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ABSTRACT
◥

AXL, a tyrosine kinase receptor that is overexpressed in many
solid and hematologic malignancies, facilitates cancer progression
and is associated with poor clinical outcomes. Importantly, drug-
induced expression of AXL results in resistance to conventional
chemotherapy and targeted therapies. Together with its presence on
multiple cell types in the tumor immune microenvironment, these
features make it an attractive therapeutic target for AXL-expressing
malignancies.

ADCT-601 (mipasetamab uzoptirine) is an AXL-targeted anti-
body–drug conjugate (ADC) comprising a humanized anti-AXL
antibody site specifically conjugated using GlycoConnect technol-
ogy to PL1601, which contains HydraSpace, a Val-Ala cleavable
linker and the potent pyrrolobenzodiazepine (PBD) dimer cyto-
toxin SG3199. This study aimed to validate the ADCT-601 mode of
action and evaluate its efficacy in vitro and in vivo, as well as its
tolerability and pharmacokinetics.

ADCT-601 bound to both soluble and membranous AXL,
and was rapidly internalized by AXL-expressing tumor
cells, allowing release of PBD dimer, DNA interstrand cross-
linking, and subsequent cell killing. In vivo, ADCT-601 had
potent and durable antitumor activity in a wide variety of human
cancer xenograft mouse models, including patient-derived xeno-
graft models with heterogeneous AXL expression where ADCT-
601 antitumor activity was markedly superior to an auristatin-
based comparator ADC. Notably, ADCT-601 had antitumor
activity in a monomethyl auristatin E–resistant lung-cancer
model and synergized with the PARP inhibitor olaparib in a
BRCA1-mutated ovarian cancer model. ADCT-601 was well
tolerated at doses of up to 6 mg/kg and showed excellent stability
in vivo.

These preclinical results warrant further evaluation of ADCT-
601 in the clinic.

Introduction
AXL is a transmembrane receptor that is part of the TAM (TYRO3,

AXL, and MER) family of tyrosine kinase receptors. The AXL protein
comprises an extracellular domain with two immunoglobulin (Ig)-like
motifs, two fibronectin type III motifs, and an intracellular tyrosine
kinase domain (1, 2). AXL activation is mediated partly through
interaction with the growth arrest specific 6 (GAS6) ligand. AXL
activation triggers a series of signal transduction and biological effects
including immune suppression, cell survival, proliferation, migration,
and adhesion (2, 3).

AXL has numerous roles in the development and progression of
cancer. It is overexpressed inmany solid tumors (4, 5) and hematologic
malignancies (6), with overexpression of AXL maintained in both
primary tumors andmetastases (3). AXL expression in normal tissue is
reported to be significantly lower than in tumor tissue (7, 8).

As a downstream effector of epithelial-to-mesenchymal transition,
AXL enhances the invasive mobility of cancer cells; hence AXL expres-
sion is associated with increased metastasis and poor prognosis (9–11).
Several lines of evidence support a role for AXL in promoting angio-
genesis and enabling tumor growth (3, 7). AXL overexpression on
multiple cell types in the tumor immune microenvironment, including
M2 macrophages, supports tumor immune escape as AXL signaling
stimulates an immunosuppressive chemokine profile and promotes a
suppressive myeloid microenvironment (12, 13).

Importantly, drug-induced expression of AXL results in resistance
to conventional chemotherapy and targeted therapies (14). Increased
expression and activation of AXLwas observed in EGFR-mutated lung
cancer cells with acquired erlotinib resistance (15, 16). Prolonged
treatment of renal cell carcinoma cell lines with sunitinib increased
activation ofAXL, and inhibition ofAXLovercame acquired resistance
to sunitinib (17). Similarly, increased AXL levels and activation have
been observed in imatinib-resistant chronic myeloid leukemia cells,
lapatinib-resistant HER2-positive breast tumor cells, and cisplatin-
resistant ovarian cancer cells (18–20).

The diverse role of AXL in facilitating cancer progression, and its
presence on immunosuppressive cell types in the tumor immune
microenvironment, make it an attractive therapeutic target (2, 21).
For example, the AXL-specific inhibitor bemcentinib (BGB324) is in
clinical development for the treatment of non–small cell lung cancer
(NSCLC), acute myeloid leukemia, andmetastatic melanoma (21–23).

Antibody–drug conjugates (ADCs) are of increasing importance as
a new class of antitumor therapeutics delivering highly potent cyto-
toxic agents via monoclonal antibodies (mAbs) that target tumor-
associated antigens (24). Two AXL-specific ADCs that have been in
early clinical development for the treatment of various solid tumors are
enapotamab vedotin [HuMax-AXL-ADC/AXL-107- monomethyl
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auristatin E (MMAE); NCT02988817; since terminated] (24, 25), and
CAB-AXL-ADC (BioAtla, LLC; NCT03425279), which is based on
conditionally active binding (CAB) technology (26).

ADCT-601 (mipasetamab uzoptirine) is an ADC comprising a
humanized IgG1 antibody against human AXL site-specifically con-
jugated using GlycoConnect� technology to PL1601, which contains
HydraSpace�, a Val-Ala cleavable linker and the pyrrolobenzodia-
zepine (PBD) dimer cytotoxin SG3199 (27–29). PBD dimers represent
a potent new class of toxins that bind in the minor DNA groove and
form potent, sequence-selective, cytotoxic DNA interstrand cross-
links (ICLs), which result in a stalled DNA replication fork, blocking
cell division and causing cell death (30). GlycoConnect� is a prom-
ising next-generation ADC conjugation technology that delivers
site-specific, stable, and highly efficacious ADCs (28), particularly in
combination with HydraSpace� spacer technology (27).

This study characterized the mode of action of ADCT-601 when
used as monotherapy, both in vitro and in vivo, in tumor models of
different origins, and in combination with olaparib in a BRCA1-
mutated ovarian cancer model; the safety and tolerability of ADCT-
601 in rats were also evaluated.

Materials and Methods
Synthesis of ADC

Anti-human AXL murine IgG2b mAb (1H12; in-licensed from
BerGenBio ASA) was generated by the procedure described previous-
ly (31). Humanization of 1H12 was performed by grafting the com-
plementarity-determining region of the murine 1H12 antibody into
human IgG1 frameworks to generate 1H12-HAKB.

1H12-HAKB was prepared for site-specific conjugation using
GlycoConnect� technology (Synaffix). After enzymatic trimming of
theN-linked glycans in the Fc pocket of antibody, the terminalGlcNAc
was extended with 6-N3-GalNAc using GalNAc-transferase, allowing
metal-free click conjugation of the payload PL1601 (28). The PL1601
payload is a bicyclo(6.1.0)non-4-yne (BCN)-HydraSpace� linker
analog of SG3249 (32), comprising HydraSpace� (27), a protease
Val-Ala cleavable linker and the PBD dimer cytotoxin SG3199, as
shown in Fig. 1A. The resulting ADC was designated as ADCT-601
(Fig. 1A).

B12-PL1601 was generated by conjugating a nonbinding isotype-
control antibody, B12 (anti-HIV gp120), to the PL1601 payload
following the same procedure described for 1H12-HAKB.

ADC AXL-107-MMAE was generated by Sterling Pharma
Solutions, as described previously (25).

Characterization of ADCT-601
Characterization of ADCT-601 was performed by size exclusion

chromatography and reduced reverse-phase liquid chromatography,
using standard techniques as described previously (33, 34).

Human cell lines
The cell lines used in this study were purchased commercially

(ATCC and DMSZ), except for SN12C which was obtained from
the NCI (Supplementary Table S1). Each cell line used in in vitro
experiments was between passage number 5 and 25. No additional
Mycoplasma or authentication tests were performed in addition to
what done by the supplier.

AXL cell surface density
Cell surface AXL density was determined using Quantum Simply

Cellular Kit (Bangs Laboratories) per manufacturer’s instructions.

Specific antibody binding density was calculated from the anti-
body-binding capacity (ABC) of cells stained with 1H12-HAKB
minus the ABC of cells stained with the nonbinding isotype control
antibody B12.

In vitro binding
Surface plasma resonance

Surface plasma resonance was used to measure the binding
affinity and kinetics of 1H12-HAKB to the human TAM receptors
AXL, MER, and TYRO3, the binding affinity of 1H12-HAKB and
ADCT-601 to the soluble recombinant extracellular domain of
human AXL (sAXL), and the equilibrium binding constant (KD)
from steady-state measurements for the interaction of all human
Fc-gamma receptors (FcgRs-I, -IIA, -IIB, -IIIA-158V, and -IIIA-
158F) and human neonatal Fc receptor (FcRn) with 1H12-HAKB
and ADCT-601. The binding of each of the FcgR concentration
series and FcRn were measured against immobilized 1H12-HAKB
or ADCT-601. KD values were obtained from at least three inde-
pendent kinetic runs per test item and calculated with BIA eval-
uation software (GE Healthcare). Instrumentation settings are
provided in Supplementary Materials and Methods.

Flow cytometry
The binding of 1H12-HAKB for membranous AXL was measured

by flow cytometry. AXL expression was measured by indirect immu-
nofluorescence using 1H12-HAKB or B12 antibodies, followed by
Alexa-488 anti-human secondary antibody (Life Technologies,
Thermo Fisher Scientific). Cells were analyzed using an Accuri C6
Flow Cytometer (BD) equipped with a HyperCyt Autosampler (Intel-
liCyt), and data analyzed with FlowJo software (BD).

In vitro cytotoxicity and bystander assay
In vitro cytotoxicity was determined by incubation of cell lines

with serial dilutions of ADCT-601, the nonbinding control ADC (B12-
PL1601), or the free PBD dimer cytotoxin SG3199 for 5–8 days at 37�C
in a 5%CO2-gassed, humidified incubator. Cell viability wasmeasured
by CellTiterGlo luminescent cell viability assay (Promega), per
manufacturer’s instructions. Data were normalized to untreated
control cells. The 50% inhibitory concentration (IC50) values were
determined using GraphPad (GraphPad Software) and mean and
standard errors (SEs) of the means of three independent IC50 values
were determined. For the bystander assay, AXL-positive SN12C
cells and AXL-negative Karpas-299 cells were selected, as both are
sensitive to the free PBD dimer cytotoxin SG3199, but only SN12C
cells are killed by ADCT-601 with high sensitivity. Both cell lines
were incubated with serial dilutions of ADCT-601 or B12-PL1601
for 5 days. Conditioned media were transferred from these initial
cultures to fresh cultures of Karpas-299 cells, which were incubated
for 5 days. Cell viability was measured in initial and secondary
cultures by CellTiterGlo assay, as described above.

Internalization and colocalization studies
SN12C andMDA-MB-468 cells were incubated with either ADCT-

601 or B12-PL1601 for 1 hour at 4�C, then incubated at 37�C where
appropriate. Cells were fixed in 4% paraformaldehyde and permea-
bilized using 0.1% volume for volume (v/v) Tween-20 in PBS, washed
with PBS, and centrifuged at 4,000 rpm (4�C). After removal of the
supernatant, a rabbit mAb against lysosome-associated membrane
protein 1 (LAMP-1;1:400; Cell Signaling Technology) was added and
the cells were kept on ice for 1 hour before being washed. Secondary
antibodies were added to detect ADCT-601 (Alexa Fluor 488 Goat
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Figure 1.

Structure and characterization ofADCT-601.A, Structure ofADCT-601.B,ADCT-601 characterized by size exclusion chromatography. Results over the two injections
were 1.2%high-molecularweight species/aggregates, 98.8%main product, andnodetectable low-molecularweight species/others.C,Reduced reverse-phase liquid
chromatography depicting reduced heavy and light chains of ADCT-601. BCN, bicyclo[6.1.0]non-4-yne; PABC, p-aminobenzyloxycarbonyl.

Zammarchi et al.

Mol Cancer Ther; 21(4) April 2022 MOLECULAR CANCER THERAPEUTICS584



Anti-Human; 1:200; Thermo Fisher Scientific) and lysosomes (Alexa
Fluor 568 Goat Anti-Rabbit; 1:200; Thermo Fisher Scientific), and the
cells were incubated for 1 hour on ice. After a further wash, nuclei were
counterstained with Hoechst 33342 (Thermo Fisher Scientific), cytos-
pins of cell samples were prepared, and samples were visualized by
immunofluorescence microscopy (Zeiss LSM 880).

In vitro DNA interstrand cross-linking determination
In vitro DNA ICLs were quantified using the single-cell gel electro-

phoresis (comet) assay, as described previously (33, 35). Briefly, SN12C
or MDA-MB-468 cell lines were incubated with ADCT-601, B12-
PL1601, or the free PBD dimer cytotoxin SG3199 for 2 hours at 37�C;
thencellswerewashed, resuspended, and incubated at37�Cfor 36hours.
ADCT-601, B12-PL1601 or SG3199 treated cells were irradiated
(15 Gy) and kept on ice. Cells were stained with propidium iodide and
visualized under epifluorescence microscope staining; the resulting
image resembles a “comet” with a distinct head and tail. The Olive tail
moment (OTM), defined as the product of tail length and fraction of
total DNA in the tail, was evaluated by Komet 6 software (Andor
Technology). Percentage reduction in OTM observed in cells treated
with ADCT-601, B12-PL1601 or SG3199 was calculated and compared
with untreated cells to indirectly quantify the level of cross-linkedDNA.

Assessment of ADCT-601 efficacy in in vivo models
All animal studies were performed in facilities accredited by the

Association for Assessment and Accreditation of Laboratory Animal
Care, which assures compliance with accepted standards for the care
and use of laboratory animals.

MDA-MB-231 and PAXF1657 xenografts were developed in female
athymic nude mice by implanting 5� 106 MDA-MB-231 cells and 3-
to 4-mm edge length PAXF1657 fragments subcutaneously into their
flanks, respectively. SN12C and Karpas-299 xenograft models were
developed in female C.B-17 severe combined immunodeficient mice
by implanting 5 � 106 SN12C cells and 1 � 107 Karpas-299 cells
subcutaneous in their flanks, respectively. The ES0195 patient-derived
xenograft (PDX) model [AXL log2(FPKM) 4.47; Crown Bioscience]
was developed in female BALB/c nudemice by implanting 2- to 3-mm-
diameter tumor fragments subcutaneously into their flanks. The NCI-
H1299 xenograftmodelwas developed in female athymic nudemice by
implanting 1 � 107 cells subcutaneously into their flanks.

Mice were randomly allocated into groups of 7–10 animals
(depending on experiment) to receive intravenous ADCT-601, an
isotype-control ADC, vehicle, or AXL-107-MMAE when group mean
tumor volumes reached a specified volume. After dosing on day 1,
tumors were measured twice weekly using calipers; and each animal
was euthanized when its tumor reached the specified endpoint volume
or at study end, whichever came first. Data represent mean tumor
volume� SE. The time to end point (TTE) for analysis was calculated
for each mouse using the following equation:

TTE (days) ¼ (log10 (endpoint volume � intercept�)/slope�)
In this equation, the asterisk (�) indicates the line obtained by linear

regression of a log-transformed tumor growth dataset. The difference
between the overall survival experiences (survival curves) of two
groups based on their TTE values was assessed by log-rank test.

ADCT-601 in combination with olaparib
Combination of ADCT-601 and olaparib was tested in the

ovarian cancer PDX CTG-0703. Olaparib was provided by Cham-
pions Oncology Inc.

CTG-0703–implanted athymic nude mice (n ¼ 8/group), after
reaching tumor volumes of 150–300 mm3, were administered vehicle

orally once a day �28, olaparib 50 mg/kg orally once a day �28,
single-dose ADCT-601 0.15 mg/kg i.v., or the combination of
single-dose ADCT-601 0.15 mg/kg i.v. þ olaparib 50 mg/kg orally
once a day �28. Tumor volumes and body weights were measured
twice weekly.

The coefficient of drug interaction (CDI) was assessed for sub-
additive, additive, or supra-additive (synergism) properties on the last
day when at least 50% of the animals remained on study, as described
previously (36).

An animal was classified as a partial responder (PR) when tumor
volume was ≤50% of its day 1 volume for three consecutive measure-
ments during the course of the study, and ≥13.5 mm3 for one or more
of these three measurements. In a complete regression (CR) response,
the tumor volumewas <13.5mm3 for three consecutivemeasurements
during the course of the study. An animal with a CR response at the
termination of a study was additionally classified as a tumor-free
survivor (TFS). Treatment tolerability was assessed by body weight
measurements and by frequent observation for clinical signs of
treatment-related side effects.

IHC of tumor xenografts
Human AXL expression in formalin-fixed paraffin-embedded

(FFPE) tumor sections from PAXF1657 PDXs was detected using the
BenchMark Ultra (Roche) staining system. Briefly, parental mouse
monoclonal anti-human AXL antibody [ADC Therapeutics (UK)
Limited] was applied for 30 minutes at 1:50 dilution following antigen
retrieval of sections usingCC1 solution (Ventana) for 60minutes and a
peroxidase (3%–4% v/v) blocking step. Detection of anti-AXL anti-
body was performed using the ultraView DAB detection kit (catalog
no. 760-500; Roche).

Safety and tolerability
Safety and tolerability of ADCT-601 in non–tumor-bearing male

Sprague-Dawley rats were determined following single-dose admin-
istration ofADCT-601 3 and 6mg/kg. Necropsywas performed on day
21; and changes in body weight, hematologic, and histopathologic
parameters were observed in different dose groups. TheMTDwas also
determined.

Pharmacokinetic analysis in rats
Pharmacokinetic analysis of ADCT-601 was performed in non–

tumor-bearing male Sprague-Dawley CD/IS rats. Serum samples
were collected at predefined timepoints over a study period of
504 hours, after a single dose of 3 or 6 mg/kg. Quantitation
of total (PBD-conjugated and -unconjugated) antibody, AXL anti-
gen-binding antibody, and PBD-conjugated antibody was per-
formed by electrochemiluminescence immunoassay analyzer using
a biotinylated anti-human IgG-Fc antibody, an AXL antigen, and
a biotinylated anti-PBD mouse antibody as a capture, respectively.
For the total and AXL-binding antibody assays, anti-human IgG-
Fc-sulfotag–conjugated antibody was used for detection, whereas
for the PBD-conjugated antibody assay, an anti-idiotypic sulfotag-
conjugated antibody was used. Streptavidin MSD plates were used
for the biotinylated capture reagents and a standard plate for the
AXL antigen capture reagent. A step-by-step approach was taken
for all three assays with wash steps in between; the coating of
capture reagent was followed by the addition of serum sample, with
subsequent addition of detection reagent and then read buffer, after
which the plate was read on an MSD QuickPlex Plate Reader
(MSD). Toxicokinetic analysis by noncompartmental analysis was
performed using Phoenix WinNonlin (Certara).
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Results
Synthesis and characterization of ADCT-601

The humanized anti-human AXL antibody 1H12-HAKB was con-
jugated to PL1601 via GlycoConnect� technology to produce ADCT-
601. PL1601 consists of HydraSpace�, a polar sulfamide moiety, a
protease cleavable Val-Ala linker and the PBD dimer cytotoxin
SG3199 (Fig. 1A).

ADCT-601 was 98.8% monodisperse as determined by size exclu-
sion chromatography (Fig. 1B). Drug-to-antibody ratio was 1.96, as
determined by reverse-phase liquid chromatography (Fig. 1C).

Antibody binding
The 1H12-HAKB antibody demonstrated strong and specific bind-

ing to recombinant human AXL, while it did not bind to the other two
TAM receptors, TYRO3 and MER (Supplementary Fig. S1).

1H12-HAKB and ADCT-601 bound to sAXLwith similar affinities,
indicating no binding affinity was lost by conjugating 1H12-HAKB to
PL1601. KD values of 1H12-HAKB and ADCT-601 for human sAXL
were 0.211 and 0.311 nmol/L, respectively.

KD measurements of 1H12-HAKB and ADCT-601 to the FcgRs
and FcRn showed that conjugation of 1H12-HAKB to PL1601
completely abolished binding of ADCT-601 to huFcgRIIA and
huFcgRIIB at the concentration tested, while it substantially
decreased binding affinity to huFcgRI, huFcgRIIIA-158V, and
huFcgRIIIA-158F. Binding to FcRn was comparable for 1H12-
HAKB and ADCT-601 (Supplementary Table S2).

In vitro cytotoxicity
ADCT-601 selectively inhibited the growth of a panel of seven

AXL-positive human cancer cell lines (Panc-1, A-172, SK-LU-1,
MDA-MB-231, SK-OV-3, NCI-H1299, and SN12C), while no
differential cytotoxicity with isotype-control ADC (B12-PL1601)
was observed in two AXL-negative cell lines (MDA-MB-468 and
Karpas299; Table 1). The PBD dimer cytotoxin SG3199 alone
displayed potent cytotoxicity in all nine cancer cell lines, indepen-
dent of AXL expression. No correlation was observed between
AXL expression and either ADCT-601 or SG3199 cytotoxicity, with
Pearson correlation coefficients of �0.55 (P ¼ 0.13) and �0.0093
(P¼ 0.98), respectively. Notably, both ADCT-601 and SG3199 were
active in the NSCLC-derived cell line NCI-H1299, which has been
shown to be insensitive to an AXL-specific ADC conjugated to
MMAE (i.e., AXL-107-MMAE ADC; ref. 25), likely due to reduced
sensitivity to free MMAE and/or expression of multidrug resistance
gene 1 (MDR1).

Internalization studies
AXL-positive SN12C cells incubated with ADCT-601 (1 hour at

4�C) showed strong cell surface binding (T¼ 0 hour; Fig. 2A). After a
1-hour incubation at 37�C, ADCT-601 internalization and colocaliza-
tion with lysosomes was observed, as evidenced by costaining with the
lysosomal marker LAMP-1. This colocalization was maintained at
2 hours and no evidence of residual ADC staining was observed at
24 hours, suggesting complete lysosomal degradation (Fig. 2A). In
contrast, there was no evidence of membrane binding on treatment of
SN12C cells with B12-PL1601, a nonbinding isotype-control ADC,
and ADCT-601 did not bind or internalize in AXL-negative MDA-
MB-468 cells (Supplementary Fig. S2).

Determination of in vitro DNA interstrand cross-linking
Following ADCT-601 binding to membranous AXL and its inter-

nalization and trafficking to lysosomes, the PL1601 linker-drug was
cleaved, which released PBD dimer cytotoxin SG3199 inside the cells.
After 2-hour incubation of SN12C cells with ADCT-601, a low level of
DNA ICL (14.6%) was observed. DNA ICL levels increased over time,
reaching a peak between 8 to 12 hours and persisted for up to 36 hours,
indicating the inducedDNAdamagewas neither detected nor repaired
by DNA repair mechanisms during this period. Conversely, the DNA
ICLs induced by free SG3199 reached a peak during the initial 2-hour
incubation and DNA ICLs persisted for up to 36 hours. The isotype-
control ADC, B12-PL1601, induced very low levels of DNA ICLs over
the 36-hour time course (Fig. 2B).

In an AXL-negative cell line (MDA-MB-468), ADCT-601 and B12-
PL1601 did not produce significant DNA ICLs over 36 hours. In
contrast, the free SG3199 cytotoxin rapidly produced a high level of
DNA ICLs, comparable with observations in the SN12C cell line
(Supplementary Fig. S3).

ADCT-601 bystander effect
The ability of ADCT-601 to induce bystander killing of AXL-

negative tumor cells was assessed via the conditionedmedium transfer
method. After AXL-positive SN12C cells and AXL-negative Karpas-
299 cells were exposed to ADCT-601 and B12-PL1601, targeted AXL-
specific cytotoxicitywas observed in SN12C cells but not inKarpas-299
cells (ADCT-601 IC50 0.042 nmol/L and 3.51 nmol/L in SN12C
and Karpas-299 cells, respectively; isotype-control B12-PL1601 IC50

1.62 nmol/L and 2.92 nmol/L in SN12C and Karpas-299 cells, respec-
tively). When conditioned medium from SN12C or Karpas-299 cells
treated with ADCT-601 was transferred to Karpas-299 cells, only the
conditioned medium from ADCT-601–treated SN12C (IC50

0.0159 nmol/L), but not Karpas-299 (IC50 2.12 nmol/L), induced

Table 1. In vitro cytotoxicity and copy-number determination in a panel of cell lines.

Panc-1 A-172 SK-LU-1 MDA-MB-231 SK-OV-3 NCI-H1299 SN12C MDA-MB-468 Karpas-299

Copy number
(�SE)

20,000
(� 8,340)

23,000
(� 3,910)

24,000
(� 3,996)

36,000
(� 6,257)

46,000
(� 8,488)

79,000
(� 9,276)

88,000
(� 6,882)

BLLQ BLLQ

ADCT-601 IC50 nmol/L
(�SE)

0.47
(� 0.05)

0.59
(� 0.08)

0.02
(� 0)

0.35
(� 0.06)

0.11
(� 0.02)

2.2
(� 0.05)

0.83
(� 0.12)

9.29
(� 0.12)

14.62
(� 0.22)

Isotype-control ADC IC50 nmol/L
(�SE)

54.05
(� 6.23)

37.26
(� 3.13)

3.67
(� 0.19)

14.19
(� 0.56)

79.89
(� 1.82)

825
(� 427)

12.29
(� 0.47)

4.17
(� 0.04)

11.59
(� 0.27)

SG3199 IC50 pmol/L
(�SE)

60.6
(� 3.83)

22.79
(� 1.61)

19.06
(� 1.37)

110.5
(� 10.24)

62.59
(� 6.36)

88.68
(� 7.58)

57.63
(� 5.27)

174.1
(� 29.09)

9.18
(� 0.45)

Note: Mean AXL molecules/cell in a panel of solid tumor cell lines and mean IC50 values of ADCT-601, isotype-control ADC, and PBD dimer cytotoxin SG3199. Data
presented as mean � SE, calculated from three independent experiments.
Abbreviations: ADC, antibody–drug conjugate; BLLQ, below lower limit of quantitation; IC50, 50% inhibitory concentration; PBD, pyrrolobenzodiazepine;
SE, standard error.
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bystander killing of Karpas-299 cells. No bystander effect was observed
when conditioned medium from B12-PL1601–treated SN12C cells or
Karpas-299 cells was transferred onto untreated Karpas-299 cells
(Fig. 2C).

Assessment of ADCT-601 efficacy in in vivo xenograft models
The antitumor activity of ADCT-601was tested in a range of human

solid tumor xenograft models covering multiple indications.
In the AXL-positive triple-negative breast cancer derived MDA-

MB-231 xenograft model, a single dose of ADCT-601 at 1 mg/kg
showed potent and sustained antitumor activity compared with
vehicle and isotype-control ADC (Fig. 3A). ADCT-601 significantly

increased survival versus isotype-control ADC (log-rank test, P ≤
0.001; Supplementary Fig. S4A), with 5/10 PR, 4/10 CR and 4/10
TFS in the ADCT-601–treated group, compared with no responses
in the isotype-control ADC treated group on day 60 (Supplementary
Table S3).

In the AXL-positive renal cancer derived SN12C xenograft
model, a single dose of ADCT-601 (at 0.3, 0.6, and 1 mg/kg) had
strong and dose-proportional antitumor activity (Fig. 3B). A
significant increase in survival was observed in ADCT-601–treated
mice compared with B12-PL1601–treated mice (log-rank test,
ADCT-601 at each dose vs. B12-PL1601, P ≤ 0.001; Supplementary
Fig. S4B). At the highest dose tested (1 mg/kg ADCT-601), there

Figure 2.

Mechanism of action of ADCT-601. A, ADCT-601 internalization and lysosomal trafficking in SN12C cells, stained for nuclei (blue), LAMP-1 (red), and human IgG
antibody (green). Costaining between LAMP-1 and IgG is observed as yellow. Scale bars, 10 mm. B, Time course of DNA ICL formation in SN12C cells by ADCT-601,
B12-PL1601 or free PBD dimer cytotoxin SG3199. Results are presented as mean percentage decrease in OTM� SE (n¼ 3). C, Bystander cytotoxicity of conditioned
medium fromSN12C andKarpas-299–treated cells transferred ontoKarpas-299 cells. Data are presented asmean cytotoxicity IC50 values�SE, calculated from three
replica experiments. ADC, antibody–drug conjugate; IC50, 50% inhibitory concentration; ICL, interstrand cross-links; IgG, immunoglobulin G; LAMP-1, lysosome-
associated membrane protein 1; OTM, Olive tail moment; PBD, pyrrolobenzodiazepine; SE, standard error.
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were 1/8 PR, 7/8 CR, and 6/8 TFS at the end of the study (day 60),
compared with no responses observed in vehicle-treated or B12-
PL1601�treated mice (Supplementary Table S4).

ADCT-601 exhibited potent and dose-proportional antitumor
activity when tested as a single low dose (at 0.075, 0.15, or 0.3 mg/kg)
in a pancreatic cancer PDX model (PAXF1657) with heterogeneous
AXL expression (Fig. 4A) and its activity was superior to AXL-107-
MMAE, a MMAE-based AXL-specific ADC, when tested at the same
dose of 0.3 mg/kg (Fig. 4B). AXL-107-MMAE tested at 4 mg/kg
showed comparable antitumor activity, as previously reported in the
same model (25). A significant increase in survival was observed with
ADCT-601 versus AXL-107-MMAE (log-rank test, ADCT-601,
0.3 mg/kg vs. AXL-107-MMAE, 0.3 mg/kg, P < 0.001; Fig. 4C). There

were 1/8 PR and 3/8 TFS in the ADCT-601 group versus no responses
with a comparable dose of AXL-107-MMAE (Supplementary
Table S5).

In the AXL-positive ES0195 esophageal cancer PDX model (37),
ADCT-601 (1 mg/kg, single dose) showed strong and sustained
antitumor activity compared with the control groups (vehicle and
B12-PL1601; Fig. 4D), resulting in 5/8 PR, 2/8 CR, and 2/8 TFS at end
of study (day 51), versus no responses observed in vehicle-treated or
B12-PL1601�treated mice (Supplementary Table S6). A significant
increase in survival was observed with ADCT-601 versus B12-
PL1601 (log-rank test, ADCT-601 vs. B12-PL1601, P ≤ 0.0001;
Supplementary Fig. S4C). Notably, in the same model, the AXL-
107-MMAE ADC was only able to induce temporary tumor
regression when dosed twice at 4 mg/kg (37). Finally, in the
AXL-negative Karpas-299 xenograft model, a single dose of
ADCT-601 (1 mg/kg) had no significant antitumor activity com-
pared with the vehicle group and did not result in increased survival
(log-rank test, ADCT-601, 1 mg/kg vs. vehicle; P ¼ not significant;
Supplementary Fig. S5; Supplementary Table S7). In all models,
treatments were well tolerated, with minimal body weight loss
(Supplementary Fig. S6) and no clinical observations reported.

In vivo activity of ADCT-601 in an MMAE-resistant xenograft
model and in combination with olaparib in a BRCA1-mutated
ovarian cancer PDX

To confirm the in vitro finding in the MMAE-resistant NCI-
H1299 cell line (Table 1), single low doses of ADCT-601 were tested
in mice implanted subcutaneously with NCI-H1299 cells. ADCT-
601 showed antitumor activity at both doses tested (Fig. 5A) and
both doses resulted in significantly increased survival compared
with the isotype-control ADC, B12-PL1601 (log-rank test, P <
0.05; Fig. 5B). No dose–response relationship was observed for
ADCT-601 in this model.

PBD-based ADCs have been shown to have enhanced efficacy
when combined with olaparib, a PARP inhibitor, in BRCA-
deficient tumors (38). To test whether the combination of ADCT-
601 with olaparib increases antitumor activity, we assessed both agents
in the AXL-expressing, BRCA1-mutated, CTG-0703 ovarian cancer
PDX. Neither olaparib nor ADCT-601 exhibited significant antitumor
activity compared with vehicle control when tested as single agents
(Fig. 5C); however, their combination resulted in synergistic antitu-
mor activity (CDI: 0.69; Fig. 5C) and significant antitumor activity
compared with the vehicle control group (one-way ANOVA followed
by Tukey multiple comparisons test, P ¼ 0.0099). Importantly, the
combination of ADCT-601 with olaparib was well tolerated with no
body weight loss in any of the treated mice (Fig. 5D).

Assessment of ADCT-601 safety and tolerability in rats
ADCT-601 was well tolerated at doses of up to 6 mg/kg in rats, as

assessed by clinical observation and standard toxicology criteria,
including body weight, over 21 days. The off-target toxicity profile
consisted of dose-dependent reductions in body weight (associated
with reduced food consumption; Supplementary Fig. S7A) and revers-
ible dose-dependent reductions in most blood cell populations
(Supplementary Table S8A).

Pharmacokinetic analysis of ADCT-601 in rats
The pharmacokinetic profiles of total and PBD-conjugated anti-

body as well as AXL-binding antibody were determined in rats,
a non–cross-reactive species to ADCT-601, following a single
intravenous administration of ADCT-601 at 3 or 6 mg/kg

Figure 3.

In vivo antitumor activity of ADCT-601 in the MDA-MB-231 TNBC xenograft and
in the SN12C renal cancer xenograft.A, In vivo antitumor activity of ADCT-601 in
MDA-MB-231 TNBC xenograft model. Single-dose ADCT-601 and isotype-
control ADC were administered intravenously (day 1) to treatment groups of
10 mice. A vehicle-treated group served as control. Data are shown as mean
tumor volume � SE. B, In vivo antitumor activity of ADCT-601 in SN12C renal
cancer xenograft model. Single-dose ADCT-601 and isotype-control ADC (B12-
PL1601) were administered intravenously (day 1) to treatment groups of 8 mice.
A vehicle-treated group served as control. Data shown asmean tumor volume�
SE. ADC, antibody–drug conjugate; i.v., intravenously; q.d. �1, once daily
(dosing) for 1 day; SE, standard error; TNBC, triple-negative breast cancer.
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(Supplementary Fig. S7B). ADCT-601 showed excellent stability
in vivo with a half-life of 8.8, 9.2, and 9.5 days for total, AXL-
binding, and PBD-conjugated antibody, respectively, at the 3 mg/kg
dose, and 5.7, 5.8, and 5.7 days, respectively, at the 6 mg/kg dose
(Supplementary Table S8B).

Discussion
AXL-targeted therapiesmay offer a novel therapeutic avenue for the

treatment of cancer (2, 11), with antitumor efficacy mediated by

prevention of AXL-mediated cancer development, progression, and
resistance to therapy (22, 39, 40).

ADCT-601 (mipasetamab uzoptirine) is the first AXL-targeted
ADC conjugated to a PBD dimer cytotoxin, thus combining the
advantages of AXL-directed therapies with PBD-based technology.
Recently, the first PBD dimer-based ADC, loncastuximab tesirine
targeting CD19, was approved for relapsed/refractory DLBCL, show-
ing the promise of highly potent PBD dimer-based ADCs for the
treatment of advanced tumors as other CD19-targeted ADCs employ-
ing other toxins (such as auristatins andmaytansins) have failed in this

Figure 4.

In vivo antitumor activity of ADCT-601 in the PAXF1657 pancreatic cancer PDX and ES0195 esophageal cancer PDX.A,Representative scan of FFPE PAXF1657 tumor
section stained for AXL by IHC. Scale bar, 200 mm.B, In vivo antitumor activity of ADCT-601 in PAXF1657 pancreatic cancer PDXmodel in comparisonwith AXL-107-
MMAE ADC. Single-dose ADCT-601, AXL-107-MMAE ADC and isotype-control ADC (B12-PL1601) were administered intravenously (day 1) to treatment groups of 8
mice. A vehicle-treated group served as control. Data shown as mean tumor volume � SE. C, Kaplan–Meier survival plots show percentage animal survival over
45 days after administration of a single dose of ADCT-601, AXL-107-MMAE ADC, or isotype-control ADC (B12-PL1601); ADCT-601, 0.3mg/kg versus AXL-107-MMAE,
0.3mg/kg, log-rank test, P <0.001. The curve for AXL-107MMAE 4mg/kg is not visible owing to overlapwith the curve for ADCT-601, 0.3mg/kg.D, In vivo antitumor
activity of ADCT-601 in ES0195 esophageal cancer PDXmodel. Single-doseADCT-601 and isotype-control ADC (B12-PL1601)were administered intravenously (day 1)
to treatment groups of 8 mice. A vehicle-treated group served as control. Data shown as mean tumor volume� SE. ADC, antibody–drug conjugate; FFPE, formalin-
fixed paraffin-embedded; IHC, immunohistochemistry; i.v., intravenous; MMAE,monomethyl auristatin E; PDX, patient-derived xenograft; q.d.�1, once daily (dosing)
for 1 day; SE, standard error.
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setting. ADCT-601 acts by binding to human AXL and releasing the
PBD dimer cytotoxin SG3199 at the target site inside the cell, which
causes tumor cell death as a result of cytotoxic DNA ICLs (33, 34). The
data presented herein show that ADCT-601 is a highly potent AXL-
targeted ADC active against a range of solid tumor cell lines expressing
different levels of AXL. ADCT-601 cytotoxicity required AXL expres-
sion on the surface of the tumor cells, although, in the cell line panel
analyzed, no correlation was noted between AXL copy number and
ADCT-601 IC50, potentially due to the cell lines different sensitivity to
SG3199. ADCT-601 bound to sAXL,which is reported to be elevated in
serum of patients with cancer (8, 41), therefore measurement of sAXL
may represent an important biomarker for the pharmacokinetics and
pharmacodynamics of ADCT-601 in patients with cancer.

ADCT-601 was rapidly internalized by AXL-expressing cells and
colocalization images suggest that processing of ADCT-601 is
lysosomal in nature. Following incubation with ADCT-601, DNA
ICLs formation peaked between 8 to 12 hours and persisted for up
to 36 hours, suggesting that the DNA damage induced by ADCT-
601 is neither detected nor repaired by DNA repair mechanisms
during this period, which could contribute to its sustained antitu-
mor activity.

For ADCT-601 to be effective in cancer with heterogenous AXL
expression, bystander activity on target-negative cancer cells is
required for tumor eradication. To enable this, the PBD cytotoxin
released from the target-positive cells must be diffusible and exert
cytotoxicity in the target-negative cells (33, 34). Conditioned medium

Figure 5.

In vivo antitumor activity of ADCT-601 in the MMAE-resistant NCI-H1299 NSCLC model, and in combination with olaparib in BRCA1-mutated ovarian cancer PDX.
A, In vivo antitumor activity of ADCT-601 in a MMAE-resistant NCI-H1299 NSCLC model. Single-dose ADCT-601 and isotype-control ADC (B12-PL1601)
were administered intravenously (day 1) to treatment groups of 8 mice. A vehicle-treated group served as control. Data are shown as mean tumor volume
� SE. B, Kaplan–Meier survival plot shows percentage animal survival over 60 days after administration of single-dose ADCT-601 or isotype-control ADC
(B12-PL1601). ADCT-601 (both doses) versus B12-PL1601, log-rank test, P < 0.05. C, In vivo antitumor activity of ADCT-601 in combination with olaparib in
the BRCA1-mutated ovarian cancer PDX model CTG-0703. Data shown as mean tumor volume � SE. ADCT-601 þ olaparib versus vehicle, one-way
ANOVA followed by Tukey multiple comparisons test, P ¼ 0.0099. D, Body weight in mice with BRCA1-mutated CTG-0703 ovarian cancer. Data shown as
mean body weight (g) � SE. ADC, antibody–drug conjugate; i.v., intravenous; MMAE, monomethyl auristatin E; NSCLC, non–small cell lung cancer; PDX,
patient-derived xenograft; q.d. �1, once daily (dosing) for 1 day; SE, standard error.
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transfer experiments confirmed bystander killing of AXL-negative
Karpas-299 cells by a soluble factor released from AXL-positive,
ADCT-601–treated SN12C cells into the medium; this soluble factor
is assumed to be the PBDdimer cytotoxin SG3199, released by cleavage
of ADCT-601.

In vivo, single low doses of ADCT-601 resulted in remarkable,
sustained antitumor activity and significantly improved survival across
a panel of tumor models spanning triple-negative breast, renal,
pancreatic, and esophageal cancer–derived xenografts expressing dif-
ferent levels of AXL. Interestingly, in the PAXF1657 model, a pan-
creatic cancer PDX with heterogeneous AXL expression, a single low
dose of ADCT-601 resulted in complete tumor eradication, indicating
potent and durable anticancer activity of ADCT-601, possibly medi-
ated by in vivo bystander killing. Furthermore, comparison with the
auristatin-based AXL-specific ADCAXL-107-MMAE suggested supe-
riority of ADCT-601 in this model.

Upregulation of the drug transporter P-glycoprotein (ABCB1,
MDR1) is one of the most commonly upregulated efflux pumps
associated with small-molecule drug resistance and MDR1
has been implicated in acquired resistance to ADCs such as
trastuzumab emtansine, gemtuzumab ozogamicin, and inotuzumab
ozogamicin (42–45). Interestingly, MDR1 was not found to be
significantly upregulated in two cancer cell lines with acquired
resistance to either PBD-containing ADCs or SG3199 (46), the PBD
cytotoxin component of ADCT-601, although SG3199 was previ-
ously found to be moderately susceptible to multidrug resistance
mechanisms in human tumor cell lines expressing MDR1 (47). In
this study, ADCT-601 was active both in vitro and in vivo in the
NCI-H1299 model, a NSCLC-derived cell line expressing MDR1 in
which AXL-107-MMAE is inactive (25).

The combination of a PBD-based ADC with the PARP inhibitor
olaparib has been shown to significantly enhance the antitumor
effect compared with monotherapy in mice bearing BRCA2-deleted
tumors (38). Here we show the potent preclinical antitumor activity of
ADCT-601 in combination with olaparib: the combination of a
suboptimal dose of ADCT-601 with olaparib resulted in synergistic
antitumor activity in a BRCA1-mutated ovarian cancer PDX and was
well tolerated inmice. The synergistic antitumor activity of ADCT-601
with olaparib bodes well for the translation of these findings in treating
patients with BRCA-deficient cancers expressing AXL.

AXL upregulation has been reported in multiple tumor
types after they have become resistant to conventional and
targeted therapies such as erlotinib, sunitinib, lapatinib, and
imatinib (15–19). Hence, ADCT-601 could be used to treat patients
who have become resistant to targeted therapies and have conse-
quently increased AXL expression. AXL is also expressed on
multiple immune cell types in the tumor immune microenviron-
ment where it promotes a suppressive myeloid microenvironment.
Therefore, ADCT-601–mediated depletion of AXL-expressing,
immunosuppressive immune cells could combine well with check-
point inhibitors and could result in synergistic antitumor efficacy,
improving tumor eradication, as previously shown with a PBD-
based ADC targeting CD25 (48). Moreover, given the known ability
of PBD-based ADCs to induce immunogenic cell death and syner-
gize in vivo with immuno-oncology therapies (49), it is possible that
ADCT-601 will trigger immunogenic cell death in AXL-expressing
tumors or immune bystander cells, attracting immune cells to the
tumor site and ultimately synergizing with immuno-oncology
drugs. Studies investigating ADCT-601’s ability to target AXL-
positive immune cells are currently ongoing.

ADCT-601 utilizes both the GlycoConnect� and HydraSpace
technologies. GlycoConnect� is based on a chemoenzymatic strategy
that allows specific attachment of the cytotoxin to remodeled N-linked
glycans located in the Fc pocket of the immunoglobulins. On the basis
of preclinical data, GlycoConnect� combined with the polar spacer
HydraSpace� provides ADCs with an enhanced therapeutic index
compared with ADCs manufactured by random conjugation process-
es (27, 28, 50). In our study, ADCT-601 had a favorable off-target
safety profile in rats, with a MTD of 6 mg/kg, exceeding the rat MTD
for other SG3199-based ADCs by approximately 4-fold (34) and for
1H12-HAKB stochastically conjugated to SG3249 (data on file).

Moreover, GlycoConnect� conjugation technology resulted in a
stable ADC, as shown by the pharmacokinetic profile of ADCT-601 in
rats, indicating excellent stability and a half-life consistent with the
expected profile for an IgG1 antibody/ADC in a nonbinding species.

In conclusion, ADCT-601 efficiently and specifically inhibits
in vitro and in vivo cell growth of AXL-positive human cancer cell
lines and tumor xenograft models, both as monotherapy or in com-
bination with olaparib, providing a strong rationale for its use in the
treatment of AXL-expressing tumors and demonstrating that the
preclinical data reported here warrant further evaluation of ADCT-
601 in the clinical setting.
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