and culture
Human tumor cell lines were obtained from the ATCC, Japanese

Collection of Research Bioresources (EBC-1; Sekisui XenoTech), or
German Collection of Microorganisms and Cell Cultures (CAL-51;
DSMZ). Cell lines were cultured in the medium recommended by
the suppliers at 37�C in a humidified 5% CO2 incubator and
passaged by diluting into fresh culture medium 1 to 3 times per
week to maintain a cell density between 50% and 100% confluence.
The MDA-MB-468 cell line was cultured in a 0% CO2 incubator. All
cell lines were thawed from working cell banks, which were screened
for Mycoplasma by PCR or using the MycoAlert Mycoplasma
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Detection Kit (Lonza). Cell line authentication was confirmed by
short tandem repeat profiling at ATCC, or cell lines were purchased
within the period of 2010 to 2015 and authenticated by the vendor.
Studies were performed with cultures that had undergone fewer
than 25 passages.

ADAM9 was knocked out from the NCI-H1975 cell line using
Synthego’s CRISPRevolution sgRNA EZ Kit according to the man-
ufacturer’s protocol. sgRNA was combined with Cas9 at a ratio of
1.3:1 (3 mmol/L each) to form ribonucleoprotein particle (RNP)
complexes. The RNP complexes were combined with Lipofectamine
Cas9 Plus Reagent (Thermo Fisher Scientific) and Opti-MEM I
Reduced Serum Media to form the RNP complex solution. This
solution was incubated with Lipofectamine CRISPRMAX (Thermo
Fisher Scientific) and Opti-MEM Reduced Serum Media, added to a
24-well cell culture plate, then 120,000 cells/well were added to the
plate. Transfected cells were expanded for approximately 1 week
then single cell sorted by flow cytometry. Individual clones were
expanded for subsequent analysis to confirm human ADAM9
knockout.

ADAM9 was knocked out from the EBC-1 cell line using the
CRISPR protocol from Thermo Fisher Scientific. 300,000 cells/well
were plated in 6-well plates. The following day, Invitrogen TrueCut
Cas9 Protein v2 and the gRNA were mixed in 1:1 ratio (37.5 pmol/L
each) to form the RNP complexes then added to cells along with Opti-
MEMIReduced SerumMedium, LipofectamineCas9 Plus reagent and
the Lipofectamine CRISPRMAX reagent. The cells were incubated at
37�C for 2 days, followed by single cell plating and expansion in 96-well
plates. ADAM9 negative clones were identified by FACS.

In vitro cytotoxic potency
Assays were performed in triplicate for each data point. Tumor

cells, 200 to 4,000 in 100 mL of complete culture medium, were
added to each well of flat bottom 96-well plates on Day 0. The test
articles IMGC936, the non-targeting control huKTI-DM21-C,
and DM50 were diluted in complete cell culture medium and
100 mL of the dilutions were added to the plated cells the following
day (Day 1). Control wells containing cells and the medium but
lacking test articles, in addition to wells containing medium only,
were included in each assay plate. The plates were incubated at
37�C for 5 to 6 days. The relative number of viable cells in each
well was determined using the Water-Soluble Tetrazolium Salt-8
(WST-8) based Cell Counting Kit-8 (Dojindo Molecular Technol-
ogies, Inc.) according to the manufacturer’s protocol. The surviving
fraction of cells in each well was calculated by subtracting the
average value of the wells containing medium only, and then
dividing by the average value of the control wells containing cells
and the medium but lacking the test articles. Concentration
response curves and IC50 values were generated by nonlinear
regression using a sigmoidal curve fit with variable slope in Graph
Pad Prism.

Bystander Activity
NCI-H1975/ADAM9 KO cells stably expressing red fluorescent pro-

tein (NCI-H1975/ADAM9 KO/RFP) were generated using the IncuCyte
NucLight Red Lentivirus (Sartorius) according to the manufacturer’s
protocol. Parental NCI-H1975 cells (0–5,000 cells/well) were mixed
with NCI-H1975/ADAM9 KO/RFP cells (5,000 cells/well) and plated
in flat-bottom plates. IMGC936 (67 nmol/L) was added to plates, then
plates were incubated at 37�C and cell viability of NCI-H1975/ADAM9
KO/RFP cells was measured after 5 days using an IncuCyte Live-Cell
Analysis System (Sartorius).

In vivo efficacy – tumor xenograft studies
Efficacy studies and procedures were approved by MacroGenics,

Inc. or ImmunoGen, Inc. Institutional Animal Care and Use Com-
mittees in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council).

Female CD-1 Nude (homozygous) mice (Crl:CD-1-Foxn1nu),
female Athymic Nude mice (Crl:NU(NCr)-Foxn1nu), or female Fox
Chase SCID mice (CB17/Icr-Prkdcscid/IcrIcoCrl) from Charles Rivers
Laboratories, weighing 15 to 30 g each and 5 to 7 weeks of age, were
used in the efficacy studies.Miceweremaintained under pathogen-free
conditions, with food and water supplied ad libitum. Human tumor
cells (3 � 106 to 1 � 107 viable cells) were resuspended in 1:1 serum-
freemedium andMatrigel BasementMembraneMatrix (Corning) and
inoculated subcutaneously into the flank of CD-1Nude (homozygous)
mice (HPAF-II, SW48 cells), AthymicNudemice (SNU-5 cells), or Fox
Chase SCIDmice (EBC-1, EBC-1 ADAM9 Knockout, MDA-MB-231,
NCI-H1975 cells).

When tumor volumes reached approximately 100 to 150 mm3,
mice were randomized into groups of 6 to 8 individuals per group
and treated with test articles (ADCs, MGA021 or unconjugated
payload DM50) or vehicle control [PBS or IMGC936 Formulation
Buffer (10 mmol/L sodium succinate, 9% (w/v) sucrose, 0.01%
polysorbate-20, pH 4.7)] intravenously (IV) by tail vein injection
(100–225 mL). Single-dose administration studies were performed with
ADC doses ranging from 1.25 to 10 mg/kg depending on the study.
Unconjugated antibodies were dosed at 10mg/kg andDM50was dosed
at 100 mg/kg (equivalent to payload present in 10 mg/kg IMGC936).

Tumors were measured twice weekly by orthogonal measurements
with electronic calipers, with tumor volumes calculated as: (length �
width � height)/2. Individual animal weights were recorded 1 to
2 times weekly beginning at the time of tumor cell inoculation and
continuing until study completion.

PDX studies were performed at Champions Oncology. Female
Athymic Nude-Foxn1nu from Envigo, 6 to 8 weeks of age, weighing
at least 18 g, were used in the studies. Low passage tumor fragments
were implanted into stock animals. When tumors reached 1.0 to 1.5
cm3, tumor fragments were reimplanted into pre-study animals
unilaterally on the left flank. When tumors reached an average
tumor volume of 150 to 300 mm3, animals were randomized by
tumor volume into treatment or vehicle control groups. Three
animals were assigned to each group and dosed IV by tail vein
injection (100–225 mL). Tumor volumes were measured twice
weekly by calipers. Tumor volume was calculated using the formula
TV ¼ (width � 2) � length � 0.52.

Toxicology
A nonhuman primate study was conducted using purpose-bred

na€�ve male and female cynomolgus monkeys (Macaca fascicularis) of
Asian origin at an Association for Assessment and Accreditation of
LaboratoryAnimalCare International–accredited, U.S.Department of
Agriculture–inspected laboratory. The study protocol was approved by
the testing facility Institutional Animal Care and Use Committee. The
repeat-dose toxicology study consisted of treatment groups (5 male/5
female) administered either the vehicle control (10 mmol/L sodium
succinate, 9% (w/v) sucrose, 0.01% polysorbate 20, pH 4.7) or
IMGC936 by IV infusion over 10 minutes, at a 2 week interval (3,
10, or 22.5 mg/kg/dose), for a total of 2 doses on days 1 and 15. Six
animals per group (3/sex/group) were necropsied on day 19, while
the remaining recovery group animals (2/sex/group) were necropsied
on day 57 following a 6-week recovery period. Mortality, clinical
signs, body weights, food consumption, and clinical pathology were
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monitored prior to and throughout the study. Slit lamb biomicroscopy
and indirect ophthalmoscopy was performed prestudy and prior to
terminal and recovery sacrifice by a veterinary ophthalmologist.
Electrocardiology was conducted pre-study for a 24-hour period and
on day 15 starting 3-hours predose through 21-hours postdose using
jacketed external telemetry. Respiration rate (performed cage side)
and blood pressure (performed on restrained animals) were mea-
sured prestudy and on days 5 and 17. Following terminal and
recovery sacrifice, gross necropsy, measurement of organ weights
and histopathologic examinations were conducted. A toxicokinetic
assessment was also performed.

Data availability statement
The data generated in this study are available within the article and

its supplemental data files.

Results
Selection and generation of IMGC936

Immunizations with intact, viable human tumor or progenitor cells,
followed by an IHC screen for cancer-specific antibody candidates, led
to the identification of anti-ADAM9 mAbs with highly differential
tumor-versus-normal tissue binding (Fig. 1A) (24). Preliminary
screening of the anti-ADAM9 mAbs revealed that a subset of the
mAbs were efficiently internalized in vitro by tumor cells (30), sug-
gesting they were promising candidates for an ADC approach. To
confirm and extend this observation, we assessed the antigen/antibody
uptake and proteolytic processing rate of two of the lead murine anti-
ADAM9 mAbs. As shown in Fig. 1B, and summarized in Supple-
mentary Table S3, incubation of anti-ADAM9 mAbs with ADAM9-
expressing tumor cells led to rapid internalization and proteolytic
processing, with 50% to 90% of the mAbs processed in 24 hours (31).
On the basis of the internalization/proteolytic processing data, the
KID24mAbwas selected for humanization and subsequent preclinical
development.

KID24 was humanized by CDR grafting (huKID24) and fused to
human C-kappa and gamma 1 constant regions and retained the
binding affinity of the parental murine mAb for human ADAM9.
However, the binding affinity of KID24 and huKID24 was found to be
nearly 100-fold lower for cynomolgus monkey ADAM9 compared
with human ADAM9. Affinity optimization was undertaken to
improve the binding of huKID24 for cynomolgus monkey ADAM9.
Screening of a huKID24 Fab mutagenic phage library identified clone
AEX6003 as having equivalent binding affinity for human and cyno-
molgus monkey ADAM9 (Fig. 1C).

Two additional elements were engineered intoAEX6003 to generate
the development candidate MGA021. First, the M252Y/S254T/T256E
(YTE) triple mutation was engineered into the CH2 domain of the Fc
region to improve the neonatal Fc receptor (FcRn) binding profile
and optimize the pharmacokinetic properties of the mAb. The YTE
triple mutation incorporated into MGA021 improved binding to
human and cynomolgus monkey FcRn by approximately 10-fold at
pH 6.0 compared with huKID24, but retained weak/no binding at
pH 7.0 (Fig. 1D). Second, cysteine residues were substituted at
position 442 of the mAb heavy chains to facilitate site-specific
CYSMAB conjugation (28).

MGA021 was conjugated to the next generation maytansinoid
linker payload DM21-C to yield the IMGC936 ADC with a target
DAR of approximately 2.0 (DAR range of 1.5–2.2; Fig. 2). The DM21-
C linker payload incorporates a highly stable tripeptide linker (L-Ala-
D-Ala-L-Ala) and a hydrophobic sulfur-bearing maytansinoid, which

has improved plasma stability, bystander killing activity, and a greater
therapeutic window in mouse models than previously described
maytansinoid conjugates (29).

Expression of ADAM9 in Cancer and Normal Tissue
ADAM9 expressionwas evaluated by IHC in human tumor sections

from various cancers, and consistent with published reports, high
ADAM9 expression was observed across a range of cancers (Fig. 3).
The majority of cancers examined showed ADAM9 positivity, and in
the case of pancreatic cancer, gastric cancer, NSCLC adenocarcinoma,
and triple-negative breast cancer (TNBC), greater than 60% of the
tumor specimens in each indication exhibited H-scores greater than
100, and 10% to 30% exhibited H-scores greater than 200.

Conversely, ADAM9 expression was limited in normal tissues. In a
good laboratory practice human tissue cross-reactivity study with
IMGC936, limited frequency and intensity of membrane and cyto-
plasmic staining was observed in various epithelial cell types in
bladder, cervix, esophagus, fallopian tube, kidney, large intestine, lung,
mammary gland, ovary, pancreas, prostate, salivary gland, tonsil,
ureter, and uterus. In addition, IMGC936 stained the membrane and
cytoplasm of mononuclear cells in various tissues, including lymphoid
tissues. Other membrane and cytoplasm staining noted included
hematopoietic precursor cells in bone marrow, placenta trophoblasts,
and neuropil. Of note, themajority of IMGC936 staining of epithelium
was cytoplasmic in nature with distinct membrane staining only
observed in rare epithelial cells at a 1–2þ level of intensity. Staining
observed in membrane and cytoplasmic compartments was generally
comparable between the human and cynomolgus monkey tissues and
supports the cynomolgus monkey as an appropriate model for toxicity
studies with IMGC936.

In vitro profile of IMGC936
The cytotoxic potency of IMGC936 was evaluated in vitro against a

panel of human tumor cell lines, originating from multiple cancer
types, and expressing varying levels of ADAM9. The ADAM9 antigen
density [antibody binding capacity (ABC)] on the cell lines ranged
from 5,000 to 90,000. To evaluate the ADAM9-dependent potency of
IMGC936, activity of huKTI-DM21-C, a control non-targeting
DM21-C-bearing ADC against Kunitz soybean trypsin inhibitor that
does not bind to either ADAM9 or any other human and murine
protein, was also tested. The cytotoxicity of IMGC936 and the control
ADC against representative human tumor cell lines is shown
in Fig. 4A, and a summary of cytotoxicity results for all cell lines
tested is shown in Supplementary Table S4. IMGC936 was cytotoxic
toward all human tumor cell lines tested, with IC50 values ranging from
0.2 to 224 nmol/L. The sensitivity of human tumor cell lines to
IMGC936 was not strictly correlated with ADAM9 expression, indi-
cating that other factors, such as rates of internalization and intra-
cellular processing, may contribute to the overall sensitivity to
IMGC936.

Due to the nature of the cleavable DM21-C linker-payload, the
internalization and proteolytic processing of IMGC936 leads to the
release of active metabolites (DM50/DM51) from tumor cells (Fig. 2).
The released active metabolites have the potential to be internalized by
neighboring tumor cells, irrespective of ADAM9 target expression,
and mediate bystander killing (32). To assess bystander killing poten-
tial, a co-culture experiment was conducted in which RFP-expressing
NCI-H1975 cells knocked out for ADAM9 (NCI-H1975/ADAM9
KO/RFP), were cultured alone, or in the presence of progressively
larger numbers of unlabeled ADAM9-expressing parental NCI-H1975
cells. The cultures were incubated with IMGC936 and the number of
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Figure 1.

A, Schematic of antibody discovery platform and ADC development candidate selection. B, Internalization and processing of anti-ADAM9 mAbs in vitro. Human
tumor cell lines (NCI-H1703, SKMES-1, CaLu3, DLD-1) were treated with [3H]-labeled mAbs at sufficient concentrations to saturate cell surface ADAM9. Following
washing to remove unbound mAb, cells were incubated for the indicated times then analyzed for antibody degradation as previously described (31). Shown in the
graph is the amount of processed anti-ADAM9 mAb (KID24 or STO14) per cell for the indicated cell lines. C, SPR analysis of the binding of human (top) and
cynomolgusmonkey (bottom)ADAM9proteins to captured huKID24 andAEX6003 (affinitymatured huKID24). Theblack dashed lines represent the global fit to a 1:1
Langmuir model of binding curves obtained at ADAM9 concentrations of 0 (black), 6.25 (green), 12.5 (cyan), 25 (blue), 50 (red), or 100 (magenta) nmol/L.
Dissociation constants (KD) are shownbelow the individual graphs.D, SPRanalysis of the bindingof human (top) and cynomolgusmonkey (bottom) FcRnproteins to
immobilized huKID24 andMGA021 at pH 6.0 (left) or pH 7.0 (right). The inserts represent the steady state affinity fit of colored binding curves showed on the graphs
in successive order from the bottom to the top at FcRn concentrations of 0, 11.7, 23.4, 46.9, 93.8, 187.5, 375, 750, 1,500, and 3,000 nmol/L. Dissociation constants (KD)
are shown below the individual graphs.
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viable ADAM9-negative, RFP-labeled cells (only NCI-H1975/
ADAM9 KO/RFP cells were visible) were monitored by time-lapse
fluorescent microscopy over a period of 5 days. As shown in Fig. 4B,
treatment with IMGC936 had no effect on the viability of NCI-H1975/
ADAM9 KO/RFP cells when cultured alone (dark gray bar). Con-
versely, parental NCI-H1975 cells were sensitive to IMGC936 treat-
ment (Fig. 4A). However, in the co-culture setting, bystander killing of
NCI-H1975/ADAM9 KO/RFP cells was observed, and the magnitude
of bystander killing increased as the number of parental NCI-H1975
cells increased (orange bars).

Consistent with the mechanism of action of tubulin-interacting
maytansinoid compounds (33), treatment with IMGC936 led to arrest
ofNCI-H1703 tumor cells in theG2–Mphase of the cell cycle (Fig. 4C).
At 24 hours following treatment with 10 nmol/L IMGC936, the
percentage of cells in the G2–M phase increased from 19.2% to
74.4%, with concomitant decreases in the percentage of cells in the
G0–G1 and S phases, indicative of cell-cycle arrest in the G2–M phase.
Treatment with MGA021 (unconjugated IMGC936), or the non-
targeting control ADC huKTI-DM21-C, had no impact on cell-
cycle arrest.

Apoptosis was also assessed following treatment of tumor cells with
IMGC936 for 48 hours. Overall, 49.1% of cells underwent apoptosis

(early apoptosis þ late apoptosis) following 10 nmol/L IMGC936
treatment, with 41.4% early apoptotic and 7.7% late apoptotic at
48 hours (Fig. 4D). Treatment with MGA021 or the huKTI-DM21-
C conjugate did not lead to apoptosis.

In vivo antitumor activity of IMGC936
CDX models

Based on the encouraging in vitro cytotoxicity activity of
IMGC936, we next assessed whether the in vitro activity translated
to potent antitumor activity in vivo. Evaluation of in vivo antitumor
activity of IMGC936 was conducted across a set of ADAM9-
expressing human tumor CDX to (i) identify tumor types that
exhibit sensitivity to IMGC936 and establish dose response profiles
for IMGC936 following single-dose administration, (ii) confirm the
requirement for targeted delivery of the active DM50/51 metabolites
of IMGC936 to the tumor xenografts to achieve antitumor activity,
and (iii) confirm the selectivity of IMGC936 to target ADAM9-
expressing tumor xenografts.

IMGC936 exhibited broad, dose-dependent antitumor activity
across models representing different tumor types and levels of
ADAM9 expression (Fig. 5). A single-dose administration of
10 mg/kg IMGC936 led to a 90% or greater reduction in tumor

Figure 2.

Schematic representation of IMGC936 and DM21-C-Cys and the proteolytic release of the active metabolites DM51 and DM50. IMGC936 is comprised of the
maytansinoidDM21-C conjugated to theMGA021 antibody.MGA021 is a humanized IgG1/kappamAbcomposedof 2 IgG1 heavy chains of 452 amino acids and2 kappa
light chains of 218 amino acids. In IMGC936, each antibody molecule is conjugated to approximately 2.0 molecules of DM21-C [drug to antibody ratio (DAR)
approximately 2.0] via site-specific conjugation to engineered cysteine residues at position 442 of the heavy chains. Following receptor-mediated internalization of
IMGC936 the linker-payloadDM21-C-Cys is released by proteases. Subsequently, further proteolysis of DM21-C-Cys releases DM51, which can undergo S-methylation
to the related catabolite DM50 (32). DM51 and DM50 can then bind to intracellular tubulin and suppress microtubule dynamics resulting in microtubule
depolymerization. DM51 and DM50 can also be released from dying cells and mediate bystander killing.
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volume compared with the vehicle control in all the models
tested. Antitumor activity was also observed at the lower admin-
istered dose levels of IMGC936 in all ADAM9-positive models,
including the lowest dose tested (2.5 or 1.25 mg/kg depending on
the model).

Particularly deep and durable antitumor responses were noted
for several of the models. Treatment of EBC-1 NSCLC xenografts
with IMGC936 led to near complete reduction in tumor volume
at all four dose levels tested, with the 10 and 5 mg/kg groups
exhibiting durable complete regressions that were maintained
until the end of the study (Fig. 5F). HPAF-II pancreatic adeno-
carcinoma xenografts exhibited a 92% reduction in tumor volume
following IMGC936 treatment at 10 mg/kg compared with the
vehicle control, while treatment at 5 mg/kg and 2.5 mg/kg resulted
in an 86% and 70% reduction in tumor volume, respectively
(Fig. 5A). IMGC936 induced complete regressions in 6/7 and
5/7 animals at doses of 10 and 5 mg/kg, respectively, in the
HPAF-II study. SW48 colorectal carcinoma adenocarcinoma xeno-
grafts were also responsive to all three dose levels of IMGC936
tested (Fig. 5D). Treatment with IMGC936 at 10 mg/kg led to a
100% reduction in tumor volume (7/7 complete regressions) com-
pared with the vehicle control, while treatment at 5 mg/kg and
2.5 mg/kg resulted in a 97% (3/7 complete regressions) and 59%
reduction in tumor volume, respectively. Of the six models
described in this report, SW48 was the only model where partial
activity from the nontargeting control ADC was observed. We
hypothesize this may be due to sensitivity of the model to may-
tansinoid-mediated cytotoxicity in vivo, and/or active macropino-
cytosis in this model (34).

To confirm the requirement for targeted delivery of payload to the
tumor xenograft to achieve antitumor activity, the sensitivity of EBC-1
NSCLC squamous xenografts to MGA021 alone, DM50 alone or
the combination of MGA021 plus DM50 was compared with
IMGC936. The DM50 concentration used was equivalent that present

in IMGC936 in the study. As shown in Fig. 5F, in contrast to
IMGC936, neither MGA021, DM50, nor MGA021 plus DM50 were
active toward the IMGC936-sensitive EBC-1 xenografts.

Finally, to confirm targeting specificity, the antitumor activity of
IMGC936 was assessed in EBC-1 NSCLC squamous xenografts that
lacked ADAM9 expression (ADAM9 gene knocked out). As shown
in Fig. 5G, treatment with IMGC936 resulted in only a minimal
decrease in tumor volume, equivalent to the control ADC, when
compared with the vehicle control. Individual animal tumor volume
data for all models is shown in Supplementary Fig. S4.

PDX models
The antitumor activity of a single-dose administration of IMGC936

at 8.6 mg/kg was also evaluated in heterogeneous ADAM9 expressing
PDX models representing TNBC, NSCLC, pancreatic, and gastric
cancer. Treatment of a TNBC PDX model (H-score 202) with
IMGC936 led to rapid tumor regression and complete elimination of
the tumors (Fig. 6A). In a pancreatic cancer PDX model (H-score
185), treatment with IMGC936 caused tumor stasis, with an overall
reduction in tumor volume of 87% compared with the vehicle
control (Fig. 6B). Similarly, in a gastric cancer PDX model (H-score
127), IMGC936 treatment resulted in tumor stasis, with an overall
reduction in tumor volume of 87% compared with the vehicle
control (Fig. 6C). Finally, in a NSCLC PDX model (H-score
186), treatment with IMGC936 caused rapid tumor regression and
complete elimination of the tumors (Fig. 6D). A detailed summary
of ADAM9 H-scores for the PDX models is shown in Supplemen-
tary Tables S5.

IMGC936 was well tolerated in all mouse models tested. No
significant weight loss or clinical signs of toxicity were observed.

Tolerability and toxicokinetics of IMGC936
IMGC936 was administered at a two-week interval (total of 2 doses)

at dose levels of 0, 3, 10, and 22.5mg/kg/dose in cynomolgusmonkeys.

Figure 3.

ADAM9 Expression across a range of
human cancers. A, representative
images of ADAM9 staining of human
FFPE tumor sections. B, summary of
the semiquantitative IHC H-scores for
the indicated cancers. Shown is the
percent of tumors with H-scores rang-
ing from 1–100 (gray), 101–200 (teal)
and 201–300 (black) for each indica-
tion. H-score (range 0–300) is calcu-
lated according to the following formu-
la: [1 � (% tumor cell (membrane þ
cytoplasm) at 1þ) þ 2 � (% tumor cell
(membraneþ cytoplasm) at 2þ)þ 3�
(% tumor cell (membraneþ cytoplasm)
at 3þ)].
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Figure 4.

A, Evaluation of IMGC936 in vitro cytotoxicity toward ADAM9-positive human tumor cell lines. IMGC936 (solid squares) was compared with the non-targeting IgG1-
DM21-C control ADC (huKTI-DM21-C; open squares). Cell cytotoxicity wasmeasured by theWST-8 cytotoxicity assay.B, Evaluation of bystander killing by IMGC936.
5,000 NCI-H1975 cells in which ADAM9 had been stably knocked out (NCI-H1975/ADAM9 KO/RFP cells expressing red fluorescent protein; ADAM9-negative) were
cultured alone, or with the indicated number of parental NCI-H1975 cells (unlabeled; ADAM9-positive). Cultures were treated with 67 nmol/L IMGC936 or left
untreated. The number of red fluorescent NCI-H1975/ADAM9 KO/RFP cells remaining following the 5-day incubation were counted with an IncuCyte Live-Cell
Analysis System. C, Cell-cycle analysis of NCI-H1703 cells treated with 10 nmol/L IMGC936, MGA021 and huKTI-DM21-C control for 24 hours. Propidium iodide is a
fluorescent nuclear stain that cannot pass through undamaged membranes of human cells. Ethanol treatment permeabilizes the cell membrane and allows this dye
to enter the cells and bind to DNA. The amount of propidium iodide bound is directly proportional to the amount of DNA in the cell and can be used to distinguish the
G0–G1, S, and G2–M phases of the cell cycle. The propidium iodide in each cell was quantitated by flow cytometry. The number shown in each panel represents the
percentage of the total cell population in G2–Mphase.D,Analysis of apoptosis by flow cytometry: annexin V and propidium iodide staining of NCI-H1703 cells treated
with 10 nmol/L IMGC936, MGA021 and huKTI-DM21-C control for 48 hours. BothAnnexin V and propidium iodide aremembrane impermeable stains. Annexin V binds
to phosphatidylserine, which translocates to the outer surface of the cell membrane during the earliest stages of apoptosis. Propidium iodide binds to DNA of cells
with damaged plasmamembranes, thus its signal is indicative of dead cells in the population. Using this dual stainingmethod, one can discern dead cells from the cells
that are in the early stages of apoptosis, yet still have an intactmembrane. As such, early apoptosis is defined as annexin V-positive/propidium iodide–negative, while
late apoptosis is defined as annexin V-positive/propidium iodide–positive. The number shown in eachquadrant represents the percentage of the total cell population
in the respective quadrant.
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There were no differences noted between control animals and animals
that received IMGC936 (up to 22.5 mg/kg/dose) in body weights, food
consumption, physical examinations, body temperature, electrocar-
diology, blood pressure, visual respiratory rate, clinical pathology
parameters (hematology, coagulation, and clinical chemistry), gross
necropsy or organ weights.

No IMGC936-related clinical observations were noted at 3 mg/kg/
dose. All other IMGC936-related study observations were dose depen-
dent and occurred with greater frequency and earlier time points at
22.5 mg/kg/dose as compared with 10 mg/kg/dose. Clinical observa-
tions were limited to skin changes (dry, red and/or black hyperpig-
mentation). Ophthalmic examinations which included slit lamp

Figure 5.

Antitumor activity of IMGC936 across multiple CDX models. Mice bearing human tumor xenografts were administered a single-dose of IMGC936, MGA021, DM50,
MGA021 plus DM50 or the control ADC (huKTI-DM21-C) at the indicated concentrations. A, HPAF-II pancreatic adenocarcinoma xenografts. B, MDA-MB-231 TNBC
adenocarcinoma xenografts. C, SNU-5 gastric carcinoma xenografts. D, SW48 colorectal adenocarcinoma xenografts. E, NCI-H1975 NSCLC adenocarcinoma
xenografts. F, EBC-1 NSCLC squamous xenografts. G, EBC-1 NSCLC squamous xenografts, in which ADAM9 was knocked out. Arrows indicate the day of dose
administration.
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biomicroscopy and indirect ophthalmoscopy, revealed corneal pig-
mentation at ≥10 mg/kg/dose and included corneal cloudiness, cel-
lular/keratic precipitates, and pannus at the 22.5 mg/kg/dose level.
Terminal euthanasia microscopic findings at 10 mg/kg/dose consisted
of minimal single cell necrosis of corneal epithelial cells that increased
in severity to minimal to moderate and included minimal increased
mitoses in the cornea at 22.5mg/kg/dose. Decreased thymus lymphoid
cellularity was noted as minimal, or mild to moderate, in animals that
received 10 or 22.5mg/kg/dose, respectively. After the 6-week recovery
period, the thymus finding had resolved, while the eye (cornea)
microscopic findings were still observed, but at lower levels of severity,
indicating ongoing resolution.

A single male (22.5 mg/kg/dose) was found dead on day 34,
19 days following the last dose administration. The majority of the
findings (clinical observations and microscopic findings) were
similar or increased compared with those observed in other study
animals and also included body weight loss of 12.5% (days 21–28),
changes in clinical pathology parameters (without microscopic
correlates) due to subclinical dehydration, and moderate degener-
ation/necrosis of the urinary bladder transitional epithelium togeth-
er with infiltration of mixed inflammatory cells. Although the cause
of death was not apparent, a relationship to IMGC936 adminis-
tration could not be ruled out.

The toxicokinetic profile of IMGC936 was obtained in cynomol-
gus monkeys receiving 3, 10, or 22.5 mg/kg/dose administered on
days 1 and 15. As shown in Supplementary Fig. S5, IMGC936
exhibited favorable stability in the cynomolgus monkey, with the
conjugated and total mAb concentration versus time curves super-
imposed upon each other, and minimal release of DM50/51 meta-
bolites. Consistent with the stability of IMGC936 in cynomolgus
serum, Cmax, exposure and clearance of conjugated and total
antibody were similar within each dose level, and the detectable
amount of unconjugated DM50/51 was very low. After the first
dose, the mean CL value at 3 mg/kg/dose was 3.6- and 5.8-fold
higher (conjugated mAb) and 3.4- and 4.9-fold higher (total mAb)
than CL values at 10 and 22.5 mg/kg/dose, respectively. After the
second dose, the disparity in CL at 3 mg/kg/dose compared with the
higher doses was greater and exposure parameters (Cmax and AUC)
increased more than proportional to the increase in dose from 3 to
10 mg/kg/dose. The more-than-proportional increases in exposure
and the decrease in CL of both conjugated and total antibody with

increasing dose of IMGC936 are consistent with nonlinear phar-
macokinetics, and may be due to target-mediated drug disposition
(TMDD) at the lower dose, saturation of target specific clearance
mechanisms with increasing doses, and in the case of the second
dose, formation of anti-drug antibodies (ADA), that are not appar-
ent at the higher doses. While systemic exposure did not change
following repeated biweekly IV infusion of IMGC936, exposure
decreased in a few animals that received 3 mg/kg/dose during the
second dose interval due to the development of ADA. IMGC936,
administered at a 2-week interval, had observed accumulation after
repeat dosing at 10 and 22.5 mg/kg/dose. The 10 mg/kg/dose, the
highest nonseverely toxic dose level, corresponded to a peak and
systemic exposure of 222 mg/mL (Cmax) and 23,400 hr*mg/mL
(AUC0–336) for the conjugated antibody, 233 mg/mL (Cmax) and
24,400 hr*mg/mL (AUC0–336hr) for the total antibody, 0.83 ng/mL
(Cmax) and 23.6 hr*ng/mL (AUC0–336hr) for DM51, and 0.013 ng/mL
(Cmax) for DM50. Associated accumulation levels were 1.69 and
1.40 for conjugated and antibody total antibody, respectively. The
pharmacokinetic parameters, derived from non-compartmental
analysis for conjugated antibody, total antibody, DM51, and DM50
are summarized in Supplementary Tables S6-S9.

Discussion
In this article we describe the preclinical profile of IMGC936, a next

generation maytansinoid-based ADC targeting ADAM9 that incor-
porates half-life extension and site-specific CYSMAB conjugation
technologies. ADAM9 expression was observed in a diverse set of
solid tumors with significant unmet clinical need. While cell surface
proteases have attracted some interest in the past as targets for small
molecule enzyme inhibitors, our current approach relies only on the
expression of ADAM9 to exert pharmacologic effect. IMGC936-
mediated potent cytotoxicity toward ADAM9-expressing tumor cell
lines representing a range of cancer types – with evidence of cells
arresting at the G2–Mphase of the cell cycle and displaying markers of
apoptosis. Consistent with a previous report (29), the DM21-C linker-
payload incorporated into IMGC936 induced bystander killing of
ADAM9-negative tumor cells when cultured in the presence of
ADAM9-positive tumor cells. IMGC936 exhibited antitumor activity
toward NSCLC, gastric, pancreatic, TNBC, and colorectal cancer CDX
models following a single-dose administration at dose levels predicted

Figure 6.

ADAM9 expression and antitumor activity of IMGC936 in PDX models. Each subpanel shows representative images and H-scores of FFPE staining for ADAM9 and
tumor growth in mice treated with a single-dose administration of IMGC936 or the control ADC (huKTI-DM21-C) at 8.6 mg/kg. A, TNBC. B, Pancreatic
adenocarcinoma. C, Gastric adenocarcinoma. D, NSCLC adenocarcinoma. Arrows indicate the day of dose administration.

MCT FIRST DISCLOSURES

Mol Cancer Ther; 21(7) July 2022 MOLECULAR CANCER THERAPEUTICS1056

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/21/7/1047/3176970/1047.pdf by D
eryk Loo on 06 July 2022



to be achievable in the clinic based on the safety profile in the
cynomolgus monkey. The antitumor activity of IMGC936 was also
observed in TNBC, NSCLC, gastric, and pancreatic cancer PDX
models with heterogeneous expression of ADAM9. A single-dose
administration of IMGC936 at 8.6 mg/kg resulted in complete
responses in 3/3 mice for the TNBC (H-score 202) and NSCLC (H-
score 186) PDXmodels, consistent with the bystander killing observed
in vitro, highlighting the potential for IMGC936 to eradicate hetero-
geneous ADAM9 expressing tumors.

In the cynomolgus monkey, IMGC936 was tolerated at 10 mg/kg/
dose when administered once every two weeks (total of 2 doses),
with a toxicology profile generally consistent with the platform
toxicity profile associated with maytansines (35, 36). IMGC936-
related reversible ocular effects were anticipated in the cynomolgus
monkey, despite the lack of IMGC936 reactivity in the eye, based on
the known ocular toxicity of the maytansinoid payload (37–40)
which can be mitigated or minimized in the clinic. Ocular events
associated with the first-in-human studies with mirvetuximab
soravtansine, a maytansinoid DM4-based ADC targeting folate
receptor alpha, were successfully managed in subsequent clinical
trials by employing adjusted ideal body weight to calculate dose (41)
and implementation of prophylactic lubricating and steroid eye
drops (42, 43).

A major challenge encountered with ADCs is delivery of sufficient
amounts of payload to the intracellular target of the tumor. The ability
of an ADC to deliver payload is influenced by many factors – the ADC
must be stable in systemic circulation, reach the tumor, bind to its
specific cell surface antigen, internalize, and release the payload
at the site of action. To maximize delivery to tumors, several innova-
tions have been incorporated into IMGC936. These innovations
include the next generation DM21-C linker-payload, with its
highly stable tripeptide linker (L-Ala-D-Ala-L-Ala), which exhibits
greater plasma stability than previous sulfo-SPDB-DM4 linker-
payloads (44). In addition, the highly potent, cell permeable sul-
fur-bearing maytansinoids (DM50 and DM51), exhibit enhanced
bystander killing activity (29). Although the low normal tissue
expression of ADAM9 suggested TMDD would have minimal
impact on the pharmacokinetic properties of IMGC936, TMDD
has been shown to contribute to reduced half-life and low exposure
of many therapeutic mAbs, especially at low dose levels (45). To
maximize the half-life and exposure of IMGC936, the YTE triple
mutation was engineered into the Fc domain to improve binding to
the neonatal Fc receptor at low pH, increase recycling of FcRn
bound IMGC936, thus increasing serum half-life (46). Several
studies have shown that ADCs with a lower DAR can have
improved tumor penetration and larger therapeutic windows than
ADCs with a higher DAR, when dosed at equivalent payload
concentrations (47–49). This is hypothesized to be a function of
improved pharmacokinetic properties of the ADC (increased expo-
sure and reduced clearance at lower DAR (48), and protein con-
centration-driven penetration of the ADCs into the tumor (50). To
take advantage of these observations, cysteine conjugation sites
were engineered into the Fc domain (HC-C442) of IMGC936 to
facilitate site-specific conjugation at an average DAR of approxi-
mately 2.0, which may enable administration of higher dose levels of
IMGC936, while also providing for a more homogenous ADC
distribution in the tumor.

Of note, IMGC936 is not cross-reactive with mouse ADAM9, so
potential effects of target-mediated drug distribution would not be
modeled in themouse xenograft studies. Therefore, preclinical evalua-
tions of a therapeutic window based on tolerability and antitumor

response is more appropriately made using drug exposure parameters
rather than administered dose levels. The systemic exposure of con-
jugated mAb in the cynomolgus monkey at 10 mg/kg/dose was 23,400
hr*mg/mL following the first dose, while the exposure in CD-1 nude
mice was 1995 hr*mg/mL after a single 5 mg/kg dose (Supplementary
Table S10). In the single-dose administration dose ranging CDX
studies, IMGC936 was highly active at 1.25 mg/kg in two models,
and at 5 mg/kg in two other models. With the recognition that repeat-
dose administration of ADCs is standard in the clinic to achieve
therapeutic benefit, a comparison of the exposure of IMGC936
following repeat-dose administration in cynomolgus monkey to that
in mouse preclinical models following a single-dose administration,
provides evidence of a large therapeutic index for IMGC936, and a
potentially favorable clinical therapeutic window.

In conclusion, we have developed an anti-ADAM9ADC, IMGC936,
that incorporates three innovations—a next generation maytansine-
based linker-payload with increased stability and improved bystander
killing, half-life extension through incorporation of the YTE
triple mutation in the Fc domain, and engineered cysteine residues
to facilitate DAR 2 site-specific conjugation. IMGC936 exhibited
cytotoxicity toward ADAM9-positive human tumor cell lines, as
well as bystander killing, potent antitumor activity in preclinical
CDX and PDX tumor models, and a favorable pharmacokinetic and
acceptable safety profile in cynomolgus monkeys. The preclinical
data supports the continued development of IMGC936 for the
treatment of ADAM9-positive solid tumors. A first-in-human study
of IMGC936 in patients with advanced solid tumors has been
initiated (NCT04622774).
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