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INTRODUCTION

Neuroblastoma is a pediatric cancer of the peripheral sympathetic
nervous system that accounts for 12% of all childhood cancer mortality (1, 2). Children with the high-risk form of the disease continue
to have poor outcomes despite dose-intensive therapy. Recently, a
chimeric monoclonal antibody (mAb) targeting the disialoganglioside
GD2, given with cytokines for patients in first remission, showed
improved outcomes in a phase 3 trial (3), leading to subsequent
U.S. Food and Drug Administration (FDA) approval. This credentialing of immunotherapy for neuroblastoma, coupled with the recent successes of chimeric antigen receptor (CAR) T cell therapy in
childhood acute lymphoblastic leukemia (4, 5), has created unique
translational opportunities to study immunotherapies for pediatric
cancers. However, a major challenge remains in identifying cell surface molecules that meet the stringent criteria for optimal safety and
therapeutic efficacy. Despite decades of research on GD2, the neuro
blastoma cell surface proteome remains largely unexplored. Furthermore, although a mAb targeting GD2 (dinutuximab) has become
the first FDA-approved therapy for children with high-risk neuroblastoma, it is a very toxic therapy, with pain and anaphylaxis as
common causes for drug discontinuation, and relapse still occurring
in at least half of patients.
A recent study has nominated glypican-2 (GPC2) as a candidate
immunotherapeutic target in neuroblastoma, providing a foundation
for further development of GPC2-directed immune-based therapies
(6), but little is known about the neuroblastoma surfaceome. We
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and others have shown that germline gain-of-function mutations in
the kinase domain of the anaplastic lymphoma kinase (ALK) oncogene,
located in the plasma membrane, result in heritable susceptibility to
develop neuroblastoma (7, 8). ALK is also the most common somatically
mutated gene in neuroblastoma (8–11), and small-molecule inhibitors
of ALK kinase activity have been rapidly developed and translated
to early-phase clinical trials (12–16). However, several of the common recurrent mutations result in de novo resistance to adenosine
5′-triphosphate (ATP)–competitive small molecular inhibitors, potentially limiting their utility in this disease (9, 10). We have previously
shown that native ALK protein is expressed on the surface of the
majority of neuroblastoma cells with or without germline or somatic
ALK mutations, but not on normal tissue, providing an opportunity for
development of ALK-targeting antibodies bearing cytotoxic payloads
(17). In addition, the recent discovery of the ALK ligand (18, 19) may
have an impact on ALK expression and activation in neuroblastoma.
Targeting ALK with an antibody-drug conjugate (ADC) is one
such potential therapeutic strategy. ADCs are a rapidly growing class
of anticancer drugs that combine the targeting properties of mAbs
(20) with the antitumor effects of potent cytotoxic drugs (21). Currently, four ADCs have been approved for use in the United States
and Europe: Adcetris (brentuximab vedotin) in 2011 for the treatment
of refractory Hodgkin’s lymphoma and anaplastic large cell lymphoma;
Kadcyla (ado-trastuzumab emtansine) in 2013 for the treatment of
HER2-overexpressing metastatic breast cancer: Besponsa (inotuzumab
ozogamicin) in 2017, indicated for the treatment of CD22-related
acute lymphoblastic leukemia; and a fourth ADC, Mylotarg (gemtuzumab
ozogamicin), which has been recently reapproved for the treatment
of CD33-positive acute myeloid leukemia (AML) patients (22).
We describe the identification of an antibody suitable for an ADC
approach with consideration of target specificity, affinity, internalization into target-expressing cells, and cross-species reactivity. We present
preclinical data on the activity of an ALK-directed ADC (CDX-0125-TEI)
consisting of CDX-0125, an anti-ALK mAb, coupled to interchain
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Enthusiasm for the use of antibody-drug conjugates (ADCs) in cancer therapy has risen over the past few years.
The success of this therapeutic approach relies on the identification of cell surface antigens that are widely and
selectively expressed on tumor cells. Studies have shown that native ALK protein is expressed on the surface of
most neuroblastoma cells, providing an opportunity for development of immune-targeting strategies. Clinically
relevant antibodies for this target have not yet been developed. Here, we describe the development of an ALK-ADC,
CDX-0125-TEI, which selectively targets both wild-type and mutated ALK-expressing neuroblastomas. CDX-0125-TEI
exhibited efficient antigen binding and internalization, and cytotoxicity at picomolar concentrations in cells with
different expression of ALK on the cell surface. In vivo studies showed that CDX-0125-TEI is effective against ALK
wild-type and mutant patient-derived xenograft models. These data demonstrate that ALK is a bona fide immuno
therapeutic target and provide a rationale for clinical development of an ALK-ADC approach for neuroblastomas
and other ALK-expressing childhood cancers such as rhabdomyosarcomas.
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cysteine residues via a dipeptidic cleavable linker to a thienoindole
(TEI) DNA minor groove alkylating agent (23). CDX-0125-TEI
demonstrates antitumor activity in ALK-expressing models of human
neuroblastoma, both in vitro and in vivo. Furthermore, antitumor
activity was observed independent of ALK mutation status. The results presented here support further development of ALK-targeted
ADCs with potential utility in ALK-expressing pediatric tumors.
RESULTS

Sano et al., Sci. Transl. Med. 11, eaau9732 (2019)

13 March 2019

ALK is expressed on the surface of most neuroblastomas
and not in normal tissues
We next exploited CDX-0125 for quantification of plasma membrane ALK expression using flow cytometry in a panel of human
neuroblastoma–derived cell lines expressing either wild-type ALK
(SK-N-AS, NB-1691, and NBL-S) or mutated or amplified ALK (NB-
1643, SH-SY5Y, COG-N-453, SMS-SAN, Felix, and NB-1) using
molecules of equivalent soluble fluorochrome (MESF) methodology
(26). The data showed highly variable ALK expression across these
models, with no correlation to underlying ALK mutation status
(Fig. 1A).
In addition, we optimized an immunohistochemical (IHC) assay
using a commercially available anti-ALK mAb to evaluate ALK expression on a panel of 32 patient-derived xenografts (PDXs) from
high-risk human primary tumors in tissue microarrays (TMAs).
Surface ALK expression was quantified by converting the staining
intensity (range, 0 to 3) and the percentage of cells with expression to
an H-score (range, 0 to 300). A total of 63% of cores (20 of 32) had a
membrane staining H-score of 100 or greater, confirming high expression of ALK on the cell surface in the majority of neuroblastoma tumors
(Fig. 1, B and C, and fig. S2A). We next explored ALK expression on
the surface of cells from dissociated PDX tumors with both immuno
blotting and flow cytometry using a phycoerythrin (PE)–conjugated
ALK antibody. Immunoblotting (Fig. 1D) and semiquantitative analysis
(Fig. 1E) of four mouse-depleted PDX homogenates showed differential ALK expression, consistent with the IHC H-scores. Upon
quantitative analysis of MESF, we demonstrated a similar range of
cell surface ALK expression (Fig. 1F). Last, we performed IHC with
the same antibody on a comprehensive normal pediatric TMA (n = 36
pediatric normal tissues that cover all the major human organs) and
showed absent staining in all cores (fig. S2B). Collectively, our data
show that ALK is widely expressed on the cell surface of most neuroblastoma cell lines and PDX tumors, and its expression appears to
be restricted to tumor tissue.
CDX-0125 is efficiently internalized after binding ALK
To determine if an ADC approach might be considered for immuno
therapeutic targeting of ALK in neuroblastoma, we examined internalization kinetics after treating neuroblastoma cells with CDX-0125.
We titrated CDX-0125 in the high ALK–expressing human NB-1
neuroblastoma and murine Neuro-2a cells and showed robust binding with an apparent dissociation constant of about 500 pM; conversely, CDX-0125 binding to the ALK-null cell line SK-N-AS was
not observed (Fig. 2A). Here, we used two approaches: a qualitative
immunofluorescence staining and a quantitative flow cytometric
analysis. Internalization of Alexa 488–conjugated CDX-0125, after
binding to NB-1 cells, was visualized by microscopy. At 4°C, CDX0125–Alexa 488 showed distinct membrane localization (Fig. 2B, left).
Conversely, after incubation at 37°C for 4 hours, membrane localization was markedly reduced and CDX-0125 appeared as punctuated
intracellular aggregates throughout the cytosol (Fig. 2B, right). To
corroborate these cell imaging data, we quantitatively assessed antibody internalization as a function of time in six cell lines with differential expression of cell surface ALK. Upon CDX-0125 antibody
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ALK-specific mAbs were generated and characterized
We previously demonstrated that a tool ALK antibody, which is not
available for clinical development, was effective at inducing antibody-
dependent cellular cytotoxicity (ADCC) and immune cell–independent
growth inhibition and cytotoxicity against a single ALK mutant
neuroblastoma cell line (17). To further develop this concept, we
generated a panel of 32 ALK-targeting mAbs by immunizing mice
with a purified human ALK antigen encompassing the extracellular
domain. Hybridoma-derived murine mAbs were evaluated for binding to ALK-expressing neuroblastoma cells, apparent affinity, domain
binding, and activity in phosphorylation and proliferative assays.
mAbs that demonstrated both strong binding to ALK-expressing
NB-1 cells and modulation of ALK phosphorylation in these cells
were converted to human immunoglobulin G1 (IgG1) heavy and
light constant regions. Nine antibodies with low dissociation constant
(Kd) and strong reactivity to ALK were prioritized (table S1) for further evaluation to assess their inhibitory properties as unconjugated
antibodies.
We performed viability assays with increasing concentrations of
each antibody against the NB-1 cell line, which harbors high-level
ALK amplification and protein expression (10). Whereas crizotinib
induced the expected concentration-dependent decrease in cell viability (12, 13), we observed no evidence of cytotoxicity with the candidate ALK antibodies when compared to IgG-treated controls (fig. S1A).
None of the candidate antibodies exhibited growth inhibitory properties
when administered to an expanded panel of human neuroblastoma–
derived cell lines harboring wild-type (NB-EBc1 and NB-1691) or
mutated ALK (NB-1643, R1275Q; SH-SY5Y, NBS-D; and Kelly, F1174L).
No cytotoxicity was observed compared to the IgG control upon
treatment for different amounts of time (4 to 72 hours) or upon
combination of antibodies with distinct epitope specificity. Furthermore, we did not observe enhanced cytotoxicity upon combining
crizotinib with the varying candidate ALK antibodies in cells harboring de novo resistant ALK mutations (17).
From these, mAb CDX-0125 exhibited potent binding to ALK-
expressing cells, rapid internalization, cross-species reactivity (mouse
and human), and inhibited (rather than stimulated) basal ALK phosphorylation in NB-1 cells (fig. S1B), rendering it as an appropriate
candidate for conjugation to a cytotoxic agent. We pursued in vitro
analyses of ADCC using aCella-TOX, a coupled bioluminescent
method that measures glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) release from target cells. Using GD2, which has been extensively studied as the primary target of antibody recognition in
neuroblastoma (24, 25), as a positive control, we found that CDX0125 was not capable of exerting an ADCC effect when tested against
the NB-1 cell line (fig. S1C). Although high concentrations of extracellular GAPDH were detected in samples treated with anti-GD2
ch14.18 at 25 g/ml, samples incubated with the anti-ALK antibody
CDX-0125, across a range of concentrations, showed no evidence of

ADCC (fig. S1C). Together, these results demonstrated that none of
these antibodies had meaningful antiproliferative activity, nor could
they induce an immune-mediated antitumor response in neuroblastoma cell lines.

A

B
MESF

- ALK-F1174
- ALK-R1275
- ALK-R1245
- ALK-amplified

Membrane staining H-score

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
300
240
180
160
120
100
80
70
60
50
40
30
20
10
0

0

2

4

6

8

Number of PDXs

C

x
24
-4
-N
G
CO

D
SK-N-AS

COG-N-424x

NBL-S

COG-N-453x

Felix-PDX

x
53
-4
-N
G
CO

S
LNB

DX
-P
lix
Fe

ALK

34

E

40

60

Immunoblot densitometry

210

F

Cell surface ALK expression
6000

150,000

MESF

100,000

2000

50,000
0

X
-P
lix
Fe

-4
G
-N

D

53

x

S
LB
O
C

-4
G
-N
C

N

24

D
-P
lix
Fe

-4
-N
O
G

x

X

x
53

LB
N
C

-N

-4

24

x

S

0

O
G
C

4000

O

Ratio ALK / -actin

200,000

Fig. 1. ALK is widely expressed in neuroblastoma. (A) Cell surface ALK was quantified in a representative panel of nine neuroblastoma-derived cell lines expressing
amplified (NB-1), wild-type (NB-1691 and NBL-S), or mutated ALK [SH-SY5Y, F1174L; COG-N-453, F1174L; NB-1643, R1275Q; SMS-SAN, F1174L; and Felix, F1245C (indicated
with red symbols)]. Data are shown as means ± SD (n = 2 to 8). (B) ALK expression was determined by TMA analysis of 32 different neuroblastoma PDX models. Expression was quantified via determination of H-scores, which takes into consideration the staining intensity in conjunction with the percentage of cells staining positively.
(C) Representative H-scores and staining patterns are shown in a subset of samples: SK-N-AS (null), COG-N-424x (moderate), NBL-S (moderate), COG-N-453x (moderate),
and Felix-PDX (strong). Scale bars, 200 m. (D) A fraction of mouse-depleted homogenates was subjected to immunoblotting analysis to determine ALK expression.
-Actin was used as a loading control. (E) ALK bands visualized in (D) were quantitated using densitometry analysis and expressed as the ratio of ALK signal over -actin
signal. Data are presented as means ± SD (n = 3). (F) Flow cytometry analysis was performed in mouse-depleted dissociated PDXs, and fluorescence was quantitated on
the basis of MESF using standard beads. Data are presented as means ± SD (n = 2).

binding, cells were further incubated at 37°C at the indicated time
points (Fig. 2C)—10 to 60 min—and subsequently stained with a
fluorescent secondary antibody. Internalized CDX-0125 was indirectly
calculated by subtracting the fluorescence units detected in 37°C-
incubated cells from the fluorescence of cells in which only binding
was allowed to occur at 4°C for 1 hour. The extent of CDX-0125
internalization in each cell line differed considerably and was proportional to the magnitude of cell surface ALK expression. For instance, cells harboring amplified ALK (NB-1) internalized high amounts
of CDX-0125 over time compared to IMR-32 and SK-N-AS, both
cell lines with low or null ALK expression.
An ALK ADC was developed by conjugation of CDX-0125
with DNA-alkylating agent NMS-P945
We explored two distinct classes of linker and toxin platforms to
select the ADC with the highest potential for efficacy. In addition to
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potency, we considered several other properties of the cytotoxic payloads, including chemical structure and drug resistance mechanisms.
CDX-0125-TEI was generated by the conjugation of purified CDX0125 to the TEI derivative NMS-P945, a DNA minor groove alkylating agent bearing a peptidic cleavable drug linker and a self-immolative
spacer (Fig. 2D), which, through lysosomal enzyme cleavage inside the
tumor cells, allows the release of the free toxin NMS-P528. NMS-P945
is conjugated to CDX-0125 through partial reduction of interchain
cysteine residues, yielding an average drug-antibody ratio (DAR) of
2.7, and >95% monomer content. We showed that conjugating CDX0125 to this TEI DNA-alkylating agent resulted in much greater
ALK-dependent cytotoxicity in neuroblastoma cells than conjugation
with a tubulin-disrupting agent (fig. S3), a difference observed in
two human neuroblastoma–derived cell lines (ALK wild-type IMR-32
and ALK mutant SK-N-SH), which supported further evaluation of
the TEI as the payload for CDX-0125.
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Fig. 2. CDX-0125-TEI efficiently binds to cell surface ALK and is internalized. (A) CDX-0125-TEI binds to both mouse (Neuro-2a) and human ALK (NB-1) with picomolar
affinity and does not bind to SK-N-AS cells, an ALK-null line. Experiments were performed three independent times. Data are presented as means ± SEM (n = 3). (B) Representative images of immunofluorescence experiments showing localization of CDX-0125-TEI at the cell membrane (30 min at 4°C, left) and at the cytoplasm of NB-1 cells
(4 hours at 37°C, right). Scale bars, 50 m. (C) Quantitative internalization of CDX-0125 in NB-1, Felix, NBL-S, SK-N-SH, IMR-32, and SK-N-AS cells over a 60-min time course.
Data are presented as mean values (n = 2 to 3). (D) Schematic illustration of the CDX-0125-TEI molecule. The TEI NMS-P528 bearing a minor groove binding moiety
(MGBM) is released after peptidic cleavage by lysosomal proteases and spacer self-immolation, resulting in the removal of the protective moiety and release of the toxin.

CDX-0125-TEI demonstrates in vitro cytotoxicity against
ALK-expressing cells
The cytotoxic activity of CDX-0125-TEI against a panel of four human
neuroblastoma–derived cell lines expressing different forms and
amounts of cell surface ALK was evaluated using cell viability assays.
The toxin was potently cytotoxic across all four neuroblastoma cell
lines regardless of ALK expression or mutation status (Fig. 3). CDX-
0125-TEI yielded median inhibitory concentration (IC50) values of
5.8 pM against NB-1 (ALK-amplified), 4.7 pM against IMR-32 (ALK
wild type), 21.7 pM against SK-N-SH (ALK F1174L), and >1000 pM
against SK-N-AS (ALK null). Despite the similar activity observed
for the TEI-free toxin NMS-P528 in all tested cell lines, robust killing
was seen for CDX-0125-TEI in all three ALK-expressing cell lines,
but not in the SK-N-AS cell line, where ALK expression is not detectable. To further confirm on-target killing by CDX-0125-TEI, we
used a nonbinding control human IgG1 conjugated to TEI and observed
minimal cytotoxicity activity with this negative control, IgG1-TEI
(Fig. 3). Collectively, these data demonstrate that CDX-0125-TEI
mediates cytotoxicity in an antigen-dependent manner.
CDX-0125-TEI induces single-strand DNA damage
and apoptosis
The payload in CDX-0125-TEI is a potent minor groove alkylating
compound that covalently modifies DNA by generating inter- and
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intrastrand cross-links (23, 27). We evaluated the ability of CDX0125-TEI to induce single-strand DNA damage using an assay designed to quantify sensitivity of DNA to thermal denaturation in
condensed chromatin of apoptotic cells (28). After 5 days of treatment with either CDX-0125-TEI or toxin alone (NMS-P528) at their
respective IC50 concentrations, NBL-S, Felix, and NB-1 cells showed
more than twofold increase in F7-26 staining over control IgG (fig.
S4). Conversely, the ALK-null SK-N-AS cells showed sensitivity restricted to NMS-P528 alone and SN-38, the active drug released by
irinotecan. Furthermore, annexin V staining showed induction of
apoptosis in a panel of neuroblastoma cells treated with either CDX-
0125-TEI or NMS-P528 alone (Fig. 4A), as well as induction of the
apoptosis marker cleaved caspase-3 demonstrated by immunoblotting
in the relatively high ALK–expressing NBL-S cells (Fig. 4B) and, to
a lesser extent, in low ALK–expressing COG-N-453 cells (Fig. 4C).
These data show on-target activity of CDX-0125-TEI, with apoptosis
observed even in cells with low receptor density.
CDX-0125-TEI is effective against ALK wild-type and mutant
PDX models
Efficacy of CDX-0125-TEI was initially evaluated in two PDX models
with varying ALK expression and mutation status, Felix-PDX (ALK
F1245C) and COG-N-453x (ALK F1174L). Tumor-bearing animals
were randomized to treatment by intraperitoneal injections with
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Fig. 3. CDX-0125-TEI is cytotoxic to ALK-expressing neuroblastoma cells in vitro. Neuroblastoma cells expressing
wild-type ALK (NB-1 and IMR-32) and mutated ALK (SK-N-SH) or with no detectable ALK expression (SK-N-AS) were
treated with increasing doses of CDX-0125-TEI, a control IgG1 antibody conjugated with TEI (IgG1-TEI), or the free
payload (NMS-P528). Titration of CDX-0125-TEI induced cytotoxic activity in all ALK-expressing models, with IC50
values in the picomolar range and independent of ALK mutation status or number of cell surface ALK receptors. By
contrast, no measurable IC50 value could be derived in the ALK-negative cell line SK-N-AS. Free NMS-P528 elicited
complete cell killing at sub-picomolar concentrations in all cell lines tested. Quoted IC50 and ALK expression values
reflect calculated means and SEM (n = 3) from at least three independent experiments.
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Fig. 4. CDX-0125-TEI induces apoptosis. (A) Apoptosis was quantified by annexin V–FITC (fluorescein isothiocyanate)
and analyzed by FACS (fluorescence-activated cell sorting) in neuroblastoma cells (SK-N-AS, COG-N-453, NBL-S, Felix,
and NB-1) treated with CDX-0125, CDX-0125-TEI, NMS-P528, or IgG1 control at their predetermined IC50 values. Values
from a representative experiment are shown. Experiments were performed three independent times. (B) NBL-S and
(C) COG-N-453 were subjected to immunoblot analysis and probed for the apoptosis marker cleaved caspase-3 and
GAPDH as a loading control. Each bracket represents three independent samples. WT, wild type.
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IgG, unconjugated CDX-0125, or CDX-
0125-TEI once a week for two consecutive weeks at a range of doses: 1, 3, and
10 mg/kg (Fig. 5). Although CDX-0125-
TEI binds potently to mouse ALK and
human ALK, CDX-0125-TEI was well
tolerated with no observed overt toxicities. Significant tumor growth delay was
achieved in Felix-PDX after two injections of CDX-0125-TEI (Fig. 5A), and
this was dose dependent (Fig. 5A and
table S2; P < 0.0001). Tumor growth delay was initially achieved, but all tumors
progressed starting at about 2 weeks from
the second injection (Fig. 5A). CDX-0125-
TEI was less effective against COG-N453x (Fig. 5B) despite a survival benefit
(table S2). A dose-dependent induction
of cleaved caspase-3 was seen in all tested
models (fig. S5). Although we observed
down-regulation of phosphorylated ALK
in the tumors treated with doses of 1
and 3 mg/kg, we believe that this effect
was transient and not biologically relevant, given that tumors were harvested
only 4 hours after the second injection,
a time point at which CDX-0125-TEI
may not have been fully cleared in vivo.
Because the majority of primary
neuroblastoma tumors express native
ALK, we evaluated the efficacy of CDX-
0125-TEI in two ALK-expressing/ALK
wild-type models, COG-N-424x (PDX
model, Fig. 6A) and NBL-S (cell line
xenograft model, Fig. 6B). Because of
the absence of overt toxicity in the above
models, CDX-0125-TEI was dosed at
15 mg/kg once weekly for two doses and
compared with unconjugated CDX-0125
and control IgG1. We observed antitumor
activity in both models in the absence
of toxicity; objective tumor regressions
were seen at early time points in the COG-
N-424x PDX model, and a survival advantage was observed in both models
(table S3). We again observed abrogation of ALK signaling in NBL-S across a
range of doses, although not at 10 mg/kg
despite induction of apoptosis (fig. S5).
Last, to explore more prolonged exposures
to CDX-0125-TEI, we studied weekly
dosing at 3 and 10 mg/kg over the course
of 4 weeks (fig. S6) and observed tumor
shrinkage from enrollment size and further prolongation of survival but eventual escape in all animals after treatment
cessation. Collectively, these preclinical models show that CDX-0125-TEI de
monstrates robust antitumor activity
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Fig. 5. CDX-0125-TEI induces antitumor activity in ALK mutant PDX models of neuroblastoma. The in vivo efficacy of CDX-0125-TEI was evaluated in female CB17
severe combined immunodeficient (SCID) mice bearing (A) Felix-PDX (ALK F1245C) and (B) COG-N-453x (ALK F1174L). Upon enrollment, mice (n = 10 per group) were
intraperitoneally injected with the following drugs: CDX-0125-TEI [1 mg/kg (yellow), 3 mg/kg (light blue), or 10 mg/kg (red)], IgG control (10 mg/kg) (black), or CDX-0125
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in ALK-expressing neuroblastoma PDX models, independent of
ALK mutation status.
DISCUSSION

Targeted therapies that inhibit driver oncogene mutations have the
advantage of being highly tumor specific. However, as we have shown
for ALK-driven neuroblastomas, only a subset of tumors harbor activating mutations, and primary and/or acquired drug resistance is
a major obstacle (9, 10, 12, 13, 29). To be a safe immunotherapeutic
target, a cell surface molecule must show absent or very limited cell
surface expression on normal human tissues. We have previously
shown that ALK is widely expressed in most high-risk primary
neuroblastoma tumors regardless of mutation status and that expression is stronger in patients with advanced-stage and MYCN-
amplified disease (17). In this study, we confirm tumor-specific cell
surface ALK expression in human neuroblastoma–derived cell
Sano et al., Sci. Transl. Med. 11, eaau9732 (2019)
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lines and PDXs and the absence of expression in pediatric normal
tissues.
We generated and tested a panel of ALK antibodies raised against
the extracellular domain of ALK and found these reagents to be insufficiently effective at blocking signaling or inducing ADCC to be
developed as therapeutic antibodies. A recent study explored the
utility of targeting ALK using CAR-based immunotherapy and showed
limited antitumor activity (30) but used cell line models with low
ALK expression; future CAR T cell approaches directed against ALK
will require optimization to engage more signaling molecules and
testing in relevant ALK-expressing models. Here, we explored the
potential of achieving antitumor activity in ALK-expressing neuroblastoma models by conjugating a highly specific ALK antibody
(CDX-0125) with a TEI payload that promotes cell death. This approach addresses the challenges of threshold receptor density, which,
for ALK, varies substantially. We show that conjugation to a DNA-
alkylating agent is much more potent at inducing cytotoxicity in
6 of 11
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off-target toxicity (31).
These data show that ALK is a suitable target for an ADC approach, which
CDX-0125-TEI, 15 mg/kg
CDX-0125, 10 mg/kg
IgG1 control, 10 mg/kg
can broaden the utility of this target in
Fig. 6. CDX-0125-TEI induces antitumor activity in ALK wild-type models of neuroblastoma. The in vivo efficacy
neuroblastoma and other ALK-expressing
of CDX-0125-TEI was evaluated in female CB17 SCID mice bearing (A) COG-N-424x (ALK wild-type) and (B) NBL-S (ALK
malignancies (32). The clinical develop
wild-type). Upon enrollment, mice (n = 10 per group) were intraperitoneally injected with 15 mg/kg of one of the
ment of an ALK ADC approach, which
following drugs: CDX-0125-TEI (magenta), IgG control (black), or CDX-0125 (blue) on day 0 of enrollment and on day 7,
should be safe because of the absence
indicated by arrows. Tumor volume was measured twice a week until tumors reached ≥3 cm3 (left graphs). Kaplan-
of ALK expression on normal tissues,
Meier curves (right graphs) were compared using a log-rank test and expressed as percentage of survival.
will require human studies and retrospective quantification of ALK expression in patient tumors to inform whether
neuroblastoma cells than conjugation with a tubulin-disrupting a target expression cutoff can predict improved efficacy and duraagent. Our in vitro studies revealed potent antibody binding, effective tion of responses.
internalization, selective delivery of the cytotoxic agent, and induction of apoptosis in a panel of human neuroblastoma–derived cell
MATERIALS AND METHODS
lines with differential ALK expression.
To assess the therapeutic activity of CDX-0125-TEI, we treated Study design
PDX models, several of which are generated from heavily pretreated This study was designed to develop immune-targeting strategies
patients with drug-resistant neuroblastoma expressing varying amounts against the native ALK protein expressed on the cell surface of neuro
of cell surface ALK. We demonstrated antitumor efficacy only against blastoma tumors. An IHC assay using a commercially available anti-
models with relatively high cell surface ALK expression. We also ALK mAb was optimized to evaluate ALK expression on a panel
showed transient down-regulation of activated ALK in vivo, sug- of 32 PDXs from high-risk human primary tumors in TMAs and
gesting that if administered consistently, antibody binding could showed that ALK is widely expressed on the cell surface of most
inhibit ALK-mediated cell signaling, whereas the conjugated DNA- neuroblastoma tumors and its expression appears to be restricted to
alkylating agent provides cytotoxic activity. These preclinical data tumor tissue. A panel of 32 ALK-targeting mAbs was generated by
provide proof of concept that targeting cell surface ALK using an immunizing mice with a purified human ALK antigen encompassing
ADC approach is a rational strategy for ALK-expressing neuroblastomas. the extracellular domain, with prioritization of nine antibodies for
Future work will need to focus on development of other candidate further testing. None of the candidate naked antibodies exhibited
binders to diverse epitopes, as well as further characterization of the antiproliferative activity, nor could they induce an immune-mediated
cell surface receptor density threshold required for ADC targeting. antitumor response in neuroblastoma cell lines. mAb CDX-0125
We observed that although the expression of cell surface receptor was was selected as an appropriate candidate for further evaluation, inindependent of ALK mutation status, modest expression of ALK was cluding quantification of plasma membrane ALK expression using
not sufficient to elicit ADC-mediated cytotoxicity in vitro and in vivo. flow cytometry in a panel of human neuroblastoma–derived cell lines
We expect that it will be important to determine whether receptor and assessment of internalization kinetics. Flow cytometry showed
A
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low endotoxin (<1 endotoxin unit/mg) and was >95% pure and >95%
monomeric, as assessed by SDS–polyacrylamide gel electrophoresis
(SDS-PAGE) and SEC-UPLC using a UPLC BEH200 column in a
Waters Acquity instrument.
Hybridomas expressing anti-ALK mAbs were established from
mice immunized with fragments of the purified ALK extracellular
domain (Abpro Therapeutics). Binding of each mAb to ALK-
expressing neuroblastoma cells was confirmed by flow cytometry.
Among these, CDX-0125 was selected on the basis of its cross-species
reactivity, affinity, and cytotoxic activity in ALK-positive neuroblastoma cells when conjugated to the TEI payload NMS-P945. CDX-
0125 was converted to a human IgG1 bearing human constant light
and heavy chains and murine variable domains.
NMS-P945 was conjugated to the CDX-0125 antibody through a
partial interchain disulfide reduction followed by derivatization with
the drug with the aim of reaching an average DAR of 2.5 to 3.0. The
resulting ADC CDX-0125-TEI was characterized by SEC to check
for aggregated material, by hydrophobic interaction chromatography
to evaluate the distribution of the different isoforms, and by reducing
and nonreducing SDS-PAGE to assess purity. Liquid chromatography–
mass spectrometry analysis on the reduced product allowed DAR
determination.

mAb generation
The region of human ALK encompassing the glycine-rich region and
epidermal growth factor domain (T637-S1038) was expressed as a
His-tagged protein in 293-F cells, purified by nickel affinity chroma
tography, and buffer-exchanged to phosphate-buffered saline (PBS).
Mouse immunizations and hybridoma generation were carried out
by Abpro Therapeutics. Hybridomas yielding ALK-reactive mAbs
were subcloned to ensure monoclonality. Variable heavy and light
regions from hybridomas of interest were amplified by rapid amplification of complementary DNA ends (RACE) and subcloned into
vectors containing human IgG1 constant heavy or light domains to
generate chimeric antibodies. Purified chimeric antibodies were functionally tested to ensure similar activity to the hybridoma-derived
mouse mAb.

Antibody-dependent cell-mediated cytotoxicity
ADCC assays were performed using peripheral blood mononuclear
cells (PBMCs) from de-identified normal healthy donors as effectors.
PBMCs were obtained from the Children’s Hospital of Philadelphia
Core Facility. Target cells were preincubated with the control IgG1 mAb,
CDX-0125, or the anti-GD2 ch14.18 mAb (1, 10, and 25 g/ml) for
1 hour before mixing with PBMCs and incubated for an additional
4 hours at a 50:1 effector/target cell ratio. ADCC was measured as a
function of intracellular release of endogenous GAPDH using an
aCella-TOX kit (Cell Technology Inc.).

Binding assays
CDX-0125 binding assays were performed on cells expressing human
(NB-1) and mouse (Neuro-2a) ALK. The ALK-null cell line SK-N-AS
was used as negative control. Briefly, cells were lifted with EDTA,
Antibody purification and ADC conjugation
blocked for 1 hour on ice in PBE (PBS containing 0.2% IgG-free
A subset of 32 antibodies against both the C-terminal and the bovine serum albumin and 2 mM EDTA), and subsequently incubated
N-terminal portions of ALK protein were purified from the conditioned with increasing concentrations of CDX-0125 in PBE for 2 hours on ice.
media of subcloned hybridomas. Hybridomas were grown in serum- Cells were washed and incubated with a goat anti-human secondary
free hybridoma medium (Invitrogen) supplemented with 2% super antibody labeled with Alexa Fluor 647 (Jackson ImmunoResearch) for
low IgG fetal bovine serum (FBS) (HyClone), and the ALK IgG in the 1 hour on ice. Cells were washed, incubated with 7-aminoactinomycin
conditioned supernatant was purified over protein G. The antibodies D (7-AAD) to gate out dead cells, and read in an Accuri C6 flow
were eluted with acid, immediately neutralized, and buffer-exchanged cytometer (BD Biosciences). Background-subtracted mean fluoresinto PBS. Typical purity was >95%. The antibody concentrations were cence intensities were normalized and plotted as a function of antidetermined by A280 (absorbance at 280 nm), and quality (% aggrega body concentration. Data were fit to a single binding site equation
tion and purity) was assessed by size exclusion chromatography– using GraphPad Prism, from which apparent Kd values were derived.
ultra-performance liquid chromatography (SEC-UPLC).
Plasmids encoding the light and heavy chain of CDX-0125 or a Internalization
control human IgG1 chimeric antibody were transiently coexpressed Cell-based antibody binding and internalization were quantitatively
in Expi293 cells (Thermo Fisher Scientific) using polyethylenimine. assessed by flow cytometry, as described in (33). Briefly, cells were
Conditioned medium containing the antibodies was flowed over a preincubated with CDX-0125 (100 nM) at 4°C for 30 min to allow
MabSelect SuRe column (GE Healthcare). Bound antibody was washed binding to occur. After a wash step, cells were incubated in an atwith PBS, eluted in 0.1 M glycine (pH 2.7), and immediately neutralized mosphere of 5% CO2 at 37°C for the indicated time intervals rangwith 1 M tris (pH 7.4). Purified antibody was buffer-exchanged into ing from 10 to 60 min (triplicates). Cells collected from each of
PBS by tangential flow filtration using a Sartorius Slice ECO with a these time points were next incubated with an anti-human IgG Fc
30-kDa cutoff Hydrosart cassette. The antibody was purified with PE antibody (Invitrogen). Internalized CDX-0125 was represented
Sano et al., Sci. Transl. Med. 11, eaau9732 (2019)
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highly variable ALK expression with no correlation to underlying
ALK mutation status. The extent of CDX-0125 internalization in
each cell line differed considerably and was proportional to the
magnitude of cell surface ALK expression. An ALK ADC (CDX0125-TEI) was generated by the conjugation of purified CDX-0125
to the TEI derivative NMS-P945, a DNA minor groove alkylating
agent bearing a peptidic cleavable drug linker and a self-immolative
spacer. The cytotoxic activity of CDX-0125-TEI against a panel of
four human neuroblastoma–derived cell lines expressing different
forms and amounts of cell surface ALK was evaluated using cell
viability assays conducted with multiple technical and biological replicates to ensure reproducibility of data. To evaluate the in vivo
antitumor activity of an ALK-ADC, we conducted pilot testing across
a range of doses in neuroblastoma xenograft models harboring
varying ALK expression and mutation status. Sample size (n = 10)
was chosen on the basis of power analysis to be sufficient to define
statistically significant differences in tumor response rates between
each treatment arm. Data collection was ceased, and the mice were
euthanized if they showed ≥20% weight loss from their initial body
weight or when their tumor volume reached ≥3 cm3. Mice were
randomized to control versus treatment groups, and the investigators
were not blinded to the experiments.
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by absolute fluorescence units obtained by subtracting fluorescence
of cells incubated at different time points from fluorescence of cells
kept at 4°C—a condition that halted internalization. Microscopy-
based assessment of antibody internalization was performed in
NB-1 cells plated in coverslips. Qualitative analysis was achieved by
microscopic inspection of green fluorescence using the 488-nm laser
channel (Leica CTR5000, LAS X) in cells incubated with Alexa 488–
labeled CDX-0125 at 4°C for 30 min and at 37°C, 5% CO2 for 4 hours.

Single-strand DNA damage analysis
Cells were treated with either IgG1 controls or CDX-0125-TEI for
5 days and further analyzed upon overnight fixation in methanol/PBS
(6:1). Staining with F7-26 mAb was performed and analyzed with
an LSR II flow cytometer (BD Biosciences), and data were acquired
using microspheres labeled with predetermined amounts of Alexa
488 (Bangs Laboratories Inc.). The beads were run in parallel with
samples to establish a calibration curve relating instrument channel
values and standardized fluorescence intensity units.
Apoptosis
The relative percentage of apoptotic cells were assessed using the
Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen), according to the manufacturer’s protocol. Briefly, cells were washed
twice with PBS, and the pellet was resuspended in annexin V binding buffer at a concentration of about 106 per milliliter. Five microliters of annexin V–FITC per 105 cells was added to the samples.
Tubes were incubated for 15 min at room temperature in the dark
before FACS analysis.
Immunoblot analysis of protein expression
Phosphorylated/total ALK and markers of apoptosis were measured
by Western blotting 5 days after dosing, as previously described
(13). Briefly, total protein concentration was measured using the
bicinchoninic acid (BCA) method, and 50 or 150 g of protein in
cells or tissues, respectively, was separated on 4 to 12% bis-tris
gradient gels. Upon immobilization onto polyvinylidene difluoride
(PVDF) membranes, proteins were labeled using one of the following antibodies: phosphorylated ALK (Y1278), total ALK, cleaved
caspase-3, and GAPDH (Cell Signaling Technology). Subsequently,
membranes were washed with tris-buffered saline with Tween-20
(TBST), incubated with horseradish peroxidase (HRP)–conjugated
secondary antibodies, and developed using Pierce SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific).
TMA construction
PDX-bearing mice were euthanized when the tumor reached 0.6 to
1.5 cm3 in volume. Tissue was fixed in 10% neutral buffered formalin
(Thermo Scientific, catalog no. 9400-1) and paraffin-embedded.
Sano et al., Sci. Transl. Med. 11, eaau9732 (2019)
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Immunohistochemistry
IHC with rabbit anti-ALK clone D5F3 (Cell Signaling, catalog no.
3633) antibody was performed using a Bond Max automated staining
system (Leica Biosystems. DS9263). Avidin/Biotin solution (Vector
Labs, SP-2001) and Protein Block (Dako, X0909) were added. Anti-
ALK antibody was used at 1:500 dilution, and antigen retrieval was
performed with E2 (Leica Microsystems) retrieval solution for 20 min.
Slides were rinsed, dehydrated through a series of ascending concentrations of ethanol and xylene, and then coverslipped. Stained
slides were then digitally scanned on an Aperio CSO slide scanner
(Leica Biosystems). The expression of ALK was evaluated using
H-scores. The H-scores consisted of an assessment of the intensity
of staining and the percentage of the staining area having a given
intensity. Only stained malignant cells were assessed. The samples
were grouped into the following four categories based on the intensity
of nuclear staining: none (0), weak (1), medium (2), and strong (3).
The indexed sum was obtained by multiplying the intensity grade
by the percentage of staining area.
Quantitation of ALK cell surface number
ALK cell surface number was determined using a flow cytometry–
based QIFIKIT assay (Dako/Agilent), according to the manufacturer’s
instructions. Briefly, cultured neuroblastoma cells were detached
using 2 mM EDTA in PBS and blocked in FACS buffer [PBS with
1% FBS (HyClone)] for 1 hour on ice. Cells were treated with 50 nM
of the fully murine precursor of mAb CDX-0125 for 1 hour on ice,
washed in FACS buffer, and stained with an FITC-labeled anti-
mouse secondary antibody provided with the kit. Cells were washed
in FACS buffer and incubated with 7-AAD for 5 min to exclude
dead cells, and fluorescence was measured using an Accuri C6 flow
cytometer (BD Biosciences). Receptor number was determined by
interpolating measured cell fluorescence to calibration standards
provided in the kit, as described by the manufacturer.
PDX dissociation
Freshly dissected tumor tissues were dissociated into single-cell suspensions using the Tumor Dissociation Kit (MACS Miltenyi Biotec).
Briefly, the tumor tissue was enzymatically digested using the kit components and the gentleMACS Dissociators for mechanical dissociation
9 of 11
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Cell viability assays
Cells were seeded at 2000 cells per well in black 96-well proliferation
plates (Corning) and dosed with a titration of conjugates or free toxin
(NMS-P528) for 3 to 5 days, until control untreated cells reached 80
to 90% confluence. Cytotoxicity was measured with CellTiter-Glo
(Promega) using a Synergy HT plate reader (BioTek). Luminescence
values were entered into GraphPad Prism and plotted as a function
of drug concentration. Data were fit to a four-parameter nonlinear
regression algorithm and normalized to control treatment, from
which IC50 values were derived.

Blocks were sectioned, and hematoxylin and eosin (H&E) staining
was performed to obtain a template guide slide to match the face of
each tissue block. A finalized list of tissue blocks for each array was
then used to create a final PDX TMA map in the Galileo TMA software package (Integrated Systems Engineering S.r.l.). Briefly, the array
was designed using 0.6-mm punches, and each tissue was punched
at least in duplicate. In instances where more than one PDX sample
was available for a given model, we included two tumors from two
separate mice for each model (four cores total per model, two
punches from two separate tumors). A total of 144 PDX cores were
used in each TMA block. Human placenta was used as an orientation marker on each array to mark the starting point (upper lefthand corner) and also a row down the middle of each sector to aid
in manual reading of the array. Using the marked slides as a guide,
core biopsies (0.6 mm) were extracted from the donor blocks and
inserted into the recipient block at defined array coordinates. After
punching, TMA blocks were heated in a 60°C oven for 5 to 10 min,
and a blank slide was used to level the face of the TMA block. The
normal pediatric TMA for ALK expression was previously reported (6).
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steps (34). After dissociation, samples were applied to a filter to remove any remaining larger particles from the single-cell suspension.
Subsequently, samples were centrifuged for 5 min at 300g, and pellets
containing red blood cells were incubated with Red Blood Cell Lysis
Solution (MACS Miltenyi Biotec). Remaining tumor cells (2 × 106)
were incubated with magnetic beads to remove mouse stroma cells
(Mouse Cell Depletion Kit, MACS Miltenyi Biotec) and then passed
through magnetic columns to retain bound mouse cells. Collected
fractions containing pure human tumor cells were immediately used
for flow cytometry and immunoblotting analyses.

In vivo efficacy studies
All studies were approved by the Children’s Hospital of Philadelphia
Institutional Animal Care and Use Committee protocol no. IAC
000643. Felix, COG-N-424x, and COG-N-453x PDXs and the NBL-S
cell line–derived xenograft were implanted subcutaneously into the
right flanks of female CB17 SCID female mice. When tumors
reached 200 mm3, the animals were randomized into groups of 10
and dosed intraperitoneally for two consecutive weeks—total of two
single injections—with the indicated treatments (IgG: 10 mg/kg,
CDX-0125: 10 mg/kg, or CDX-0125-TEI: 1, 3, or 10 mg/kg). In
some models, animals were treated with four injections of 10 mg/kg or
two injections of 15 mg/kg of CDX-0125-TEI or vehicle in consecutive weeks. Tumor volume [spheroid formula: V (volume in cm3) =
((L/2 + W/2)^3*/6)/1000, where L = length and W = width] and
total body weight were recorded two to three times weekly. Mice
were euthanized via carbon dioxide inhalation from a compressed
gas cylinder at tumor size ≥3 cm3. Death was ensured by cervical
dislocation after cessation of breathing as a secondary method of
euthanasia.
Statistical analysis
A linear mixed-effects model was used to test the difference in the
rate of tumor volume change over time among different groups.
Survival percentages were estimated using Kaplan-Meier methods,
and survival curves were compared using the log-rank test. Primary
data are shown in data file S1.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/11/483/eaau9732/DC1
Fig. S1. Unconjugated anti-ALK mAbs do not elicit cytotoxic activity alone or as mediators of ADCC.
Fig. S2. ALK is expressed in neuroblastoma but not in normal pediatric tissues.
Fig. S3. The DNA-alkylating CDX-0125-TEI is more potent than the CDX-0125-tubulin inhibitor.
Fig. S4. CDX-0125-TEI induces single-strand DNA damage.
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No neuroblastomas left behind
Anaplastic lymphoma kinase (ALK) is frequently expressed in neuroblastoma, one of the more common
pediatric cancers. Although small-molecule inhibitors of ALK are already in clinical use, the target protein often
develops mutations that impede the effectiveness of these drugs. As an alternative to chemical inhibitors, Sano et
al . developed an antibody-drug conjugate consisting of an antibody that recognizes ALK and a toxin that kills the
ALK-expressing cells. The authors confirmed that ALK is not expressed in normal healthy tissues, indicating that
this approach should be safe, and demonstrated the efficacy of the antibody-drug conjugate in mouse models of
neuroblastoma with wild-type and mutant ALK.

