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ABSTRACT
◥

Relapsed or refractory B-cell acute lymphoblastic leukemia (R/R
B-ALL) and lymphomas have poor patient outcomes; novel ther-
apies are needed. CD22 is an attractive target for antibody–drug
conjugates (ADCs), being highly expressed in R/RB-ALLwith rapid
internalization kinetics. ADCT-602 is a novel CD22-targeting
ADC, consisting of humanized mAb hLL2-C220, site specifically
conjugated to the pyrrolobenzodiazepine dimer–based payload
tesirine. In preclinical studies, ADCT-602 demonstrated potent,
specific cytotoxicity in CD22-positive lymphomas and leukemias.
ADCT-602 was specifically bound, internalized, and trafficked to
lysosomes in CD22-positive tumor cells; after cytotoxin release,
DNA interstrand crosslink formation persisted for 48 hours. In
the presence of CD22-positive tumor cells, ADCT-602 caused

bystander killing of CD22-negative tumor cells. A single ADCT-602
dose led to potent, dose-dependent, in vivo antitumor activity in
subcutaneous and disseminated human lymphoma/leukemia
models. Pharmacokinetic analyses (rat and cynomolgus monkey)
showed excellent stability and tolerability of ADCT-602. Cyno-
molgus monkey B cells were efficiently depleted from circulation
after one dose. Gene signature association analysis revealed
IRAK1 as a potential marker for ADCT-602 resistance. Com-
bining ADCT-602 þ pacritinib was beneficial in ADCT-602–
resistant cells. Chidamide increased CD22 expression on B-cell
tumor surfaces, increasing ADCT-602 activity. These data sup-
port clinical testing of ADCT-602 in R/R B-ALL (NCT03698552)
and CD22-positive hematologic cancers.

Introduction
CD22 is a cell-surface type I transmembrane sialoglycoprotein

consisting of 7 extracellular immunoglobulin (Ig) domains and a
141–amino acid cytoplasmic tail (1). It is expressed on the surface of
all stages of B-cell development, reaching peak levels onmature B cells.
However, its expression is lost upon terminal differentiation to plasma
cells (2). CD22 is not expressed on hematopoietic stem cells or other
nonlymphoid hematopoietic or nonhematopoietic cells (3). This
specific expression profile during B-cell development has made CD22
an attractive molecule for targeted B-cell malignancy therapies.

CD22 expression has been reported in follicular lymphoma, mar-
ginal zone lymphoma, mantle cell lymphoma (MCL), diffuse large

B-cell lymphoma (DLBCL), small lymphocytic lymphoma, hairy cell
leukemia, and chronic lymphocytic leukemia (4, 5). In addition, CD22
is almost universally expressed in B-cell acute lymphoblastic leukemia
(B-ALL), including in the relapsed or refractory (R/R) setting (6–8).
Various therapeutic modalities against CD22 have been developed,
including naked or radiolabeled antibodies (9–11), bispecific antibo-
dies (12, 13), and chimeric antigen receptor T-cell therapy (14, 15).
CD22 is known to recycle and partially accumulates in the lyso-
some (16). Together with the rapid internalization kinetics of
CD22 (17), this makes CD22 an attractive target for an immunotoxin
or antibody–drug conjugate (ADC) approach, and multiple com-
pounds have been approved (18, 19).

In the CD22-targeting ADC field, although the development of the
auristatin-based ADC pinatuzumab vedotin was discontinued for the
treatment of non-Hodgkin lymphoma after phase II (20), the cali-
cheamicin-based ADC inotuzumab ozogamicin (21) was approved
in 2017 for the treatment of adult patients with R/R B-ALL. Approval
was based on the superiority of inotuzumab ozogamicin compared
with standard-of-care regimens (complete response: 80.7% vs. 29.4%,
P < 0.001; undetectable minimal residual disease: 78.4% vs. 28.1%,
P < 0.001; ref. 22). However, its specific safety profile, which includes
veno-occlusive disease (22), remains an ongoing area of concern.
Veno-occlusive disease may be attributed to the toxin calicheamicin,
which is also used in the CD33-specific ADC gemtuzumab ozogami-
cin (23). We hypothesized that a CD22-targeted ADC based on a
pyrrolobenzodiazepine (PBD) dimer could be active in patients with
B-ALL or non-Hodgkin lymphoma while mitigating some of the
toxicity issues seen with inotuzumab ozogamicin.

Here, we report the preclinical evaluation of ADCT-602, a novel
CD22-targeted ADC based on the PBD dimer payload tesirine
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(SG3249), site specifically conjugated to hLL2-C220, an engineered
version of the hLL2 antibody.

Materials and Methods
Ethical statement

All animal studies compliedwith the recommendations of theGuide
for Care and Use of Laboratory Animals (24) with respect to restraint,
husbandry, surgical procedures, feed and fluid regulation, and veter-
inary care and were performed in facilities that are 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. The pharmacokinetic studies were
conducted in accordance with the requirements of the Animals
(Scientific Procedures) Act 1986.

Purification of hLL2-C220 and conjugation of hLL2-C220 to
SG3249

hLL2 is a clinically validated, humanized mAb of the IgG1 kappa
isotype specific for human CD22, which was derived from the murine
antibody LL2 (17). hLL2-C220, the antibody component of ADCT-
602, was generated by the introduction of the mutations C219S in the
light chain and C225V and C228V in the heavy-chain hinges of the
parental hLL2 antibody (Supplementary Fig. S1A). This approach is
similar to that previously described for MEDI3726, a prostate-specific
membrane antigen, PBD-based ADC with good efficacy and tolera-
bility (25). hLL2-C220 was transiently expressed in Chinese hamster
ovary cells and purified by routine protein A purification. hLL2-C220
was conjugated to SG3249, as previously published (25). ADCT-602
was generated via site-specific conjugation of the PBD dimer payload
SG3249 to the cysteine at position 219 (C220 according to EU
numbering) of each heavy chain (Supplementary Fig. S1B). The ADC
was formulated in 30 mmol/L histidine, 200 mmol/L sorbitol, and
0.02% Tween 20, with a pH of 6.0. The solution was filtered (0.22 mm)
and stored at �70�C.

Analytic characterization
Characterization of ADCT-602 was performed by size-exclusion

chromatography and reduced reverse-phase liquid chromatogra-
phy, as previously published (26). For peptide mapping, ADCT-602
was denatured with guanidine-HCl, reduced with dithiothreitol
(DTT), and alkylated with iodoacetamide. The reduced samples
were digested with sequencing-grade trypsin, and the peptides were
separated by reverse-phase using ultra-performance liquid chro-
matography while monitored using an ultraviolet detector at 214 nm
and mass spectrometry (MS). The peptides were subsequently
identified by their mass (corresponding to the amino acid compo-
sition and any potential modifications) and confirmed using
MS/MS fragmentation spectra measured using high-resolution MS.
The drug-to-antibody ratio (DAR) was calculated from the reverse-
phase high-performance liquid chromatography (RP-HPLC) profile
as previously described (26).

Human cell lines
Lymphoma cell lines were cultured according to the recommended

conditions (Supplementary Table S1). All media were supplemented
with FBS (10% or 20%) and penicillin–streptomycin–neomycin
(�5,000 U penicillin, 5 mg streptomycin, and 10 mg neomycin/mL;
Sigma). Cell line identity was confirmed before initial screening and at
regular intervals thereafter by short tandem repeatDNAfingerprinting
using the Promega GenePrint 10 System kit (B9510). Cells were tested

before initial screening and periodically thereafter for Mycoplasma
negativity using the MycoAlert Mycoplasma Detection Kit (Lonza).
Cell lines were used for a maximum of two months after thawing (no
more than 12–16 passages).

CD22 cell surface density
CD22 cell surface density was determined using Bangs Laboratory’s

Quantum Simply Cellular Antihuman immunoglobulin G (IgG)
beads, per the manufacturer’s instructions.

Internalization assay
Ramos cells were exposed to ADCT-602 or B12-C220-SG3249

(1 hour at 4�C) and then incubated at 37�C where appropriate.
Following the permeabilization of cells using Tween 20 (0.1% vol-
ume-to-volume ratio in PBS) for 15 minutes, samples were washed
with the PBS, and centrifuged at 4,000 rpm (4�C). Removal of the
supernatant was followed by the addition of a rabbit mAb LAMP-1
(1:400; Cell Signaling Technology) for 1 hour on ice. A further washing
step was followed by adding both Alexa Fluor 488 goat anti-human
(1:200; Thermo Fisher Scientific) for detecting the ADC and Alexa
Fluor 568 goat anti-rabbit (1:200; Thermo Fisher Scientific). Both
secondary antibody incubations were performed on ice for 1 hour.
Nuclei were counterstained with Hoechst 33342 (Thermo Fisher
Scientific), and then the cytospins of cell samples were prepared. The
samples mounted in ProLong Gold Antifade (Life Technologies) and
cover-slipped.

In vitro cell killing and bystander assay
In vitro cytotoxic activity of ADCT-602, the isotype-control ADC,

and SG3199 were assessed in a panel of lymphoma and leukemia cell
lines, as previously published (27). Cell viability was measured after
96 hours with the CellTiter 96 AQueous One Solution Cell Prolifer-
ation Assay (MTS; Promega) for the panel of 12 lymphoma and
leukemia cell lines. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide; Sigma-Aldrich) was used for the panel of 57
lymphoma cell lines.

For the bystander assay, Ramos cells were incubated with ADCT-
602 for the indicated time points. The conditioned medium was
transferred to KARPAS-299 cells and incubated for 4 days, and cell
viability was measured with MTS assay.

Assessment of ADCT-602 efficacy in in vivo models
Ramos (Burkitt lymphoma), WSU-DLCL2 (DLBCL, germinal

center B-cell type), and KARPAS-299 (T-cell lymphoma, anaplastic
large cell lymphoma subtype) xenografts were established in 8- to
10-week-old female Fox Chase mice with severe combined immu-
nodeficiency (Charles River Laboratories) by implanting 107 cells
subcutaneously into their flanks. When group mean tumor volumes
reached �116 to 132 mm3, mice were randomly allocated into
groups to receive the test agent or vehicle. Each animal was
euthanized when its tumor reached the endpoint volume or at the
study end. The time to endpoint (TTE) for analysis was calculated
for each mouse by the following equation:

TTE daysð Þ ¼ log10 endpoint volume� intercept�½ �=slope�� �

where � indicates the slope of the line obtained by linear regression of a
log-transformed tumor growth data set.

The log-rank test was used to analyze the significance of differ-
ences in TTE between the two groups. For the disseminated
xenografts model, 107 REH (acute lymphocytic leukemia) cells
were inoculated intravenously into 5- to 8-week-old female NOG
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mice (Taconic Biosciences). Test compounds were administered
intravenously 4 days after tumor cell inoculation. Individual mice
were euthanized, and an autopsy was performed when hind leg
paralysis (a sign of leukemia development) occurred and/or the
body weight decreased by ≥20%. The study was terminated on day
62. The log-rank test was used to determine the significance of the
differences in overall survival.

DNA interstrand crosslink determination
Quantification of in vitro DNA interstrand crosslinks (ICL) was

performed using the single-cell gel electrophoresis (Comet) assay (28)
following the protocol and reagents published previously (26).

Pharmacokinetic assays
Male Crl:CD (Sprague-Dawley) rats (Charles River Laboratories;

RRID: RGD_734476) were dosed IV with ADCT-602. Blood was
collected from tail veins at specified time points; serum was isolated
and stored at �80�C. Male and female purpose-bred cynomolgus
monkeys (Macaca fascicularis) were dosed intravenously with ADCT-
602. Blood was collected from the femoral vein/artery at specific time
points; serum was isolated and stored at �80�C. In rat and monkey
serum, quantification of total antibody and ADC [drug-to-antibody
ratio (DAR) >1] were determined using an optimized electrochemi-
luminescence immunoassay (ECLIA). Calibration curves, quality
controls, and study samples were diluted and added to an extracellular
recombinant human CD22 directly coated to a Meso Scale Discovery
(MSD) plate, to a biotinylated anti-Fc CaptureSelect (Thermo Fisher
Scientific) coated to a streptavidin-coated MSD plate, or to a bioti-
nylated anti-PBD antibody coated to a streptavidin plate. The plates
were then incubated and washed, and a sulfo-tag–labeled anti-Fc
detector antibody (Sanquin Reagents B.V.) was used for measuring
the total extracellular CD22-binding antibody, total antibody, or ADC
(DAR ≥1). For all assays, the read buffer (MSD) was added, and the
plates were read on the MSD QuickPlex Plate Reader (MSD Sector
Imager 6000). The determination of free SG3199 in cynomolgus
monkey serum was performed, as previously published (27). The
pharmacokinetic analysis was performed using Phoenix WinNonlin,
version 6.2 (Certara; RRID: SCR_024504), with noncompartmental
analysis.

Gene expression signature association analysis
An exploratory analysis was conducted to define differentially

expressed transcripts between groups of cell lines based on sensitivity
to ADCT-602 using previously reported gene expression profiles
obtained with the Illumina HT-12 microarray and with the HTG
EdgeSeq Oncology Biomarker Panel (GSE94669; ref. 29), using
limma (30) with a cutoff of P < 0.05. A gene-set enrichment analysis
was performed using a ranked list of genes, which were based on the
limma-defined log fold change, and enriched gene setswere considered
in the presence of a false discovery rate <0.05.

ADCT-602 and pacritinib combination studies
ADCT-602 was dissolved in water at a concentration of 32 mmol/L,

while pacritinib was dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 10 mmol/L, according to the manufacturer’s instruc-
tions. The combination of ADCT-602 and pacritinib was assessed in
eight lymphoma cell lines [four high IRAK1 expression levels resistant
to ADCT-602 (KARPAS-422, REC1, SU-DHL-16, and TOLEDO) and
four low IRAK1 expression levels sensitive to ADCT-602 (FARAGE,
OCI-LY-1, VAL, and SP49); Supplementary Table S1]. Synergism
assessment was performed by exposing cells (96 hours) to ADCT-602

(6.4 pmol/L–100 nmol/L; 1- to 5-fold dilution) and pacritinib
(27.4 nmol/L–20 mmol/L; 1- to 3-fold dilution) alone or in combina-
tion, followed by MTT assay. Chou–Talalay combination index (CI)
valueswere determined, as published previously (29).MedianCIswere
obtained by exposing cell lines to eight increasing concentrations of
each compound, either alone or in combination. Concentrations that
resulted in ≤10% of the proliferation observed with the single agent
were excluded from the CI calculation. Combinations were defined as
synergistic (median CI, <0.9), additive (median CI, 0.9–1.1), or of no
benefit/antagonist (median CI, >1.1).

Combination studies with chidamide
Chidamide (Selleckchem) was dissolved in DMSO according to

the manufacturer’s instructions. Cells were treated with chidamide
(0.25 or 0.5 mmol/L) for 7 days at 37�C in a 5% carbon dioxide,
humidified incubator. On day 3, cells were centrifuged, and fresh
medium containing the corresponding concentrations of chidamide
was added. The control groupwas treatedwith equal volumes ofDMSO.

CD22 cell-surface expression after chidamide treatment was mea-
sured by flow cytometry. hLL2-C220 and B12 antibodies, followed by
Alexa Fluor 488 antihuman secondary antibodies (Thermo Fisher
Scientific, catalog no. H10120; RRID: AB_2536548) or allophycocya-
nin antihuman secondary antibodies (BioLegend, catalog no. 409306,
RRID: AB_11150590), were used for CD22 detection. Cells were
analyzed using a CytoFLEX Flow Cytometer (Beckman Coulter), and
data were analyzed with FlowJo software version 10.8.1 (BD Bios-
ciences; RRID: SCR_008520).

After treatment with chidamide or DMSO, cells were incubated
with serial dilutions of ADCT-602 or the nonbinding control ADC
for 5 days. Cell viability was measured with the CellTiter 96
AQueous One Solution Cell Proliferation Assay (Promega). Data
were normalized to untreated control cells. The 50% inhibitory
concentration (IC50) values were determined using GraphPad soft-
ware (GraphPad; RRID: SCR_002798). The mean and SEs of three
independent IC50 values were determined.

Data availability statement
The data generated in this study are available upon request from the

corresponding author.

Results
Characterization of ADCT-602

Analysis of ADCT-602 by size-exclusion chromatography showed
that it was 98% monomeric (Supplementary Fig. S1C), while the DAR
was determined to be�1.52 (Supplementary Fig. S1D). This DARwas
consistently lower compared with the theoretical DAR of 2, which was
previously described for MEDI3726 (25) and was likely due to
conformational constraints in the antigen-binding fragments of the
antibody. However, given the site-specific nature of this approach and
the fact that this approach would not result in any higher DAR species
that are potentially more toxic, we decided to pursue this format. An
in-depth analysis ofADCT-602 byLC/MSpeptidemapping confirmed
the full sequences of the heavy and light chains of hLL2-C220 (99%
heavy chain and 100% light chain), including the N and C termini, and
the mutations introduced in either chain [C219S in the light chain
(peptide LC:T20–21) as well as C225V and C228V in the heavy chain
(peptide HC:T19) and the site-specific conjugation of SG3249 on
Cys219 in the heavy chain of hLL2-C220 (peptide HC:T18&)]. No
SG3249 was detected on any other fragment (Supplementary Fig. S1E;
Supplementary Table S2).

ADCT-602 Targets CD22þ Hematologic Malignancies
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In vitro cytotoxicity of ADCT-602 in lymphoma and leukemia
cell lines

ADCT-602 selectively inhibited the growth of a panel of 9 CD22-
positive cancer cell lines derived from human lymphomas and leu-
kemias (Daudi, NAMALWA, Ramos, DO HH-2, GRANTA-519,
MEC-2, NALM-6, REH, and SEM), while no differential cytotoxicity
with an isotype control ADC (B12-C220-SG3249) was observed in
three CD22-negative cell lines (KM-H2, SUP-T1, and KARPAS-
299; Table 1). The PBD dimer cytotoxin SG3199 alone displayed
potent cytotoxicity in all 12 cancer cell lines, independent of CD22
expression. No correlation was observed between CD22 expression
and either ADCT-602 or SG3199 cytotoxicity, with Pearson correla-
tion coefficients (r) of �0.47 (P ¼ 0.12) and �0.037 (P ¼ 0.91),
respectively.

The in vitro cytotoxic activity of ADCT-602 was tested in a larger
panel of lymphoma cell lines (n ¼ 57; incubation time, 96 hours)
(Supplementary Table S3), including both B- and T-cell–derived
human lines (48 and 9 cell lines, respectively); individual IC50 values
for each of the 57 cell lines are shown in Supplementary Table S3.
ADCT-602 was more active in B-cell (median IC50 200 pmol/L) than
in T-cell (median IC50 1,850 pmol/L) lymphomas (Student t test, P <
0.005; Supplementary Table S3; Supplementary File S1), in line with
CD22 expression patterns (Supplementary Table S4). The cytotoxic
activity of ADCT-602 was similar in models derived from germinal
center B-cell–like DLBCL, activated B-cell–like DLBCL, MCL, mar-
ginal zone lymphoma, chronic lymphocytic leukemia, and primary
mediastinal B-cell lymphoma but was lower in Hodgkin lymphoma
(Supplementary Table S3). Among the B-cell lymphoma cell lines, the
in vitro activity of ADCT-602 did not correlate with CD22 expression
measured as cell-surface protein levels (absolute quantitation, n¼ 45,
r¼�0.238, and P¼ 0.1; Supplementary Fig. S2A) or RNA levels using
either Illumina HT-12 microarrays (n¼ 42, r¼�0.28, and P ¼ 0.07;
Supplementary Fig. S2B) or the HTG EdgeSeq Oncology Biomarker
Panel (n ¼ 36, r ¼ �0.24, and P ¼ 0.16; Supplementary Fig. S2C).

The mode of action of ADCT-602
CD22-expressing Ramos cells treated with ADCT-602 showed

prominent cell-surface binding (0 hours; Fig. 1A). On incubation at
37�C, ADCT-602 showed cellular internalization and colocalization of
ADCT-602with lysosomal-associatedmembrane protein 1 (LAMP-1)
at both 1- and 2-hour time points (Fig. 1A) with some intracellular
ADC visible at 4 hours. There was no residual ADC staining at
24 hours, suggesting complete lysosomal degradation. In contrast,
there was no evidence of membrane binding on the treatment of
Ramos cells with an isotype control ADC (Supplementary Fig. S3).

Following ADCT-602 binding, internalization, and trafficking to
lysosomes, SG3249 was cleaved, releasing SG3199 inside the cells.
DNA ICLs were measured using a modification of the single-cell gel
electrophoresis (Comet) assay, and crosslinking was expressed as the
percentage decrease in Olive tail moment versus control irradiated
cells. After a 2-hour exposure of Ramos cells to ADCT-602, crosslink
formation occurred (Fig. 1B). Immediately after the drug incubation
period, a low level of ICLs (3%) was observed, which increased over
time to near peak levels (�50%) at 12 hours and persisted up to
48 hours. In contrast, SG3199 immediately induced a high level of ICLs
(46%) after drug incubation, which further increased to 56% after
2 hours and persisted up to 48 hours. An equivalent concentration of
the nonbinding control ADCproducedDNA ICLs over 48 hours in the
same pattern as ADCT-602 but at much lower levels (the peak was
�18% at 12 hours). In the CD22-negative cell line (KARPAS-299),
ADCT-602 produced a low level of DNA ICLs (�15%) over 48 hours Ta
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following a 2-hour treatment (Supplementary Fig. S4). In this cell line,
SG3199 produced a high level of ICL (�50%), similar to that observed
in the Ramos cell line.

To determine whether ADCT-602 induces bystander killing of
non–CD22-expressing cells, CD22-expressing Ramos cells were trea-
ted with ADCT-602 for 1, 2, or 3 days before transferring the
conditioned media onto CD22-negative KARPAS-299 cells and incu-
bating them for 96 hours. The ADCT-602–conditioned medium
elicited a bystander effect after 1 day of pretreatment, as shown by
a decrease in the percentage survival in the conditioned medium-
treated KARPAS-299 cells, compared with the nonconditioned medi-
um (97% to 78%, P ¼ 0.001; Fig. 1C, top). The bystander effect
increased after 2 to 3 days of preincubation in Ramos cells, as shown by

a further decrease in the percentage of cell survival compared with the
nonconditioned medium (66% and 62%, P < 0.0001). Conversely,
when the conditioned medium from ADCT-602–treated, CD22-neg-
ative NCI-N87 cells was transferred to KARPAS-299, no significant
change in the percentage of cell survival was measured compared with
the nonconditioned medium (Fig. 1C, bottom).

ADCT-602 has strong in vivo antitumor activity in
CD22-positive lymphoma and leukemia xenograft models

ADCT-602 demonstrated dose-dependent antitumor activity
against both subcutaneous and disseminated tumor in vivo models.
In the subcutaneous Ramos xenograft, a single dose of ADCT-602 at
0.3 and 1 mg/kg induced specific and dose-dependent antitumor
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Figure 1.

Mode-of-action studies with ADCT-602. A, Confocal microscopy images of Ramos cells treated with 2 mg/mL ADCT-602 and stained for nuclei (blue), lysosomal-
associated membrane protein 1 (LAMP-1; red), and human IgG antibody (green). B, Time course of DNA interstrand crosslink formation in Ramos cells exposed to
ADCT-602 or free warhead SG3199. Percentage reduction in OTM relative to untreated control in Ramos cells treated with either 10 nmol/L ADCT-602 or 10 pmol/L
SG3199. For ADCT-602, the peak of DNA crosslinking occurred at around 12 hours and persisted for 48 hours.C,Histograms depicting the percentage of viable CD22-
negative KARPAS-299 cells after exposure to conditioned media from Ramos cells (top) or NCI-N87 cells (bottom) treated with ADCT-602 for different days
(unpaired t-test). �, Co-staining between LAMP-1 and IgG is observed as yellow. Crosslinking and bystander data are presented as the mean of at least three
independent experiments. �� , P < 0.05; ���� , P < 0.0001. IgG, immunoglobulin G; OTM, Olive tail moment.
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activity compared with the vehicle and the isotype control ADC. The
1mg/kg ADCT-602 dose resulted in 10 of 10 complete responses and 9
of 10 tumor-free survivors at the end of the study (day 60;Fig. 2A). The
resulting Kaplan–Meier survival curves showed the dose-dependent

extension of survival (log-rank test, P ≤ 0.01 for each comparison;
Supplementary Fig. S5A).

In the subcutaneous WSU-DLCL2 xenograft model, a single dose
of ADCT-602 at 1 and 3 mg/kg induced dose-dependent antitumor
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Figure 2.

In vivo antitumor activity of ADCT-602 in a range of xenograft models.A, In vivo antitumor activity of ADCT-602 in an subcutaneously implanted Burkitt lymphoma–
derived Ramos xenograftmodel. ADCT-602 or an isotype-control ADCwas administered intravenously at a groupmean tumor volume of 116mm3 as a single dose to
treatment groups of 10mice. A vehicle-treated group served as the control.B, In vivo antitumor activity of ADCT-602 in an subcutaneously implantedDLBCL-derived
WSU-DLCL2 xenograft model. ADCT-602 or an isotype-control ADC was administered intravenously at a group mean tumor volume of 121 mm3 as a single dose to
treatment groups of 10 mice. A vehicle-treated group served as the control. C, In vivo antitumor activity of ADCT-602 in a disseminated REH model. Kaplan–Meier
survival plots show the percentage of animal survival over 62 days in an experiment in which ADCT-602 was administered either as a single dose of 0.45 mg/kg and
1.3 mg/kg or as multiple doses of 0.45 mg/kg Q4D� 3 and compared with the vehicle or nontargeting ADC administered as a single dose of 1.3 mg/kg (each group,
n ¼ 8). D, Lack of in vivo antitumor activity of ADCT-602 in CD22-negative KARPAS-299 ALCL xenograft. ADCT-602 was administered intravenously (day 1) to
treatment groups of 8 mice. A vehicle-treated group served as the control. ADC, antibody–drug conjugate; ALCL, anaplastic large cell lymphoma; DLBCL, diffuse
large B-cell lymphoma; QD, daily; Q4D, every 4 days; SC, subcutaneous(ly).
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activity compared with the vehicle and the isotype control ADC. The
3 mg/kg ADCT-602 dose resulted in 3 of 10 partial responders, 7 of 10
complete responses, and 2 of 10 tumor-free survivors at the end of the
study (day 59; Fig. 2B). The resulting Kaplan–Meier survival curves
showed the dose-dependent extension of survival (log-rank test, P ≤
0.05 for each comparison; Supplementary Fig. S5B).

In a disseminated B-ALL–derived xenograft model (REH), a single
dose of ADCT-602 at 0.45 mg/kg and 1.3 mg/kg resulted in a dose-
dependent extension of survival compared with the vehicle and the
isotype control ADC (log-rank test, P ≤ 0.001; Fig. 2C). A single 1.3-
mg/kg dose of ADCT-602 resulted in a comparable survival time to the
equivalent fractionated dose of ADCT-602 [0.45 mg/kg, every 4 days,
for three times (Q4D � 3)].

Finally, in the subcutaneous KARPAS-299 xenograft model (a
CD22-negative T-cell lymphoma–derived model), a single 1-mg/kg
dose of ADCT-602 had no significant antitumor activity compared
with the vehicle group at the end of the study (day 29; Fig. 2D).

In all models, treatments were well tolerated, and no clinical
observations were reported. Although body weight loss is always
observed in the final stage of leukemia development in mice due to
the infiltration of leukemic cells into all organs, body weight loss was
minimal (Supplementary Fig. S6).

Toxicology and pharmacokinetic studies with ADCT-602
The toxicity of ADCT-602 was evaluated in rats and cynomolgus

monkeys. Of these species, only the cynomolgus monkey is pharma-
cologically relevant, with the antibody component of ADCT-602
binding to human and cynomolgus monkey CD22 but not rat CD22.
In the toxicity study in Sprague-Dawley rats, animals received a single
intravenous bolus dose of 2 mg/kg ADCT-602 and survived until the
scheduled termination on day 21. Administration of ADCT-602 was
associated with a reduction in body weight gain (�47% by the end of
the study) and with changes in hematology parameters [including
reductions in white blood cell (�61%), platelet (�72%), reticulocyte
(�43%), and lymphocyte counts (�54%)] on day 8 that reversed
completely by day 21. The exposure profiles determined using a total
antibody, a CD22 antigen capture, and an ADC-specific assay (detect-
ing conjugate species with a DAR ≥1) were similar, with the curves
determined using the total Ab and CD22 capture assay completely
overlapping (Fig. 3A), indicating that ADCT-602 is stable in vivo.
Toxicokinetic analysis indicated a half-life of approximately 8 days for
ADCT-602 in rats (Supplementary Table S5). In the toxicity study in
cynomolgus monkeys, animals received 0.6 or 0.9 mg/kg ADCT-602
on days 1 and 22 by 30-minute intravenous infusion. While the
0.6 mg/kg dose of ADCT-602 was tolerated, with all animals surviving
until scheduled termination on day 43, animals at the 0.9 mg/kg dose
were terminated prematurely on days 30 and 31 due to adverse clinical
signs, including a hunched posture and >15%bodyweight loss in 2 of 3
animals (Supplementary Fig. S7). At both dose levels, CD20þ B cells
were completely depleted from circulation by day 15, consistent with
the mode of action of ADCT-602; at 0.6 mg/kg, CD20þ B cells
remained depleted until day 43 (Fig. 3B). Other white blood cell
parameters were largely unaffected by administration of ADCT-602
(Supplementary Fig. S8). The exposure profiles upon administration of
ADCT-602, determined using a total antibody and ADC-specific
(DAR ≥1) assay, were comparable, indicating in vivo stability of
ADCT-602. Transient, low levels of free SG3199 warhead were only
detectable shortly after dosing (≤ 0.3 ng/mL). Toxicokinetic analysis
indicated a half-life of 4–5 days for ADCT-602 in cynomolgus
monkeys (Fig. 3C; Supplementary Table S5). At necropsy, ADCT-
602-related findings in histopathology evaluations were noted in the

bone marrow, thymus, spleen, Peyer’s patches, mandibular and
mesenteric lymph nodes, testes, and kidneys. Findings in the spleen,
Peyer’s patches, and lymph nodes were considered to be at least
partially related to themechanism of action of ADCT-602 (i.e., CD22þ

cell depletion) and consisted of lymphoid depletion and decreased
cellularity or a complete loss of germinal centers. In the kidneys of all
animals and in the testes of 1 sexually mature male, tubulointerstitial
nephropathy and tubular atrophy, characterized by loss of all sper-
matocyte stages, were noted, respectively, consistent with findings
observed in other ADCs with the SG3249 payload. Finally, in the
bone marrow of the animals dosed at 0.9 mg/kg, minimal-to-
marked decreased cellularity was noted as a consequence of deple-
tion of hematopoietic cells of all lineages. On the basis of these
findings, the highest nonseverely toxic dose (HNSTD) for ADCT-
602 in this study was considered to be the 0.6 mg/kg dose, similar to
the HNSTD of loncastuximab tesirine [loncastuximab tesirine-lpyl
(Lonca); ZYNLONTA] in a study of similar design.

Gene expression signature association analysis and
combination studies with ADCT-602

A gene expression signature association analysis was performed on
the 48 B-cell lymphoma cell lines tested with ADCT-602 (Supple-
mentary Table S1; Supplementary Table S3) to search for pathways
associated with resistance (median IC50 value >200 pmol/L; n¼ 25) or
sensitivity (median IC50 value <200 pmol/L; n¼ 23) to ADCT-602. A
total of 1,207 genes were identified as downregulated (logFC-negative)
and 1,104 genes as upregulated (logFC-positive) in the resistant cell
lines (Supplementary File S1). To delineate the pathways associated
with the different degrees of sensitivity to ADCT-602, a gene-set
enrichment analysis was performed on the preranked limma data.
Transcripts upregulated in the resistant cell lines were enriched for
genes coding proteins involved in respiratory electron transport,
oxidative phosphorylation, and proteasome (Fig. 4A; Supplementary
Data S1). Conversely, transcripts upregulated in cell lines sensitive to
ADCT-602 were enriched for genes coding proteins involved in
inflammation, p53 response, IL2/STAT5 signaling, hypoxia, and
TGFb and IFN response (Fig. 4B; Supplementary File S1). Because
IRAK1 was among the differentially expressed genes associated with
resistance to ADCT-602, we hypothesized that sensitivity to ADCT-
602 could be restored by combining ADCT-602 with pacritinib (a
selective Janus kinase 2, FMS-like tyrosine kinase 3, and IRAK1
multikinase inhibitor; ref. 31). In cell lines with low IRAK1 expression
that were sensitive to ADCT-602, the combination was additive in 2 of
4 cell lines, while no benefit was observed in the other 2 of 4 cell lines
(Fig. 5A). In cell lines with high IRAK1 expression that were resistant
to ADCT-602, the combination was synergistic in 2 of 4 cell lines, was
additive in 1 of 4, and had no beneficial effect in the remaining cell line.
In MCL cells, the combination was not beneficial in cell lines with low
IRAK1 expression that were sensitive to ADCT-602, but the combi-
nation reached synergism in cell lines with high IRAK1 expression that
were resistant to ADCT-602.

It has been suggested that chidamide, a histone deacetylase
inhibitor, promotes the expression of CD22 on the surface of B-
cell tumor cells and enhances the function of CD22 in chimeric
antigen receptor T-cell therapy (32). Therefore, we tested whether
pretreatment of lymphoma cell lines with chidamide could enhance
ADCT-602 activity by increasing CD22 expression. Pretreatment
with chidamide increased CD22 expression up to 2.4 times com-
pared with DMSO-pretreated cells (Fig. 5B), and ADCT-602 IC50

improved up to 2.5 times compared with DMSO-pretreated
cells (Fig. 5C). Conversely, no effect on the cytotoxicity of the
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isotype-control ADC was seen across the three cell lines treated with
chidamide (Supplementary Fig. S9).

Discussion
Here we report preclinical data for ADCT-602, a novel site-specific,

PBD dimer–based, CD22-targeting ADC. ADCT-602 is based on

reversed cysteine engineering of the IgG1 hinge, forcing conjugation
on 1 cysteine of the heavy chain. The advantage of this format is that it
provides a maximal DAR of 2, with no need for purification to remove
any undesired higher DAR species.

The cytotoxic payload tesirine, which uses SG3199, is used in Lonca,
which is approved by the FDA for use in R/R DLBCL based on strong
single-agent activity in this hard-to-treat patient population, and in
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Pharmacokinetics and pharmacodynamics in rats and
cynomolgusmonkies.A,Pharmacokinetics of ADCT-602
in rats (three in total) as measured by total antibody
ECLIA, ADC (DAR ≥1) ECLIA, or total extracellular CD22-
binding antibody ECLIA. B, B-cell depletion after dosing
ADCT-602 in cynomolgus monkies (three in total).
C, Pharmacokinetics of ADCT-602 in cynomolgus
monkies as measured by the total antibody ECLIA, ADC
(DAR ≥1) ECLIA, or total extracellular CD22-binding
antibody ECLIA. �Indicates time of dosing. ADC, anti-
body–drug conjugate; DAR, drug-to-antibody ratio;
ECLIA, electrochemiluminescence immunoassay; LLOQ,
lower limit of quantification.
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Figure 4.

Gene expression signature association analysis. Representative gene set enrichment analysis plots associated with resistance (A) to ADCT-602 [gene sets with
higher expression in resistant cells (red)] and sensitivity (B) to ADCT-602 [gene sets with higher expression in sensitive cells (blue)] in B-cell lymphomas. NES,
normalized enrichment score.
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Figure 5.

Combination studies with ADCT-602. A, Box plots
of the combination of ADCT-602 with pacritinib in
eight lymphoma cell lines [four high IRAK1 expres-
sion levels resistant to ADCT-602 (red; KARPAS-
422, REC1, SU-DHL-16, and TOLEDO) and four low
IRAK1 expression levels sensitive to ADCT-602
(blue; FARAGE, OCI-LY-1, VAL, and SP49)]. Box
plots represent the CI values obtained in individual
cell lines. In each box plot, the line in the middle
represents the median, and the box extends from
the 25th to the 75th percentile; the whiskers
extend to the upper and lower adjacent values.
On the basis of the Chou–Talalay CI, the effect of
the combinations was defined as synergistic
(CI <0.9), additive (CI, 0.9–1.1), or antagonist
(CI >1.1). CI thresholds are visualized with dotted
lines. B, Cell-surface expression of CD22 following
treatment with chidamide analyzed by flow cyto-
metry in Ramos, TMD8, and SU-DHL-4 cell lines.
Data represent the mean � SE of at least two
independent experiments, and they are expressed
as MFI fold change (CD22 MFI chidamide/CD22
MFI DMSO). C, In vitro cytotoxicity of ADCT-602
following pretreatment with chidamide for 7 days.
Data are presented as the mean IC50 values of
ADCT-602 from at least three independent exp-
eriments. Statistics were calculated using an
unpaired t test. CI, combination index; DMSO,
dimethyl sulfoxide; IC50, 50% inhibitory concen-
tration; MFI, mean fluorescence intensity.
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camidanlumab tesirine, which has encouraging phase II data in
patients with R/R Hodgkin lymphoma (33, 34). Previous attempts to
develop CD19-based ADCs in R/R DLBCL using other toxins had
limited success, indicating that the PBD dimer toxin differentiates
favorably in these patients. This favorable differentiation is also
reflected in the safety profile. For example, inotuzumab ozogamicin
and gemtuzumab ozogamicin, which use calicheamicin, have been
linked to veno-occlusive disease, which is unlikely to occur with
ADCT-602, based on the extensive clinical experience with Lonca
and camidanlumab tesirine.

ADCT-602 showed potent in vitro activity in B-ALL and in a large
panel of B-cell lymphoma subtypes, such as DLBCL andMCL, but not
in T-cell non-Hodgkin lymphoma, which is in line with the absence of
CD22 on these cells. This indicates CD22 expression is required for the
activity of ADCT-602, although no correlation was found between
ADCT-602 cytotoxicity and the CD22 receptor copy number. This is
similar to what was described for the CD22-specific, auristatin-based
ADC, pinatuzumab vedotin (DCDT2980S; refs. 4, 20, 35). Evidence
of rapid internalization of ADCT-602 was provided by the reduc-
tion in the intensity of membrane immunofluorescence staining on
CD22-expressing Ramos cells and LAMP-1 colocalization studies,
suggesting that the processing of ADCT-602 is, at least in part,
lysosomal. Similar to what was shown for Lonca (27), the time lag
observed between the peaks of DNA ICL formation by ADCT-602
and by SG3199 reflects the time taken for internalization and
cellular processing of the ADC compared with the readily diffusible
PBD dimer SG3199. The crosslinks were persistent and detected
over the observation period of 48 hours. ADCT-602 and Lonca both
exhibited bystander toxicity of target-negative tumor cells. In
medium transfer experiments, CD22-negative KARPAS-299 cells
were killed by a soluble factor released from ADCT-602–treated
Ramos cells into the medium. This soluble factor is assumed to be
SG3199, released by lysosomal cleavage of ADCT-602 in the CD22-
positive Ramos cells.

In vivo, ADCT-602 was remarkably effective against lymphoma and
leukemia xenograft models in both subcutaneous and disseminated
settings. A single ADCT-602 dose selectively delivered sufficient
cytotoxic agent not only to delay tumor growth but also to achieve
sustained tumor regression and, in many cases, tumor eradication.
Interestingly, in the disseminated REH model, a single 1.35 mg/kg
ADCT-602 dose was equally active as a fractionated ADCT-602 dose
(0.45 mg/kg Q4D�3). Overall, the in vivo activity of ADCT-602 was
similar to that of Lonca (27). In addition, B-cell depletion studies in
cynomolgus monkeys showed that ADCT-602 was pharmacolog-
ically active (complete and sustained B-cell depletion) and well
tolerated at 0.6 mg/kg with a half-life of �4.5 days. The pharma-
cokinetic profile confirmed the excellent stability of the C220
conjugation site in cynomolgus monkeys, with similar in vivo
stability observed in the rat model.

An exploratory analysis comparing the expression profile of sen-
sitive and resistant models identified IRAK1 as 1 of the differentially
expressed genes associated with ADCT-602 resistance in lymphoma
cell lines. The combination with pacritinib was evaluated in eight
lymphoma cell lines, four with high IRAK1 expression levels that were
resistant to ADCT-602 and four with low IRAK1 expression levels that
were sensitive to ADCT-602. The combination of ADCT-602 with
pacritinib wasmore beneficial in cell lines with high IRAK1 expression
levels that were resistant to ADCT-602 compared with cell lines with
low IRAK1 expression levels that were sensitive to ADCT-602. These
data suggest IRAK1 is a potential marker of ADCT-602 resistance. In

addition, treatment of B-cell lymphoma cell lines with the histone
deacetylase inhibitor chidamide produced an increased expression of
membranous CD22, which resulted in increased but specific ADCT-
602 cytotoxicity, suggesting histone deacetylase inhibitors may poten-
tially be combination partners for ADCT-602. Further confirmation of
these findings in in vivo studies is currently being planned.

Altogether, these impressive preclinical data support the rapid
clinical testing of ADCT-602 in patients with CD22-expressing B-
cell malignancies. ADCT-602 is currently being evaluated in a phase I
clinical study (NCT03698552), which reported promising early signs
of clinical activity in heavily pretreated patients with B-ALL, warrant-
ing further investigation (36, 37). In addition, because ADCT-602
targets CD22 rather than CD19, it has the potential to be sequenced
before or after other approved treatment modalities for B-cell malig-
nancies that target CD19 (38).
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