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A GPC2 antibody-drug conjugate is efficacious
against neuroblastoma and small-cell lung cancer
via binding a conformational epitope
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In brief

Raman et al. report that GPC2 is a MYCN
transcriptionally regulated cell-surface
oncoprotein that is robustly differentially
expressed on neuroblastomas and
SCLCs, with enriched expression in the
tumor stem cell compartment. An ADC
that targets a GPC2 conformational
epitope induces sustained
neuroblastoma and SCLC tumor
regression without any apparent toxicity.
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SUMMARY

Glypican 2 (GPC2) is a MYCN-regulated, differentially expressed cell-surface oncoprotein and target for im-
mune-based therapies in neuroblastoma. Here, we build on GPC2’s immunotherapeutic attributes by finding
that it is also a highly expressed, MYCN-driven oncoprotein on small-cell lung cancers (SCLCs), with signif-
icantly enriched expression in both the SCLC and neuroblastoma stem cell compartment.By solving the crys-
tal structure of the D3-GPC2-Fab/GPC2 complex at 3.3 A resolution, we further illustrate that the GPC2-
directed antibody-drug conjugate (ADC; D3-GPC2-PBD), that links a human GPC2 antibody (D3) to DNA-
damaging pyrrolobenzodiazepine (PBD) dimers, binds a tumor-specific, conformation-dependent epitope
of the core GPC2 extracellular domain. We then show that this ADC induces durable neuroblastoma and
SCLC tumor regression via induction of DNA damage, apoptosis, and bystander cell killing, notably with
no signs of ADC-induced in vivo toxicity. These studies provide preclinical data to support the clinical trans-
lation of ADCs targeting GPC2.

INTRODUCTION

Despite dramatic therapy intensification, neuroblastoma re-
mains one of the most incurable pediatric malignancies.'* How-
ever, neuroblastomas are a malignancy that offers unique oppor-
tunities to target with immunotherapeutic approaches as they
represent a misappropriation of normal fetal nervous system
development and thus continue to selectively express lineage-
specific, tumor-dependent cell-surface molecules. However,
despite remarkable efficacy with chimeric antigen receptor
(CAR) T cells in the pediatric leukemias,® comparable clinical
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success for pediatric or adult solid tumors has not been realized
to date, making it imperative to explore other immune-based
therapies in these malignancies.” Antibodies targeting the disia-
loganglioside GD2 have credentialed antibody-based protein
therapeutics for neuroblastoma, and dinutuximab has recently
become the only US Food and Drug Administration (FDA)-
approved therapy for this disease.® Furthermore, this GD2 anti-
body is the cornerstone of maintenance therapy for children
with an initial neuroblastoma diagnosis and has also revolution-
ized the treatment of relapsed disease.® Antibody-drug conju-
gates (ADCs) similarly exploit the specificity of monoclonal
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antibodies and selectively and safely target potent drugs to an-
tigen-expressing tumor tissues, largely eliminating the systemic
side effects of these cytotoxic warheads.”® Importantly, ADCs
can also induce potent bystander cytotoxicity of antigen low-ex-
pressing cells within the tumor,®~'" which is especially attractive
for solid tumors that commonly have heterogeneous target
molecule expression.

In an unbiased screen of the neuroblastoma surfaceome, we
identified the cell-surface heparan sulfate (HS) proteoglycan
signaling co-receptor glypican 2 (GPC2) to be an almost ubiqui-
tously expressed oncoprotein on high-risk neuroblastoma tu-
mors that is transcriptionally activated by MYCN.'? GPC2- and
glypican 3 (GPC3)-bound antibodies are robustly internal-
ized,'?7'° suggesting that glypicans may be particularly ideal to
target with ADCs. Furthermore, given the growth dependence
on glypicans and their critical role in tumor-promoting
signaling pathways,'%'%151%1° these cell-surface molecules
may be more difficult for the tumor to downregulate as a mech-
anism of immunotherapy evasion. Thus, we have engineered a
GPC2-targeting ADC by linking a fully human GPC2 antibody
(D3-GPC2-1gG1 [immunoglobulin G1]) to DNA-damaging pyrro-
lobenzadiazepine (PBD) dimers (D3-GPC2-PBD) that showed
remarkable specificity in vitro and robust efficacy in a proof-of-
concept neuroblastoma in vivo study.'? However, it remains un-
clear how broadly acting GPC2-targeting ADCs would be across
different cancer histotypes and furthermore, what is the molecu-
lar basis of the D3-GPC2-PBD ADC'’s specificity, potent efficacy,
and favorable tolerability profile, all critical elements to the clin-
ical translation of GPC2 ADCs.

We now report high levels of GPC2 across several other can-
cers, most notably small-cell lung cancers (SCLCs), and fully
validate GPC2 as a robust immunotherapeutic target by showing
enrichment of GPC2 expression in the cancer stem cell compart-
ment. In turn, we provide a detailed molecular characterization of
the D3-GPC2 antibody that explains its high specific affinity for
tumor-associated GPC2 and its favorable in vivo safety profile.
Finally, we demonstrate potent and sustained anti-tumor
efficacy for this GPC2 ADC across a panel of genomically and
clinically diverse neuroblastoma and SCLC preclinical models
via induction of DNA damage, apoptosis, and robust bystander
cytotoxicity.

RESULTS

GPC2 is a MYCN transcriptionally activated cell-surface
oncoprotein in SCLCs

We have previously validated high levels of GPC2 on the neural-
derived pediatric cancers neuroblastoma, medulloblastoma, and
retinoblastoma.’® Now to more comprehensively define the full
spectrum of GPC2-expressing pediatric and adult malignancies,
we queried GPC2 expression across a large number of cancers us-
ing multiple RNA-sequencing datasets, including data from the St.
Jude PeCAN portal (https://pecan.stjude.cloud/home), the Pedc-
BioPortal for Integrated Childhood Cancer Genomics (https://
pedcbioportal.kidsfirstdrc.org), the R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl), the Cancer Genome
Atlas (TCGA; https://www.cancer.gov/about-nci/organization/
ccg/research/structural-genomics/tcga), and the Broad Institute

2 Cell Reports Medicine 2, 100344, July 20, 2021

Cell Reports Medicine

Cancer Cell Line Encyclopedia (CCLE; https://depmap.org/
portal/; Figure S1A).2°3" These data validated our prior
findings showing that a majority of neuroblastomas, medulloblas-
tomas, and retinoblastomas express high levels of GPC2'?
and also revealed appreciable GPC2 expression in a number
of non-medulloblastoma pediatric brain tumors, as well as
subsets of pediatric acute lymphocytic leukemias (ALLs; Fig-
ure S1B) and other pediatric solid tumors. Importantly, these
data also revealed that several adult cancers have overexpression
of GPC2, including SCLCs, uterine carcinosarcomas, and high-
grade gliomas.

We next wanted to validate robust cell-surface GPC2 expres-
sion on SCLCs given the similarities between SCLCs and
neuroblastomas, including neuroendocrine origin, common
amplification/overexpression of a MYC gene family member,
and continued poor outcomes despite multimodal toxic thera-
pies.*? First, comparing GPC1-GPC6 expression in SCLCs
with normal lung tissues revealed that the GPC2 tumor-normal
differential expression pattern was the most significant among
the glypican family and also that high levels of GPC2 were
restricted to malignant lung cells (Figure 1A), similar to the
GPC2 expression pattern in embryonal cancers such as retino-
blastoma (Figure S1C). Next, we subjected five genomically
diverse SCLC cell lines with varied GPC2 expression, genomic
drivers, and MYC family expression profiles (Table S1) to
GPC2-directed flow cytometry and western blot, confirming
neuroblastoma-comparable GPC2 and MYC family expression
(Figures 1B-1D; Figures S1D and S1E). To confirm high levels
of GPC2 expression on SCLCs in vivo, we generated SCLC
H526 xenografts and surprisingly found these tumors to have a
bimodal GPC2 expression pattern (GPC2H" and GPC2YitraH
cells), with GPC2Y"aH cells co-expressing higher levels of
SCLC stem cell markers CD133, CD338, CD87, CD44, and
CD166 (Figures 1E-1G).%*° To assess for MYC family regula-
tion of GPC2 in SCLCs, we next quantified MYCN binding to
the canonical E-Box motif present upstream of the GPC2 tran-
scription start site with chromatin immunoprecipitation (ChIP)
PCRin the MYCN-amplified H526 SCLC cell line, showing robust
binding of MYCN to this region of the GPC2 promoter (Figure 1H).
Furthermore, MYCN depletion in H526 cells resulted in concur-
rent GPC2 downregulation (Figures 11 and 1J). Finally, we also
investigated the phenotypic consequences of depleting GPC2
in this SCLC cell line panel, which revealed robust apoptosis in-
duction and significant growth inhibition in GPC2-depleted cells
similar to what we have observed in neuroblastoma (Figures 1K
and 1L)."? These data, taken together with our previous findings
showing robust MYCN transcriptional activation in MYCN-ampli-
fied neuroblastoma cell lines and broad GPC2 dependence in
neuroblastoma,'? validate GPC2 as a MYCN-regulated protein
critical to cancer cell growth.

GPC2 is significantly enriched in the neuroblastoma
stem cell compartment

To further investigate the bimodal GPC2 expression pattern that
we observed in the SCLC H526 xenograft and possible enriched
GPC2 expression in the putative cancer stem cell compartment,
we expanded our GPC2-directed flow cytometry studies to a
panel of neuroblastoma patient-derived xenografts (PDXs) and
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cell line xenografts (Figures 2A and 2B; Figures S2A and S2B;
Table S2). These analyses revealed a similar bimodal GPC2
expression pattern (GPC2H and GPC2Y""2H cell populations) in
neuroblastoma in vivo models, with the GPC2Y"@ cells having
a 20- to 164-fold higher GPC2 mean fluorescent intensity (MFI;
Figure 2C). Co-staining this panel of neuroblastoma PDXs and
xenografts with the neuroblastoma stem cell-surface markers
CD133, CD338, and CD117,°°°° and as a control the disialogan-
glioside GD2, we found that the GPC2Y""®" population of cells
also co-expressed significantly higher levels of stem cell mole-
cules (Figures 2B and 2D; Figure S2B). Some human and murine
neuroblastoma cell lines also showed a similar bimodal GPC2
expression pattern with GPC2Y""Hi cells again co-expressing
an enrichment of stem cell molecules (Figures 2E-2G). Impor-
tantly, in the relatively ADC-resistant cell line SK-N-AS, the
GPC2YraHi/cp1331 population of cells could be preferentially
eradicated with the GPC2-targeting D3-GPC2-PBD ADC, further
validating their enriched GPC2 cell-surface expression (Figures
2H and 2I).

To further validate these findings, we compared GPC2 expres-
sion in two low-GPC2-expressing neuroblastoma cell lines (SK-
N-SH and NBL-S) incubated in either RPMI-based media (10%
FBS; SK-N-SH/NBL-SF™M!) or alternatively in neurobasal (NB)
media with basic fibroblast growth factor (bFGF) and epidermal
growth factor (EGF) supplementation (SK-N-SH/NBL-SNB),
which has been shown to facilitate growth of neural stem cells.*°
Quantification of GPC2 expression in these paired cell lines
showed higher levels of GPC2 expression in SK-N-SH/NBL-
SNB cells (Figure 2J), which correlated with an acquired
susceptibility to the D3-GPC2-PBD ADC (half-maximal inhibitory
concentration [ICso] = 3.92 + 0.03 pM for NBL-SNE and ICs =
1.81 = 1.33 pM for SK-N-SHNB versus ICsq > 1 nM for NBL-S/
SK-N-SHRPM!: b < 0.05; Figure 2K). Also consistent with these
findings, we found that stable overexpression of GPC2 in the
low-GPC2-expressing neuroblastoma cell line SH-SY5Y (SH-
SY5Y-GPC2) was sufficient to induce increased co-expression
of CD133, CD338, and CD117, similar to the level of co-expres-
sion of these stem cell markers observed when SH-SY5Y-Empty
cells were incubated in neurobasal media (Figure 2L; Fig-
ure S2C). Finally, we also found that SH-SY5Y-GPC2 cells had
a significantly higher frequency of tumor-initiating cells by
limiting dilution assay (p = 4.02 x 107%%; Tables S3 and S4).
Taken together, these data demonstrate highly enriched GPC2

Cell Reports Medicine

expression in the putative neuroblastoma and SCLC stem cell
compartment.

The D3-GPC2 antibody binds a core GPC2
conformational epitope

GPC2 is not only robustly differentially expressed between
tumor and normal tissues but also distinct tumor and normal tis-
sue GPC2 mRNA isoforms are present,'? making it imperative to
understand where binders utilized in the development of GPC2-
directed immunotherapeutics bind to the GPC2 protein. There-
fore, we next solved the crystal structure of the D3-GPC2
antigen-binding fragment (D3-GPC2-Fab) in complex with
AHS GPC2244%3 (amino acids 24-493 of human GPC2 where
the putative O-linked glycosylated serine residues [Ser55,
Ser92, and Ser155] were replaced with threonine residues) to
3.3 A resolution (Figure 3A; Figure S3A; Table S5). With a
sequence identity of ~40% to GPC1, the GPC2 crystal structure
shows a similar core helical arrangement with an overall root-
mean square deviation (RMSD) of 2.4 A (Figure S3B). The D3-
GPC2-Fab buries a 1,069 A2 surface area on GPC2, forming
several salt bridges in addition to multiple hydrophobic interac-
tions, corroborating the high D3-GPC2-Fab binding affinity (Fig-
ure 3B; Figure S3C; Table S6). The D3-GPC2-Fab recognizes
GPC2-specific residues from helices 2, 12, and 13, forming a
discontinuous conformational epitope split between two
sequentially distal GPC2 protein regions (Figure S3D; Table
S6). GPC2 residues involved in interacting with the D3-GPC2
antibody explain the binding specificity toward the GPC2 variant
expressed in neuroblastoma and other cancers, and these
amino acid residues vary significantly across the glypican fam-
ily, suggesting that there should be little if any binding to other
glypican family members (Figures 3C-3E; Table S6). We further
confirmed the specificity of the D3-GPC2-Fab toward GPC2 by
mutating key GPC2 contact residues to the corresponding res-
idues in GPC1 (Figures 3E and 3F; Figure S3E). All point mutants
showed reduced affinity to the D3-GPC2-Fab (3.0- to 1,688-fold
difference in dissociation constant (Kp) from wild type [WT] AHS
GPC2244%%)  in particular R397Q, where the affinity was
decreased by over 1,000-fold.

Given the potential variability in the post-translational modifi-
cation of GPC2 with HS moieties across neuroblastomas
and other GPC2-expressing cancer histotypes (Figure 1C),'?
we next sought to study the binding characteristics of the

Figure 1. GPC2 is a MYCN-regulated oncogene in SCLC

(A) GPC1-GPC6 expression across normal lung tissue (N; n = 26) and SCLC (T; n = 31 SCLC tumors and 22 SCLC cell lines).”®

(B) Plot of GPC2 molecules/cell in neuroblastoma and SCLC cell lines.

(C and D) GPC2 (C) and pan-Myc (D) western blot in neuroblastoma and SCLC cell lines.

(E and F) GPC2 histogram (E) and GPC2 versus SCLC stem cell marker (F) flow cytometry plots of the H526 xenograft.

(G) Fold-change mean fluorescent intensity (MFI) of SCLC surface molecules in GPC2Y'"a yversus GPC2H cells in the H526 xenograft.

(H) Percent input plot of MYCN ChIP PCR in the SCLC H526 cell line. GABRG2 is a non-MYCN-targeted gene.

(I and J) MYCN and GPC2 RNA quantification (left, 72 h and right, 96 h; I) and western blot (J) of H526 cells following MYCN and GPC2 depletion.

(K) Western blot of SCLC cells following GPC2 depletion.
(L) SCLC cell growth plot following GPC2 depletion.

Data in (A) represent mean + SEM expression for each glypican. Data in (B), (G), and (L) represent mean + SEM of 3—4, 2-4, and 2-3 independent experiments,
respectively. Data in (H) and (l) represent mean + SEM from a representative experiment done in technical triplicate with each experiment being done at least two
independent times. NB-EbC1, SMS-SAN, and SH-SY5Y cells in (B)—(D) are representative neuroblastoma cells. C in (I)-(L) represents control non-targeting short
hairpin RNA (shRNA); 2 and 4 in (I)~(L) represent unique GPC2-targeting shRNAs; and 1, 5, 6, and 7 in (I) and (J) represent uniqgue MYCN-targeting shRNAs.

*p < 0.05; **p < 0.001; **p < 0.0001; ns, not significant. See also Figure S1.
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D3-GPC2-Fab to differentially glycanated recombinant GPC2
protein variants. First, mapping of the putative post-translational
modification sites on the GPC2 structure shows that all except
one residue are physically positioned distant from the D3-
GPC2-Fab epitope (Figure 3A). The side chain of the sole
GPC2 residue near the epitope (Ser/threonine 92) points away
from any D3-GPC2-Fab interaction, so would not be expected
to effect antibody binding (Figure S3F). Indeed, we found that
AHS GPC2%4498 and AHS GPC224%5* mutant variants showed
only a minimal change in binding affinity to the D3-GPC2-Fab
versus the fully glycanated proteins (1.3- to 2-fold difference in
Kp; Figure 3G). To further functionally validate these findings,
we engineered 2 pairs of GPC2 isogenic lines from the low-
GPC2-expressing neuroblastoma cellular models Kelly (has a
heterozygous deletion of the GPC2 locus) and SH-SY5Y with
and without HS chains (AHS GPC2). Stable lentiviral transduc-
tion induced comparable GPC2 expression, which bound to
D3-GPC2-IgG1 similarly and dictated an equal response to the
D3-GPC2-PBD ADC (Kelly mean ICsq = 12.9 + 0.8 pM for
GPC2 and 6.9 = 0.6 pM for AHS GPC2 and SH-SY5Y mean
ICs0 = 17.7 = 2.0 pM for GPC2 and 11.2 + 2.3 pM for AHS
GPC2; Figures 3H-3K; Figures S4A-S4C). Similarly, HEK293T
cells transfected with the human GPC2 or AHS GPC2 cDNAs
showed similar amounts of GPC2 expression, binding to D3-
GPC2-1gG1, and response to D3-GPC2-PBD (Figures S4D-
S4F). We next treated several high-GPC2-expressing cell lines
with recombinant heparanase and did not observe any differ-
ence in binding of the D3-GPC2-IgG1 antibody (Figures S4G-
S4l). Finally, to determine whether the D3-GPC2-IgG1 antibody
displayed any cross-reactivity with any other human plasma
membrane protein, we tested this antibody for reactivity against
an array of over 6,000 human membrane proteins (Membrane
Proteome Array [MPA];*? Figure 3L), which demonstrated very
high specificity for GPC2 with no validated off-target antibody
binding.

D3-GPC2-lgG1 binds human and mouse GPC2 similarly

To better understand the possibility of detecting any “on-target-
off-tumor” toxicity of the D3-GPC2-PBD ADC in murine preclin-
ical models, we next compared the ability of the D3-GPC2-1gG1
or ADC to bind to murine and human cell-surface GPC2. The hu-

Cell Reports Medicine

man and mouse GPC2 homologs share a sequence identity of
~83%, with all of the D3-GPC2 antibody epitope residues
conserved between human and mouse GPC2 (Figure 3E; Fig-
ure S4J; Table S6). To functionally confirm these findings, we
transiently transfected both the mouse and human GPC2 cDNAs
into HEK293T cells and found cell-surface mouse and human
GPC2 binds very similarly to the D3-GPC2-IgG1 antibody and
dictates almost identical susceptibility to the D3-GPC2-PBD
ADC (Figures S4E and S4F). We also treated the isogenic murine
neuroblastoma cell line 9464D (9464D-Gpc2; Figure 3M) with the
GPC2 ADC, which induced comparable cytotoxicity (mean
ICs0 = 10.6 + 3.6 pM) and induction of apoptosis to human neu-
roblastoma cell lines (Figures 3K and 3N).'? Taken together,
these data show that the D3-GPC2 binder is highly specific for
a conformational epitope of both human and mouse GPC2, vali-
dating murine models as an appropriate initial species for D3-
GPC2-PBD ADC safety profiling.

D3-GPC2-PBD induces a potent bystander cytotoxic
effect

We next looked to comprehensively define the full complement of
cytotoxic mechanisms of the GPC2-targeting D3-GPC2-PBD
ADC using neuroblastoma as a model GPC2-expressing cancer.
A potential benefit of ADCs over other immune-based cancer
therapies is their ability to incite bystander cell killing.®"'" To test
whether the D3-GPC2-PBD ADC exhibits bystander cytotoxic ef-
fects, we treated a combination of ADC-resistant, low-GPC2-ex-
pressing and ADC-responsive, high-GPC2-expressing cell line
pairs. First, we engineered SK-N-AS-GPC2 isogenic cells to
recapitulate the GPC2 cell-surface density of their matched xeno-
grafts and paired them with either luciferase-transduced SK-N-
AS or pancreatic adenocarcinoma BxPC-3 cells (SK-N-AS-Luc
and BxPC-3-Luc, respectively), both of which have low levels of
cell-surface GPC2 expression, internalize limited amounts of the
D3-GPC2-IgG1 antibody, and are resistant to the GPC2 ADC
(Figures 4A-4E). We treated these paired cellular models (SK-N-
AS-GPC2/SK-N-AS-Luc and SK-N-AS-GPC2/BxPC-3-Luc) with
the D3-GPC2-PBD ADC and observed more cytotoxicity than ex-
pected, consistent with bystander cell killing (Figures 4D-4G).
Furthermore, the differential expression of luciferase in the low-
GPC2-expressing, ADC-resistant SK-N-AS/BxPC-3-Luc cells

Figure 2. Neuroblastoma stem cells have highly enriched GPC2 expression

(A and B) GPC2 histograms (A) and GPC2 versus CD133, CD338, CD117, and GD2 flow cytometry plots (B) of neuroblastoma PDXs/xenografts.

(C) Fold-change GPC2 MFI plot of GPC2Y"aHi yersus GPC2™ cells in neuroblastoma PDXs/xenografts.

(D) Fold-change stem cell marker MFI plot of GPC2V""@" versus GPC2™ cells in neuroblastoma PDXs/xenografts.

(E and F) Gpc2/GPC2 histograms (E) and Gpc2/GPC2 versus CD133, CD338, CD117, and GD2 flow cytometry plots (F) of murine (9464D) and human (SK-N-AS)

neuroblastoma cell lines.

(G) Fold-change stem cell marker MFI plot of GPC2Y""@H versus GPC2' cells in neuroblastoma cell lines.
(H) GPC2 (left) and CD133 (right) histograms in SK-N-AS cells after D3-GPC2-PBD ADC treatment.
(I) Quantification of CD133- and GPC2-positive SK-N-AS cells after D3-GPC2-PBD ADC treatment (left, ADC X 1; right, ADC X 2).

(J) GPC2 western blot of SK-N-SH/NBL-SFPM/NE ¢,

(K) Relative growth of SK-N-SH/NBL-S"PM/NB celis 4 days after treatment with the D3-GPC2-PBD ADC.

(L) Fold-change MFI plot of SH-SY5Y-Empty™® and -GPC2RPMVNE isogenic cells.

Data in (C) and (D) are represented as mean + SEM of PDXs/xenografts analyzed 2-3 independent times with 4 technical replicates each time for each PDX/
xenograft in (C). Data in (G), (I), and (L) are represented as mean + SEM of experiments done 2-3, 2, and 5 times, respectively. Data in (K) represent mean + SEM
from a representative experiment done in technical triplicate at least two independent times.

Neg, negative.

*p < 0.05; **p < 0.001; ***p < 0.0001. See also Figure S2.
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allowed direct measurement of the ADC-induced cytotoxicity to
these cells with or without the presence of SK-N-AS-GPC2 cells,
further validating potent bystander cytotoxicity (Figures 4H and
41). Bystander cell killing was also observed in the co-incubated
endogenous low- and high-GPC2-expressing cells NBL-S/
SMS-SAN and NBL-S/NB-EbC1 (Figures S5A-S5G). Finally, we
utilized a range of concentrations of paired SK-N-AS-GPC2/SK-
N-AS-Luc cells to determine that 5% of SK-N-AS-GPC2 cells
were enough to induce potent bystander cell killing in this
in vitro system (Figures 4J and 4K).

D3-GPC2-lgG1 has no effect on cell growth and induces
only modest antibody-dependent cellular cytotoxicity
Toward defining the full therapeutic potential of the D3-GPC2-
IgG1 antibody, we next looked to study whether alone it
induced neuroblastoma-specific cytotoxicity by blocking neu-
roblastoma signaling pathways or was able to induce anti-
body-dependent cellular cytotoxicity (ADCC) when co-incu-
bated with immune effector cells. We first co-incubated
GPC2- and GD2-expressing neuroblastoma cells (NB-EbC1
and SMS-SAN; Figures S6A and S6B) with D3-GPC2-lgG1
and a positive control GD2-targeting antibody dinutuximab,
both alone and with human peripheral blood mononuclear or
natural killer cells. Neither condition resulted in any D3-GPC2-
IgG1-associated cytotoxicity (Figures S6C-S6J). To validate
these in vitro findings, we created allografts from an engineered
mouse neuroblastoma 9464D-Gpc?2 isogenic cell line in the
immunocompetent C57BL/6J mouse strain. Even considering
apparent loss of the exogenously driven Gpc2 overexpression
in vivo (Figure S6K), we observed only a modest growth inhibi-
tion and survival benefit with four treatments (2 times/week x
2 weeks) of 5 mg/kg of the D3-GPC2-IgG1 (Figures S6L and
S6M). Taken together, these data suggest that despite being
highly specific for GPC2, the D3-GPC2-IgG1 antibody alone
or upon co-incubation with immune effector cells has limited
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growth-inhibitory properties, further supporting the develop-
ment of this GPC2 antibody as an ADC.

D3-GPC2-PBD is cytotoxic to GPC2-expressing SCLCs
Considering the high levels of GPC2 on SCLCs, we next sought
to investigate the targetability of this cancer histotype with the
D3-GPC2-PBD ADC. First, we found comparable D3-GPC2-
IgG1 internalization kinetics between SCLC and neuroblastoma
cell lines (Figure 5A). We then treated this panel of SCLC cells
with diverse MYC family drivers with the D3-GPC2-PBD ADC
and free PBD dimer, which revealed ICsqy values comparable
with GPC2-expressing neuroblastoma cells (1.2 to >5,000 pM
for the D3-GPC2-PBD ADC and 6.1-163 pM for free PBD dimer;
Figure 5B; Table S1).'? Despite having abundant GPC2 cell-sur-
face expression, the H146 cell line was more resistant to the
D3-GPC2-PBD ADC (and free PBD), likely attributed to a
dysfunctional TP53 protein similar to the NB-SD neuroblastoma
cell line."” H526 and H1930 SCLC cells treated with the D3-
GPC2-PBD ADC exhibited increased DNA damage (yH2AX)
and apoptosis (cleaved PARP and caspase-3) by western blot
and caspase-3/-7 levels by luminescence assay, while H146
cells showed none of these protein elevations (Figures 5C and
5D; Figures S7A and S7B). Finally, D3-GPC2-PBD treatment of
mice harboring H526 xenografts resulted in robust and sustained
tumor regression and significantly increased survival with no side
effects (Figures 5E and 5F; Figure S7C).

D3-GPC2-PBD induces tumor regression of
neuroblastoma PDXs and xenografts with varying
oncogenic drivers

To further validate robust in vivo efficacy of this ADC, we next
tested it in diverse neuroblastoma PDXs and cell line xenografts
with a range of GPC2 cell-surface expression and genomic aber-
rations that together recapitulate the clinical diversity of
human neuroblastoma (Table S2). We have previously reported

Figure 3. The D3-GPC2 antibody binds a conformation-specific core GPC2 epitope

(A) Crystal structure of GPC2 (left, wheat) in complex with the D3-GPC2-Fab (right, Fab heavy [dark green] and light [light green] chains). Putative sites of post-
translational modifications are indicated (heparan sulfate, orange; phosphorylation, purple). Helices H2 and H12 that form part of the epitope are indicated on the
GPC2 structure.

(B) Specific interactions between GPC2 (wheat) and D3-GPC2-Fab (green). Salt bridges or hydrogen bonds indicated in yellow.

(C) BSA plot for GPC2 residues interacting with D3-GPC2-Fab heavy (dark green) and light (light green) chain with tumor and normal tissue GPC2 isoforms
indicated.

(D) Amino acid conservation plot across the different human glypicans (GPC1-GPC6), mapped on the GPC2 structure, calculated using the ConSurf server.*! The
D3-GPC2-Fab epitope is outlined in blue.

(E) Plot of GPC2 residues interacting with D3-GPC2-Fab with conserved amino acids across murine Gpc2 and human glypican family (GPC1, 3-6) indicated.
Numbers represent the fold-change in dissociation constant (Kp) from the D3-GPC2-Fab/AHS GPC2244%3 interaction when indicated amino acid is mutated.
(F and G) Kp, of the D3-GPC2-Fab to different GPC2 point mutants (F) and differentially glycanated GPC2 proteins (G).

(H-J) GPC2 western blot (H), D3-GPC2-1gG1 flow cytometry relative GPC2 MFIs (1), and relative cell growth after treatment with the D3-GPC2-PBD ADC (J) of
isogenic Kelly-GPC2, -AHS GPC2, and -Empty cells.

(K) Fold-change caspase-3/-7 levels 96 h after D3-GPC2-PBD ADC treatment (p value indicated represents comparison of 200 pM ADC caspase-3/-7 levels
versus Kelly-Empty cells).

(L) MPA-validated binding specificity testing of the D3-GPC2-IgG1 antibody.

(M and N) GPC2 flow cytometry histograms (M) and relative cell growth after treatment with the D3-GPC2-PBD ADC or free PBD dimer (N) of isogenic 9464D-
Gpc2 cells.

Data in (F), (G), and (l) represent mean + SEM of 3-5, 3, and 2 independent experiments, respectively. Data in (J), (K), and (N) represent mean + SEM from a
representative experiment done in technical triplicate with each experiment being done at least two independent times.

HCDR, heavy chain complementarity-determining region; LCDR, light chain complementarity-determining region; AA, amino acid. *p < 0.05; **p < 0.001; ***p <
0.0001; ns, not significant.

See also Figures S3 and S4.
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proof-of-concept anti-tumor efficacy of the GPC2-directed D3-
GPC2-PBD ADC in the neuroblastoma NB-1643 PDX model.'?
We now show additional longitudinal observation data from
this study more than 20 weeks post-ADC dosing (Figures 6A
and 6B). We saw no NB-1643 tumor recurrence in any of the
26 mice we continued to follow in this study, and they continued
to maintain normal body weights (Figure S7D). Three of the 26
mice were taken off-study for reasons unrelated to tumor recur-
rence or drug-induced toxicity. We next found similar potency of
this D3-GPC2-PBD ADC in treating more locally established NB-
1643 PDXs with very large starting tumor volumes (Figures 6C
and 6D). GPC2 ADC-treated NB-1643 tumors had increased
expression of protein markers indicative of DNA damage and
apoptosis throughout the tumor volume, suggesting an on-target
cytotoxic effect and good ADC tumor penetration even in these
significantly locally advanced cases (Figures 6E and 6F; Figures
S7E and S7F).

GPC2 ADC treatment of the more modest GPC2-expressing
CHLA-79 neuroblastoma xenograft (GPC2M°d, MYCN non-
amplified, ALK wild type, TP53 wild type; Figure S2A) similarly
showed potent tumor regression and significantly prolonged sur-
vival in a dose-dependent manner, with no observed toxicities
(Figures 6G and 6H; Figure S7G). At study endpoint (100 days),
we noted 2 tumors recurring in the 1 mg/kg ADC arm (tumor vol-
umes of 1.37 and 0.33 cm®). To test whether these tumors re-
mained susceptible to this GPC2 ADC, we re-dosed these
mice with an additional 1 mg/kg of the D3-GPC2-PBD ADC
and again observed rapid tumor regression, while additionally
continuing to follow the other mice in this cohort (Figure 6l). After
an additional 60 days, this 1 mg/kg ADC cohort was all taken off-
study, and the residual 0.27 cm?® lesion (indicated by asterisk [*]
in Figure 61) was analyzed showing a small fibrotic lesion, howev-
er, with very minimal viable tumor that continued to be GPC2
positive (Figures 6J and 6K). To further investigate the specificity
of this ADC, we also dosed mice with 1 mg/kg D3-GPC2-PBD
followed by 50x the D3-GPC2-IgG1 antibody, which abrogated
a notable amount of the cytotoxicity induced by ADC treatment
alone (gray circles [Figure 6G] and gray line [Figure 6H]). Finally,
to further ensure that the in vivo efficacy we observed with this
ADC was not due to free PBD dimer being released in the mouse
circulation, we dosed mice harboring CHLA-79 xenografts with
free PBD dimer (molar equivalent to 1 mg/kg ADC) and observed
no tumor regression and no difference in survival (Figures 6L and
6M; Figure S7H).

Finally, D3-GPC2-PBD ADC treatment of the neuroblastoma
PDX model COG-N-421x (GPC2", MYCN amplified, ALK wild
type, TP53 wild type), significantly locally advanced COG-N-
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421x PDXs, and the high-GPC2-expressing neuroblastoma
cell-line-derived xenograft SK-N-AS (GPC2™, MYCN non-ampli-
fied, ALK wild type, TP53 mutated) all resulted in significantly
prolonged tumor regression and survival, upregulation of intratu-
moral DNA damage and apoptosis, and no observed toxicity
(Figures 2A and 7A-7J; Figures S2A and S71-S7K; Table S2).
Together, these in vivo data demonstrate the ability of the D3-
GPC2-PBD ADC to induce sustained tumor regression across
a wide range of diverse neuroblastoma and SCLC preclinical
models.

DISCUSSION

We propose that GPC2 is an optimal immunotherapeutic target
for neuroblastoma, SCLCs, and other cancers because of its
cell-surface location, tumor-specific expression, tumor depen-
dence, transcriptional activation by MYCN, and possible en-
riched expression on cancer stem cells. The D3-GPC2-PBD
ADC was potently efficacious across a diverse array of
neuroblastoma and SCLC in vivo models, most of which were
generated from heavily pretreated patients with chemotherapy-
resistant disease. To fully understand the scope of this ADC’s ef-
ficacy, we also treated locally advanced neuroblastoma tumors
and found that even one ADC dose could similarly eradicate
these large tumors. Furthermore, the ability of this ADC to exert
potent bystander cell killing is of utmost importance for solid tu-
mors that often have heterogeneous target expression, thus
making them susceptible to immune escape from outgrowth of
low-target-expressing tumor clones. However, the precise
contribution of bystander cell cytotoxicity to this ADC’s potent
efficacy is difficult to fully quantify given GPC2’s prominent
role in cell growth, which makes in vivo studies technically chal-
lenging. Additionally, here we have focused on transplantable
PDX and cell line xenograft models to provide proof-of-concept
targeting of GPC2 with the D3-GPC2-PBD ADC in these malig-
nancies given their well-validated recapitulation of human neuro-
blastoma and SCLC. However, future studies in transgenic
immunocompetent murine cancer models will also be important
for studying the efficacy of this ADC in spontaneously occurring
tumors with potentially less disruption of neovascularization and
further to quantify the synergy of this ADC with the host immune
system.

Despite its potent cytotoxicity, the D3-GPC2-PBD ADC, which
binds human and murine GPC2 identically, induced no clinical
signs of murine toxicity, supporting a potential wide therapeutic
index of targeting GPC2 with ADCs in humans. Our findings of
the D3-GPC2-PBD ADC targeting an extended GPC2

(D) Actual and expected relative growth plots of indicated ratios of SK-N-AS-GPC2/SK-N-AS-Luc co-incubated cells after treatment with D3-GPC2-PBD.

(E) Actual and expected relative growth plots of indicated ratios of SK-N-AS-GPC2/BxPC-3-Luc co-incubated cells after treatment with D3-GPC2-PBD.

(F and G) Summary plots of the excess cytotoxicity observed after treatment with D3-GPC2-PBD.

(H and I) Relative luminescence of SK-N-AS-Luc (H) or BxPC-3-Luc (l) cells alone and co-incubated with indicated ratios of SK-N-AS-GPC2 cells after treatment

with D3-GPC2-PBD.

(J) Relative growth plots of indicated ratios of SK-N-AS-GPC2/SK-N-AS-Luc co-incubated cells after treatment with D3-GPC2-PBD.

(K) Relative luminescence of SK-N-AS-Luc cells alone and co-incubated with indicated ratios of SK-N-AS-GPC2 cells after treatment with D3-GPC2-PBD.
Data in (B), (F)—(l), and (K) represent mean + SEM of 2-3 biological replicates with each replicate in (F)-(l) and (K) being done in at least technical duplicate. Data in
(C)—(E) and (J) represent mean + SEM from a representative experiment done in at least technical duplicate with each experiment being done at least two in-

dependent times. *p < 0.05; **p < 0.001; ns, not significant.
See also Figure S5.
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Figure 5. D3-GPC2-PBD is potently cytotoxic to GPC2-expressing SCLCs
A) Quantification of internalization of D3-GPC2-IgG1-Red in neuroblastoma and SCLC cell lines.

B) Growth plots of SCLC cell lines 4 days after treatment with D3-GPC2-PBD.

D) Fold-change caspase-3/-7 levels of H526 cells 4 days after treatment with D3-GPC2-PBD.
E) H526 xenograft volumes after treatment with D3-GPC2-PBD (n = 6-7 mice/cohort; represented as mean + SEM).
(F) Progression-free survival (PFS) of treatment arms in (E). Median survival of 2.8 weeks for vehicle and >14.0 weeks for 1 mg/kg ADC, 1 mg/kg ADC X 4, and

¢
(
(C) Western blot of H526 cells 3 days after treatment with D3-GPC2-PBD.
(
(

3 mg/kg ADC treatment cohorts.

Data in (A), (B), and (D) represent mean + SEM from a representative experiment done in technical triplicate with each experiment being done at least two in-
dependent times. Blue arrows in (E) and (F) represent initial ADC dose, and red arrows indicate subsequent 3 ADC doses for the 1 mg/kg ADC X 4 treatment

cohort. **p < 0.001; ***p < 0.0001.
See also Figure S7.

conformational epitope involving GPC2 exon 2 may lend addi-
tional support to the safety of targeting GPC2, as it is predicted
that most normal tissues express a major GPC2 isoform that is
lacking this domain.'® However, additional studies need to be
performed to confirm the existence of this truncated GPC2
variant at the protein level in normal tissues to fully validate this
additional aspect of potential tumor specificity. Ultimately,
non-human primate toxicology studies will also need to be per-
formed to further evaluate the clinical safety of this ADC. Another
potential therapeutic advantage of this ADC is its binding to the
GPC2 core protein with limited involvement of GPC2’s HS side
chains, as the glycanation pattern of GPC2 is highly variable.
However, the absence of D3-GPC2-IgG1 binding to these
HS moieties, which have been found to be critical components
in facilitating glypican ligand-receptor cell-surface interac-
tions, > 14344 may explain the fact that incubation of this
antibody with GPC2-expressing neuroblastoma cells has no
phenotypic consequences. Finally, the well-documented ability
of GPC2 and other glypicans to undergo cleavage at their cell-
surface GPI anchor*®™" makes it imperative to understand
how ADC treatment may alter the kinetics of this process in neu-

roblastoma and SCLC in early phase human trials. However, the
data presented here suggest that cell-surface GPC2 expression
may persist despite ADC treatment. Taken together, these data
comprehensively support the robust targetability of GPC2 with
ADCs in neuroblastoma, SCLCs, and other GPC2-expressing
histotypes and lay the framework for the clinical translation of
these therapeutics.

Limitations of study

While here we focused on the D3-GPC2-IgG1 antibody and PBD
dimers as our ADC components, clearly GPC2 antibodies target-
ing different epitopes or utilization of alternative ADC payloads
needs to be studied and may generate equally or even more
effective and safe ADCs that may have enhanced internalization
kinetics, improved cytotoxicity, an increased therapeutic index,
or the ability to concurrently inhibit critical GPC2 signaling path-
ways. We have focused some of our initial studies beyond neu-
roblastoma here on the MYCN-amplified SCLC H526 cell line
given our initial goal to understand whether MYCN transcription-
ally activates GPC2 in other malignancies. However, because
MYCN amplification in SCLC is a rare event, we also chose a
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panel of SCLC cell lines with diverse MYC family drivers to vali-
date both that high GPC2 expression and dependence, and sus-
ceptibility to this ADC is not limited to this rare MYCN-amplified
SCLC subset. Nonetheless, additional work is needed to under-
stand which particular SCLC subsets are more likely to harbor
higher levels of cell-surface GPC2 and thus be the focus of
ADC targeting in the clinic. Finally, given the shared MYCN tran-
scriptional activation and tumor dependence between neuro-
blastomas and SCLCs, clearly the role that MYCN and also other
MYC family members play in the regulation of GPC2 expression
and the importance of GPC2 in tumorigenesis across all high-
GPC2-expressing cancers warrants additional investigation.

Lastly, while we show ultra-high levels of GPC2 on possible
neuroblastoma and SCLC stem cells within the preclinical
models utilized here overall supporting a role for GPC2 in neuro-
blastoma and SCLC tumorigenesis, non-stem cells within these
preclinical models also have sufficient GPC2 expression to be
targeted by this ADC. Furthermore, cellular models without the
presence of this stem cell-like population are equally susceptible
to this GPC2 ADC. Thus, the contribution of this stem cell-like
population with ultra-high GPC2 expression to the overall effi-
cacy of this ADC remains unclear, and additional experiments
such as lineage tracing and adoptive transfer studies will need
to be performed to fully address this question. The function of
GPC2 in neuroblastoma and SCLC stem cells and this protein’s
specific role in the tumor self-renewal process also warrants
further investigation. GPC2's previously described role in WNT
pathway signaling, shown by us and others,'>'® suggests the
possibility of GPC2 also facilitating WNT signaling in the tumor
stem cell compartment.
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Figure 6. D3-GPC2-PBD induces specific, potent, and durable eradication of neuroblastomas by inducing DNA damage and apoptosis

without GPC2 loss

(A) NB-1643 PDX tumor volumes after treatment with D3-GPC2-PBD (n = 8-9 mice/cohort; represented as mean + SEM).
(B) PFS analysis of treatment arms in (A). Median survival of 3.4 weeks for vehicle; 3.1 weeks for D3-GPC2-1gG1; and >20.9 weeks for 1 mg/kg ADC, 1 mg/kg ADC

x 4, and 3 mg/kg ADC treatment cohorts.

(C) Locally advanced NB-1643 PDX tumor volumes after treatment with D3-GPC2-PBD (starting mean tumor volumes = 0.98-1.01 cm?®).
D) PFS analysis of treatment arms in (C). Median survival of 1.3 weeks for vehicle and >14.3 weeks for 1 mg/kg ADC x 4 and 3 mg/kg ADC treatment cohorts.
E) Immunohistochemistry (IHC) of locally advanced NB-1643 PDX tumors 4 days after treatment with 3 mg/kg D3-GPC2-PBD.

G) CHLA-79 xenograft volumes after treatment with D3-GPC2-PBD (n = 9 mice/cohort; represented as mean + SEM).

(
(
(F) Quantification of relative YH2AX, cleaved caspase-3, or cleaved PARP IHC staining after D3-GPC2-PBD treatment shown in (E) and Figures S7E and S7F.
(
(

H) PFS analysis of treatment arms in (G). Median survival of 3.6 weeks for vehicle; 9 weeks for 0.5 mg/kg ADC; 10.4 weeks for 1 mg/kg ADC/50% IgG1; and

>14.3 weeks for 1 mg/kg ADC, 1 mg/kg ADC X 4, and 3 mg/kg ADC cohorts.

(I) D3-GPC2-PBD ADC re-treatment (1 mg/kg; indicated with red arrow) of 2 tumors initially treated with 1 mg/kg of ADC in (G). Five additional mice in the initial
1 mg/kg ADC treatment cohort with stable tumor regression were also followed in parallel to the ADC re-treated mice.

(J) H&E (top) and GPC2 IHC (bottom) of indicated tumor (*) from (1).
(K) High-power GPC2 IHC of indicated tumor (*) from (I).

(L) CHLA-79 xenograft volumes after treatment with free PBD (n = 5 mice/cohort; represented as mean + SEM).

(M) PFS analysis of treatment arms in (L). Median survival of 4.0 weeks for vehicle versus 3.4 weeks for free PBD.

Scale bars: 200 pm in (E) and (K) and 800 um (top) and 900 pum (bottom) in (J). Blue arrows in (A)-(D), (G), (H), (L), and (M) represent initial ADC dose and red arrows
in (A)-(D), (G), and (H) indicate subsequent 3 ADC doses for the 1 mg/kg ADC X 4 treatment cohort and in (I) indicate the ADC rechallenge dose given to 2 of 7

remaining mice on the CHLA-79 1 mg/kg ADC treatment arm.
cCaspase-3, cleaved caspase-3; cPARP, cleaved PARP.

***p < 0.0001; ns, not significant.

See also Figure S7.

Cell Reports Medicine 2, 100344, July 20, 2021 13



https://doi.org/10.1016/j.xcrm.2021.100344
https://doi.org/10.1016/j.xcrm.2021.100344

¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

A B
4,COG-N-421x COG-N-421x
- 100
E o Vehicle— I_
S ©0.25 mg/kg D3-GPC2-PBD— 75
2 00.5 mglkg D3-GPC2-PBD- &
% o1 mg/kg D3-GPC2-PBD— ;
> A3 mg/kg D3-GPC2-PBD — w 50
o
£
=}
= *kk 25
0 p < 0.0001
0 3 6 9 12 15
+ Weeks
D 1 Vehicle (n=2)
5.1 1 mg/kg D3-GPC2-PBD (96 hr)
0 1 1 mg/kg D3-GPC2-PBD (120 hr)
Z36
o5
xX >
3¢ 4
=N e]
£
28 ?
B "
)
E F
4,COGNA2IX s COG-N-421x
100
— Vehicle
- - 3 mglkg D3-GPC2-PBD
£ 3 — 1 mg/kg D3-GPC2-PBD x 4 75
S
2 =
£, >
= )
° ‘ﬁl: 50
5
54
E 25
0 *kk 0 p <0.001
0 3 6 9 12 15 0 3 6 9 12 15
Aaas Weeks YV Weeks
G e Vehicle— H
™~ 0.5 mg/kg D3-GPC2-PBD—
4,SKN-AS 1 mglkg D3-GPC2-PBD-— 100 SK-N-AS
A3 mg/kg D3-GPC2-PBD—
- ©1 mg/kg D3-GPC2-PBD x 4— L
£ N
% 3 i 75
2 KKk ;\?
=] <
92 P2 50
5 o
£
>
=1 25
o o p < 0.0001
0 3 0 3 6 9 12 15
[T Weeks [TYX Weeks
I J  nvehicle (n=2)

1 1 mg/kg D3-GPC2-PBD (96 hr)
410 1 mglkg D3-GPC2-PBD (120 hr)

Fold-change % positive
staining vs. vehicle

D3-GPC2-PBD Vehicle

(legend on next page)

14 Cell Reports Medicine 2, 100344, July 20, 2021



Cell Reports Medicine

ACKNOWLEDGMENTS

K.R.B. is a Damon Runyon Physician-Scientist supported, in part, by the
Damon Runyon Cancer Research Foundation (PST-07-16). This research
was supported by a St. Baldrick’s-Stand Up to Cancer Dream Team Transla-
tional Research Grant (SU2C-AACR-DT-27-17). The St. Baldrick’s Foundation
collaborates with Stand Up To Cancer. Research Grants are administered by
the American Association for Cancer Research, the Scientific Partner of SU2C
(J.M.M., D.S.D., and K.R.B.). This work was also supported by the Alex’s
Lemonade Stand Foundation (J.M.M. and K.R.B.), a Hyundai Hope on Wheels
Young Investigator Award (K.R.B.), NCI K08 CA230223 (K.R.B.), NCI U54
CA232568 (J.M.M. and K.R.B.), NCI R35 CA220500 (J.M.M.), the Giulio D’An-
gio Endowed Chair (J.M.M.), and the EVAN Foundation (K.R.B.). This research
was also undertaken, in part, thanks to funding from the CIFAR Azrieli Global
Scholar program (J.-P.J.) and the Canada Research Chairs program (950-
231604; J.-P.J.). The X-ray data collection was performed at GM/CA@APS,
which has been funded in whole or in part with federal funds from the National
Cancer Institute (ACB-12002) and the National Institute of General Medical
Sciences (AGM-12006). The Eiger 16M detector was funded by a grant from
the NIH Office of Research Infrastructure Programs, High-End Instrumentation
(S10 OD012289). This research used resources of the Advanced Photon
Source, a US Department of Energy (DOE) Office of Science User Facility oper-
ated for the DOE Office of Science by Argonne National Laboratory under con-
tract DE-AC02-06CH11357. We would like to thank Dr. Guillem Pascual-Pasto
for his help drafting the graphical abstract that was created with BioRender.
com.

AUTHOR CONTRIBUTIONS

Conceptualization, D.S.D., J.M.M., J.-P.J., and K.R.B.; methodology, S.R.,
S.N.B.,, M.V.L, D.V.Z, Z.Z,, D.M., KU, C.T.N,, D.B.H., D.S.D., J.-P.J,,
J.M.M., and K.R.B.; software, S.R., K.P., and K.S.R.; validation, S.R., S.N.B.,
M.V.L.,,D.V.Z., Z.Z.,, C.T.N., D.B.H., D.S.D., J.-P.J., and K.R.B.; formal anal-
ysis, S.R., S.N.B., M.V.L., D.V.Z,, Z.Z., CT.N, D.B.H,, Y.L, B.P, D.S.D,, J.-
P.J,, and K.R.B.; investigation, S.R., S.N.B., M.V.L.,, D.V.Z,, Z.Z,, H.C., B.M.,
Y.F., YW., KU.,, C.T.N.,, D.B.H., and K.R.B.; resources, D.S.D., J.M.M., J.-
P.J., and K.R.B.; data curation, S.R.,, S.N.B., M.V.L,, DV.Z, Z.Z, K.P.,
K.S.R., C.T.N., D.B.H., D.S.D., J.-P.J., and K.R.B.; writing, S.R., S.N.B.,
M.V.L., D.S.D., J.M.M,, J.-P.J., and K.R.B.; visualization, S.R., S.N.B., J.-
P.J., and K.R.B.; supervision, D.S.D., J.M.M., J.-P.J., and K.R.B.; project
administration, D.S.D., JM.M., J.-P.J., and K.R.B.; funding acquisition,
D.S.D., J.M.M,, J.-P.J., and K.R.B.

DECLARATION OF INTERESTS
DV.Z, z2.Z, D.S.D., J.M.M.,, and K.R.B. hold patents for the discovery and

development of immunotherapies for cancer, including patents related to
GPC2-directed immunotherapies. K.R.B. and J.M.M. receive research funding

¢? CellPress

OPEN ACCESS

from Tmunity for research on GPC2-directed immunotherapies, and D.V.Z.,
2.Z.,D.S.D., J.M.M,, and K.R.B. receive royalties from Tmunity for licensing
of GPC2-related intellectual property.

Received: July 17, 2020
Revised: January 19, 2021
Accepted: June 15, 2021
Published: July 20, 2021

REFERENCES

1. Maris, J.M. (2010). Recent advances in neuroblastoma. N. Engl. J. Med.
362, 2202-2211.

2. Matthay, K.K., Maris, J.M., Schleiermacher, G., Nakagawara, A., Mackall,
C.L., Diller, L., and Weiss, W.A. (2016). Neuroblastoma. Nat. Rev. Dis.
Primers 2, 16078.

3. Maude, S.L., Laetsch, T.W., Buechner, J., Rives, S., Boyer, M., Bitten-
court, H., Bader, P., Verneris, M.R., Stefanski, H.E., Myers, G.D., et al.
(2018). Tisagenlecleucel in Children and Young Adults with B-Cell
Lymphoblastic Leukemia. N. Engl. J. Med. 378, 439-448.

4. Majzner, R.G., Heitzeneder, S., and Mackall, C.L. (2017). Harnessing the
Immunotherapy Revolution for the Treatment of Childhood Cancers. Can-
cer Cell 37, 476-485.

5. Yu, A.L., Gilman, A.L., Ozkaynak, M.F., London, W.B., Kreissman, S.G.,
Chen, H.X., Smith, M., Anderson, B., Villablanca, J.G., Matthay, K.K.,
et al.; Children’s Oncology Group (2010). Anti-GD2 antibody with GM-
CSF, interleukin-2, and isotretinoin for neuroblastoma. N. Engl. J. Med.
363, 1324-1334.

6. Mody, R., Yu, A.L., Naranjo, A., Zhang, F.F., London, W.B., Shulkin, B.L.,
Parisi, M.T., Servaes, S.E., Diccianni, M.B., Hank, J.A., et al. (2020). Irino-
tecan, Temozolomide, and Dinutuximab With GM-CSF in Children With
Refractory or Relapsed Neuroblastoma: A Report From the Children’s
Oncology Group. J. Clin. Oncol. 38, 2160-2169.

7. Coats, S., Williams, M., Kebble, B., Dixit, R., Tseng, L., Yao, N.S., Tice,
D.A., and Soria, J.C. (2019). Antibody-Drug Conjugates: Future Directions
in Clinical and Translational Strategies to Improve the Therapeutic Index.
Clin. Cancer Res. 25, 5441-5448.

8. Chau, C.H., Steeg, P.S., and Figg, W.D. (2019). Antibody-drug conjugates
for cancer. Lancet 394, 793-804.

9. Golfier, S., Kopitz, C., Kahnert, A., Heisler, I., Schatz, C.A., Stelte-Ludwig,
B., Mayer-Bartschmid, A., Unterschemmann, K., Bruder, S., Linden, L.,
et al. (2014). Anetumab ravtansine: a novel mesothelin-targeting anti-
body-drug conjugate cures tumors with heterogeneous target expression
favored by bystander effect. Mol. Cancer Ther. 13, 1537-1548.

10. Li, F., Emmerton, K.K., Jonas, M., Zhang, X., Miyamoto, J.B., Setter, J.R.,
Nicholas, N.D., Okeley, N.M., Lyon, R.P., Benjamin, D.R., and Law, C.L.

Figure 7. D3-GPC2-PBD significantly extends the survival of mice with neuroblastoma COG-N-421x PDXs and SK-N-AS xenografts
(A) COG-N-421x PDX volumes after treatment with D3-GPC2-PBD (n = 8-9 mice/cohort; represented as mean + SEM).
(B) PFS analysis of treatment arms in (A). Median survival of 3.6 weeks for vehicle, 6.6 weeks for 0.25 mg/kg ADC, 11.6 weeks for 0.5 mg/kg ADC, and >14.1 weeks

for 1 and 3 mg/kg ADC treatment cohorts.

(C) IHC of COG-N-421x PDXs 5 days after treatment with 1 mg/kg D3-GPC2-PBD.
D) Quantification of relative YH2AX, cleaved caspase-3, or cleaved PARP IHC staining after D3-GPC2-PBD treatment.
E) Locally advanced COG-N-421x PDX volumes after treatment with D3-GPC2-PBD (n = 4 mice/cohort; starting mean tumor volumes = 0.75-0.77 cm®).

G) Neuroblastoma SK-N-AS xenograft volumes after treatment with D3-GPC2-PBD (n = 10 mice/cohort; represented as mean + SEM).

(
(
(F) PFS of treatment arms in (E). Median survival of 2.3 weeks for vehicle, 5.4 weeks for 3 mg/kg ADC, and >14.6 weeks for 1 mg/kg ADC X 4 treatment cohorts.
(
(

H) PFS of treatment arms in (G). Median survival of 3.2 weeks for vehicle; 14.0 weeks for 0.5 mg/kg ADC; and >14.3 weeks for 1 mg/kg ADC, 1 mg/kg ADC x 4,

and 3 mg/kg ADC treatment cohorts.

(I) IHC of SK-N-AS xenografts 5 days after treatment with 1 mg/kg D3-GPC2-PBD.
(J) Quantification of relative YH2AX, cleaved caspase-3, or cleaved PARP IHC staining after D3-GPC2-PBD treatment.
Scale bars: 200 um in (C) and (I). Blue arrows in (A), (B), and (E)-(H) represent initial ADC dose, and red arrows in (E)-(H) indicate subsequent 3 ADC doses for the

1 mg/kg ADC x 4 treatment cohort.
**p < 0.001; **p < 0.0001.
See also Figure S7.

Cell Reports Medicine 2, 100344, July 20, 2021 15



http://BioRender.com
http://BioRender.com
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref1
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref1
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref2
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref2
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref2
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref3
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref3
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref3
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref3
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref4
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref4
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref4
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref5
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref5
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref5
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref5
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref5
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref6
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref6
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref6
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref6
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref6
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref7
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref7
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref7
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref7
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref8
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref8
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref9
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref9
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref9
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref9
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref9
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref10
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref10

¢? CellPress

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

OPEN ACCESS

(2016). Intracellular Released Payload Influences Potency and Bystander-
Killing Effects of Antibody-Drug Conjugates in Preclinical Models. Cancer
Res. 76, 2710-2719.

Ogitani, Y., Hagihara, K., Oitate, M., Naito, H., and Agatsuma, T. (2016).
Bystander killing effect of DS-8201a, a novel anti-human epidermal growth
factor receptor 2 antibody-drug conjugate, in tumors with human
epidermal growth factor receptor 2 heterogeneity. Cancer Sci. 107,
1039-1046.

Bosse, K.R., Raman, P., Zhu, Z., Lane, M., Martinez, D., Heitzeneder, S.,
Rathi, K.S., Kendsersky, N.M., Randall, M., Donovan, L., et al. (2017). Iden-
tification of GPC2 as an Oncoprotein and Candidate Immunotherapeutic
Target in High-Risk Neuroblastoma. Cancer Cell 32, 295-309.e12.

Gao, W., Tang, Z., Zhang, Y.F., Feng, M., Qian, M., Dimitrov, D.S., and Ho,
M. (2015). Immunotoxin targeting glypican-3 regresses liver cancer via
dual inhibition of Wnt signalling and protein synthesis. Nat. Commun. 6,
6536.

Fu, Y., Urban, D.J., Nani, R.R., Zhang, Y.F., Li, N., Fu, H., Shah, H., Gorka,
A.P., Guha, R., Chen, L., et al. (2019). Glypican-3 Specific Antibody Drug
Conjugates Targeting Hepatocellular Carcinoma. Hepatology 70,
563-576.

Gao, W., Kim, H., Feng, M., Phung, Y., Xavier, C.P., Rubin, J.S., and Ho, M.
(2014). Inactivation of Wnt signaling by a human antibody that recognizes
the heparan sulfate chains of glypican-3 for liver cancer therapy. Hepatol-
ogy 60, 576-587.

Gao, W., Kim, H., and Ho, M. (2015). Human Monoclonal Antibody Target-
ing the Heparan Sulfate Chains of Glypican-3 Inhibits HGF-Mediated
Migration and Motility of Hepatocellular Carcinoma Cells. PLoS ONE 10,
e0137664.

Hanaoka, H., Nagaya, T., Sato, K., Nakamura, Y., Watanabe, R., Harada,
T., Gao, W., Feng, M., Phung, Y., Kim, |, et al. (2015). Glypican-3 targeted
human heavy chain antibody as a drug carrier for hepatocellular carci-
noma therapy. Mol. Pharm. 72, 2151-2157.

Wang, C., Gao, W., Feng, M., Pastan, |., and Ho, M. (2017). Construction of
an immunotoxin, HN3-mPE24, targeting glypican-3 for liver cancer ther-
apy. Oncotarget 8, 32450-32460.

Li, N., Fu, H., Hewitt, S.M., Dimitrov, D.S., and Ho, M. (2017). Therapeuti-
cally targeting glypican-2 via single-domain antibody-based chimeric an-
tigen receptors and immunotoxins in neuroblastoma. Proc. Natl. Acad.
Sci. USA 114, E6623-E6631.

Rokita, J.L., Rathi, K.S., Cardenas, M.F., Upton, K.A., Jayaseelan, J.,
Cross, K.L., Pfeil, J., Egolf, L.E., Way, G.P., Farrel, A., et al. (2019).
Genomic Profiling of Childhood Tumor Patient-Derived Xenograft Models
to Enable Rational Clinical Trial Design. Cell Rep. 29, 1675-1689.e1679.

Aldiri, 1., Xu, B., Wang, L., Chen, X., Hiler, D., Griffiths, L., Valentine, M.,
Shirinifard, A., Thiagarajan, S., Sablauer, A., et al. (2017). The Dynamic
Epigenetic Landscape of the Retina During Development, Reprogram-
ming, and Tumorigenesis. Neuron 94, 550-568.e10.

Chai, P., Jia, R., Jia, R., Pan, H., Wang, S., Ni, H., Wang, H., Zhou, C., Shi,
Y., Ge, S., et al. (2018). Dynamic chromosomal tuning of a novel GAU1
Incing driver at chr12p13.32 accelerates tumorigenesis. Nucleic Acids
Res. 46, 6041-6056.

Rajasekaran, S., Nagarajha Selvan, L.D., Dotts, K., Kumar, R., Rishi, P.,
Khetan, V., Bisht, M., Sivaraman, K., Krishnakumar, S., Sahoo, D., et al.
(2019). Non-coding and Coding Transcriptional Profiles Are Significantly
Altered in Pediatric Retinoblastoma Tumors. Front. Oncol. 9, 221.

Kleinman, C.L., Gerges, N., Papillon-Cavanagh, S., Sin-Chan, P., Prama-
tarova, A., Quang, D.A., Adoue, V., Busche, S., Caron, M., Djambazian, H.,
et al. (2014). Fusion of TTYH1 with the C19MC microRNA cluster drives
expression of a brain-specific DNMT3B isoform in the embryonal brain tu-
mor ETMR. Nat. Genet. 46, 39-44.

Cerami, E., Gao, J., Dogrusoz, U., Gross, B.E., Sumer, S.0O., Aksoy, B.A.,
Jacobsen, A., Byrne, C.J., Heuer, M.L., Larsson, E., et al. (2012). The cBio

16 Cell Reports Medicine 2, 100344, July 20, 2021

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cell Reports Medicine

cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2, 401-404.

Gao, J., Aksoy, B.A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S.O.,
Sun, Y., Jacobsen, A., Sinha, R., Larsson, E., et al. (2013). Integrative anal-
ysis of complex cancer genomics and clinical profiles using the cBioPortal.
Sci. Signal. 6, pI1.

Mackay, A., Burford, A., Molinari, V., Jones, D.T.W., lzquierdo, E.,
Brouwer-Visser, J., Giangaspero, F., Haberler, C., Pietsch, T., Jacques,
T.S., et al. (2018). Molecular, Pathological, Radiological, and Immune
Profiling of Non-brainstem Pediatric High-Grade Glioma from the HERBY
Phase || Randomized Trial. Cancer Cell 33, 829-842.e5.

Jiang, L., Huang, J., Higgs, B.W., Hu, Z., Xiao, Z., Yao, X., Conley, S.,
Zhong, H., Liu, Z., Brohawn, P., et al. (2016). Genomic Landscape Survey
Identifies SRSF1 as a Key Oncodriver in Small Cell Lung Cancer. PLoS
Genet. 12, e1005895.

Rudin, C.M., Durinck, S., Stawiski, E.W., Poirier, J.T., Modrusan, Z.,
Shames, D.S., Bergbower, E.A., Guan, Y., Shin, J., Guillory, J., et al.
(2012). Comprehensive genomic analysis identifies SOX2 as a frequently
amplified gene in small-cell lung cancer. Nat. Genet. 44, 1111-1116.

Harenza, J.L., Diamond, M.A., Adams, R.N., Song, M.M., Davidson, H.L.,
Hart, L.S., Dent, M.H., Fortina, P., Reynolds, C.P., and Maris, J.M. (2017).
Transcriptomic profiling of 39 commonly-used neuroblastoma cell lines.
Sci. Data 4, 170033.

Consortium, G.T.; GTEx Consortium (2015). Human genomics. The Geno-
type-Tissue Expression (GTEXx) pilot analysis: multitissue gene regulation
in humans. Science 348, 648-660.

Gazdar, A.F., Bunn, P.A., and Minna, J.D. (2017). Small-cell lung cancer:
what we know, what we need to know and the path forward. Nat. Rev.
Cancer 17, 725-737.

Sarvi, S., Mackinnon, A.C., Avlonitis, N., Bradley, M., Rintoul, R.C., Rassl,
D.M., Wang, W., Forbes, S.J., Gregory, C.D., and Sethi, T. (2014). CD133+
cancer stem-like cells in small cell lung cancer are highly tumorigenic and
chemoresistant but sensitive to a novel neuropeptide antagonist. Cancer
Res. 74, 1554-1565.

Codony-Servat, J., Verlicchi, A., and Rosell, R. (2016). Cancer stem cells in
small cell lung cancer. Transl. Lung Cancer Res. 5, 16-25.

Islam, M.O., Kanemura, Y., Tajria, J., Mori, H., Kobayashi, S., Hara, M., Ya-
masaki, M., Okano, H., and Miyake, J. (2005). Functional expression of
ABCG2 transporter in human neural stem/progenitor cells. Neurosci.
Res. 52, 75-82.

Ross, R.A., Walton, J.D., Han, D., Guo, H.F., and Cheung, N.K. (2015). A
distinct gene expression signature characterizes human neuroblastoma
cancer stem cells. Stem Cell Res. (Amst.) 15, 419-426.

Tirino, V., Desiderio, V., d’Aquino, R., De Francesco, F., Pirozzi, G., Gra-
ziano, A., Galderisi, U., Cavaliere, C., De Rosa, A., Papaccio, G., and Gior-
dano, A. (2008). Detection and characterization of CD133+ cancer stem
cells in human solid tumours. PLoS ONE 3, e3469.

Tong, Q.S., Zheng, L.D., Tang, S.T., Ruan, Q.L., Liu, Y., Li, S.W., Jiang,
G.S., and Cai, J.B. (2008). Expression and clinical significance of stem
cell marker CD133 in human neuroblastoma. World J. Pediatr. 4, 58-62.

Walton, J.D., Kattan, D.R., Thomas, S.K., Spengler, B.A., Guo, H.F., Bie-
dler, J.L., Cheung, N.K., and Ross, R.A. (2004). Characteristics of stem
cells from human neuroblastoma cell lines and in tumors. Neoplasia 6,
838-845.

Lee, J., Kotliarova, S., Kotliarov, Y., Li, A., Su, Q., Donin, N.M., Pastorino,
S., Purow, B.W., Christopher, N., Zhang, W., et al. (2006). Tumor stem cells
derived from glioblastomas cultured in bFGF and EGF more closely mirror
the phenotype and genotype of primary tumors than do serum-cultured
cell lines. Cancer Cell 9, 391-403.

Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, |., Pupko, T., and
Ben-Tal, N. (2016). ConSurf 2016: an improved methodology to estimate
and visualize evolutionary conservation in macromolecules. Nucleic Acids
Res. 44 (W1), W344-W350.


http://refhub.elsevier.com/S2666-3791(21)00193-2/sref10
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref10
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref10
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref11
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref11
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref11
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref11
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref11
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref12
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref12
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref12
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref12
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref13
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref13
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref13
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref13
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref14
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref14
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref14
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref14
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref15
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref15
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref15
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref15
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref16
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref16
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref16
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref16
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref17
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref17
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref17
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref17
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref18
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref18
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref18
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref19
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref19
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref19
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref19
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref20
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref20
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref20
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref20
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref21
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref21
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref21
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref21
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref22
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref22
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref22
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref22
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref23
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref23
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref23
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref23
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref24
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref24
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref24
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref24
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref24
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref25
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref25
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref25
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref25
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref26
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref26
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref26
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref26
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref27
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref27
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref27
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref27
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref27
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref28
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref28
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref28
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref28
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref29
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref29
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref29
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref29
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref30
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref30
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref30
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref30
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref31
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref31
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref31
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref32
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref32
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref32
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref33
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref33
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref33
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref33
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref33
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref34
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref34
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref35
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref35
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref35
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref35
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref36
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref36
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref36
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref37
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref37
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref37
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref37
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref38
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref38
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref38
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref39
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref39
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref39
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref39
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref40
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref40
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref40
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref40
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref40
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref47
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref47
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref47
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref47

Cell Reports Medicine

42,

43.

44,

45,

46.

47.

48.

49,

50.

51

52.
53.

Tucker, D.F., Sullivan, J.T., Mattia, K.A., Fisher, C.R., Barnes, T., Mabila,
M.N., Wilf, R., Sulli, C., Pitts, M., Payne, R.J., et al. (2018). Isolation of
state-dependent monoclonal antibodies against the 12-transmembrane
domain glucose transporter 4 using virus-like particles. Proc. Natl. Acad.
Sci. USA 115, E4990-E4999.

Capurro, M., Martin, T., Shi, W., and Filmus, J. (2014). Glypican-3 binds to
Frizzled and plays a direct role in the stimulation of canonical Wnt
signaling. J. Cell Sci. 127, 1565-1575.

Lander, A.D., Stipp, C.S., and Ivins, J.K. (1996). The glypican family of hep-
aran sulfate proteoglycans: major cell-surface proteoglycans of the devel-
oping nervous system. Perspect. Dev. Neurobiol. 3, 347-358.

Matas-Rico, E., van Veen, M., Leyton-Puig, D., van den Berg, J., Koster, J.,
Kedziora, K.M., Molenaar, B., Weerts, M.J., de Rink, |., Medema, R.H.,
et al. (2016). Glycerophosphodiesterase GDE2 Promotes Neuroblastoma
Differentiation through Glypican Release and Is a Marker of Clinical
Outcome. Cancer Cell 30, 548-562.

Traister, A., Shi, W., and Filmus, J. (2008). Mammalian Notum induces the
release of glypicans and other GPl-anchored proteins from the cell sur-
face. Biochem. J. 4710, 503-511.

Park, S., Lee, C., Sabharwal, P., Zhang, M., Meyers, C.L., and Sockana-
than, S. (2013). GDE2 promotes neurogenesis by glycosylphosphatidyli-
nositol-anchor cleavage of RECK. Science 339, 324-328.

Campeau, E., Ruhl, V.E., Rodier, F., Smith, C.L., Rahmberg, B.L., Fuss,
J.0., Campisi, J., Yaswen, P., Cooper, P.K., and Kaufman, P.D. (2009).
A versatile viral system for expression and depletion of proteins in
mammalian cells. PLoS ONE 4, e6529.

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S.,
Batut, P., Chaisson, M., and Gingeras, T.R. (2013). STAR: ultrafast univer-
sal RNA-seq aligner. Bioinformatics 29, 15-21.

Li, B., and Dewey, C.N. (2011). RSEM: accurate transcript quantification
from RNA-Seq data with or without a reference genome. BMC Bioinfor-
matics 72, 323.

. Sievers, F., and Higgins, D.G. (2018). Clustal Omega for making accurate

alignments of many protein sequences. Protein Sci. 27, 135-145.
Kabsch, W. (2010). Xds. Acta Crystallogr. D Biol. Crystallogr. 66, 125-132.

Adams, P.D., Afonine, P.V., Bunkdczi, G., Chen, V.B., Davis, I.W., Echols,
N., Headd, J.J., Hung, L.W., Kapral, G.J., Grosse-Kunstleve, R.W., et al.
(2010). PHENIX: a comprehensive Python-based system for macromolec-
ular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213-221.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

¢? CellPress

OPEN ACCESS

Emsley, P., Lohkamp, B., Scott, W.G., and Cowtan, K. (2010). Features
and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486-501.

Kelley, L.A., Mezulis, S., Yates, C.M., Wass, M.N., and Sternberg, M.J.
(2015). The Phyre2 web portal for protein modeling, prediction and anal-
ysis. Nat. Protoc. 70, 845-858.

Strong, M., Sawaya, M.R., Wang, S., Phillips, M., Cascio, D., and Eisen-
berg, D. (2006). Toward the structural genomics of complexes: Crystal
structure of a PE/PPE protein complex from Mycobacterium tuberculosis.
PNAS 703, 8060-8065. https://doi.org/10.1073/pnas.0602606103.
Kroesen, M., Nierkens, S., Ansems, M., Wassink, M., Orentas, R.J., Boon,
L., den Brok, M.H., Hoogerbrugge, P.M., and Adema, G.J. (2014). A trans-
plantable TH-MYCN transgenic tumor model in C57BI/6 mice for preclin-
ical immunological studies in neuroblastoma. Int. J. Cancer 134, 1335-
1345.

Erefio-Orbea, J., Sicard, T., Cui, H., Carson, J., Hermans, P., and Julien,
J.P. (2018). Structural Basis of Enhanced Crystallizability Induced by a
Molecular Chaperone for Antibody Antigen-Binding Fragments. J. Mol.
Biol. 430, 322-336.

McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni,
L.C., and Read, R.J. (2007). Phaser crystallographic software. J. Appl.
Cryst. 40, 658-674.

Svensson, G., Awad, W., Hakansson, M., Mani, K., and Logan, D.T. (2012).
Crystal structure of N-glycosylated human glypican-1 core protein: struc-
ture of two loops evolutionarily conserved in vertebrate glypican-1. J. Biol.
Chem. 287, 14040-14051.

Morin, A., Eisenbraun, B., Key, J., Sanschagrin, P.C., Timony, M.A., Otta-
viano, M., and Sliz, P. (2013). Collaboration gets the most out of software.
eLife 2, e01456.

Zhu, Z., Dimitrov, A.S., Bossart, K.N., Crameri, G., Bishop, KA.,
Choudhry, V., Mungall, B.A., Feng, Y.R., Choudhary, A., Zhang, M.Y.,
et al. (2006). Potent neutralization of Hendra and Nipah viruses by human
monoclonal antibodies. J. Virol. 80, 891-899.

Zhu, Z., Ramakrishnan, B., Li, J., Wang, Y., Feng, Y., Prabakaran, P., Co-
lantonio, S., Dyba, M.A., Qasba, P.K., and Dimitrov, D.S. (2014). Site-spe-
cific antibody-drug conjugation through an engineered glycotransferase
and a chemically reactive sugar. MAbs 6, 1190-1200.

Vivian, J., Rao, A., Nothaft, F.A., Ketchum, C., Armstrong, J., Novak, A.,
Pfeil, J., Narkizian, J., Deran, A.D., Musselman-Brown, A., et al. (2016).
Rapid and efficient analysis of 20,000 RNA-seq samples with Toil. bioRxiv,
062497.

Cell Reports Medicine 2, 100344, July 20, 2021 17



http://refhub.elsevier.com/S2666-3791(21)00193-2/sref41
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref41
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref41
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref41
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref41
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref42
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref42
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref42
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref43
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref43
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref43
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref44
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref44
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref44
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref44
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref44
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref45
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref45
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref45
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref46
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref46
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref46
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref49
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref49
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref49
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref49
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref61
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref61
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref61
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref62
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref62
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref62
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref63
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref63
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref51
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref52
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref52
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref52
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref52
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref56
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref56
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref56
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref54
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref54
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref54
https://doi.org/10.1073/pnas.0602606103
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref48
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref48
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref48
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref48
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref48
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref50
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref50
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref50
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref50
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref53
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref53
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref53
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref55
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref55
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref55
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref55
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref57
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref57
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref57
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref58
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref58
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref58
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref58
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref59
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref59
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref59
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref59
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref60
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref60
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref60
http://refhub.elsevier.com/S2666-3791(21)00193-2/sref60

¢? CellPress

OPEN ACCESS

STARXxMETHODS

KEY RESOURCES TABLE

Cell Reports Medicine

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human D3-GPC2-lgG1 Bosse et al., 20172 N/A

Human D3-GPC2-Fab Bosse et al., 20177 N/A

Human D3-GPC2-PBD Bosse et al., 20177 N/A

InVivoMAB Human IgG1 isotype control BioXCell Cat # BE0297; RRID: AB_2687817
Dinutuximab Laboratory of Dr. Paul Sondel N/A

Glypican-2 Antibody (F-5)
B-Actin Antibody

Cleaved Caspase-3 (Asp175) (5A1E) Rabbit
mAb (Western blot and IHC)

Cleaved PARP1 (Asp214) Antibody (Human
Specific; western blot and IHC)

Phospho-Histone H2A.X (Ser139)
Antibody (Western blot and IHC)

N-MYC Antibody (Western blot)
Anti-Pan-Myc Antibody (EPR18863)
Anti-c-Myc Antibody (Y69)

Normal Rabbit IgG

Histone H3 (D2B12) XP® Rabbit mAb
(ChIP Formulated)

N-Myc Antibody (pAb) (ChIP PCR)

APC Anti-Human CD117 (c-kit) Antibody
(Clone 104D2)

APC Anti-Human Ganglioside GD2
Antibody (Clone 14G2a)

CD166 Antibody, Anti-Human, REAfinity
(APC, Clone REA442)

APC Anti-Human CD44 Antibody (Clone BJ18)
CD87 Antibody, Anti-Human (APC, Clone VIM5)

APC Anti-Human CD338 (ABCG2) Antibody
(Clone 5D3)

CD1383/2 Antibody, Anti-Human (APC,
Clone 293C3)

PE/Cyanine7 Anti-Mouse CD133
Antibody (Clone 315-2C11)

ABCG2 Antibody (B-1) Alexa Fluor® 790

PerCP Anti-Mouse CD117 (c-kit)
Antibody (Clone 2B8)

Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Abcam
Abcam
Cell Signaling Technology
Cell Signaling Technology

Active Motif
BioLegend

BioLegend

Miltenyi Biotec

BioLegend
Miltenyi Biotec
BioLegend

Miltenyi Biotec

BioLegend

Santa Cruz Biotechnology
BioLegend

Cat # sc-393824; RRID: AB_2714029
Cat # 4967; RRID: AB_330288
Cat # 9664; RRID: AB_2070042

Cat # 9541; RRID: AB_331426

Cat # 2577; RRID: AB_2118010

Cat # 9405; RRID: AB_10692664
Cat # ab195207

Cat # ab32072; RRID: AB_731658
Cat # 2729; RRID: AB_1031062
Cat # 4620; RRID: AB_1904005

Cat # 61185; RRID: AB_2793543
Cat # 313206; RRID: AB_314985

Cat # 357306; RRID: AB_2563084

Cat # 130-119-769; RRID: AB_2751830

Cat # 338806; RRID: AB_1501195
Cat # 130-099-456; RRID: AB_2659423
Cat # 332020; RRID: AB_1227470

Cat # 130-113-184; RRID: AB_2726010

Cat # 141210; RRID: AB_2564069

Cat # sc-377176 AF790
Cat # 105822; RRID: AB_2131599

Bacterial and virus strains

One Shot Stbl3 Chemically Competent E. coli Thermo Fisher Scientific Cat # C737303
Biological samples
SK-N-AS xenograft CHOP Neuroblastoma Biobank N/A
CHLA-79 xenograft CHOP Neuroblastoma Biobank N/A
COG-N-421x PDX Children’s Oncology Group (COG) Cell N/A

Culture and Xenograft Repository
RHO7-1x PDX CHOP Neuroblastoma Biobank N/A
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COG-N-453x PDX Children’s Oncology Group (COG) Cell N/A

Culture and Xenograft Repository
COG-N-440x PDX Children’s Oncology Group (COG) Cell N/A

Culture and Xenograft Repository
COG-N-471x PDX Children’s Oncology Group (COG) Cell N/A

Culture and Xenograft Repository
COG-N-453x PDX Children’s Oncology Group (COG) Cell N/A

Culture and Xenograft Repository
NB-1643 PDX Laboratory of Dr. Peter Houghton N/A
Chemicals, peptides, and recombinant proteins
PBD Dimer Levena Biopharma US Cat # D4008
Recombinant Human Glypican 2 Protein, CF R&D systems Cat # 2304-GP-050
Puromycin Dihydrochloride from Sigma-Aldrich Cat # P8833

Streptomyces alboniger

Recombinant Human Active
heparanase/HPSE Protein, CF

Phenylmethanesulfonyl Fluoride (PMSF)
Polybrene®

GIBCO FreeStyle 293 Expression Medium
FectoPRO DNA Transfection Reagent
CaptureSelect LC-kappa (Human) Affinity Ligand

R&D systems

Cell Signaling Technology
Santa Cruz Biotechnology
Thermo Fisher Scientific
VWR

Thermo Fisher Scientific

Cat # 7570-GH-005

Cat # 8553

Cat # sc-134220
Cat # 12338026
Cat # 10118-444
Cat # 1033270500

FUGENE® 6 Transfection Reagent Promega Cat # E2691
Critical commercial assays

CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat # G7571
Caspase-Glo® 3/7 Assay System Promega Cat # G8091
ONE-Glo Luciferase Assay System Promega Cat # E6110
SuperScript lll First-Strand Synthesis System Thermo Fisher Scientific Cat # 18080051
RNeasy Mini Kit QIAGEN Cat # 74104
QIlAshredder QIAGEN Cat # 79654
TagMan™ Universal PCR Master Mix Applied Biosystems Cat # 4304437
QuickChange Multi Site-Directed Mutagenesis Kit Agilent Cat # 200515
IncuCyte® Fabfluor-pH Red Antibody Essen Bioscience Cat # 4722
Labeling Reagent

SimpleChIP® Plus Sonication Chromatin IP Kit Cell Signaling Technology Cat # 56383S
PerfeCTa SYBR Green SuperMix ROX Quantabio Cat # 95055-100
BD Quantibrite Beads PE Phycoerythrin BD Cat # 340495
Fluorescence Quantitation Kit

PE/R-Phycoerythrin Conjugation Abcam Cat # ab102918
Kit — Lightning-Link®

Ni-NTA biosensors ForteBio Cat # 185101
Deposited data

GPC2-D3-Fab crystal structure This paper PDB code PDB: 6WJL (https://www.

rcsb.org/structure/6WJL)

Experimental models: Cell lines

SMS-SAN
NB-EbC1
SH-SY5Y
SK-N-AS
NBL-S
SK-N-SH

CHOP Cell Line Bank
CHOP Cell Line Bank
CHORP Cell Line Bank
CHOP Cell Line Bank
CHORP Cell Line Bank
CHORP Cell Line Bank

RRID: CVCL_7136
RRID: CVCL_E218
RRID: CVCL_0019
RRID: CVCL_1700
RRID: CVCL_2136
RRID: CVCL_0531

(Continued on next page)
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NB-SD CHORP Cell Line Bank RRID: CVCL_LF68

NB-1643 CHORP Cell Line Bank RRID: CVCL_5627

HEK293T ATCC Cat # CRL-3216; RRID: CVCL_0063
H526 (NCI-H526) ATCC Cat # CRL-5811; RRID: CVCL_1569
H209 (NCI-H209) ATCC Cat # HTB-172; RRID: CVCL_1525
H146 (NCI-H146) ATCC Cat # HTB-173; RRID: CVCL_1473
H1930 (NCI-H1930) ATCC Cat # CRL-5906; RRID: CVCL_1507
H82 (NCI-H82) ATCC Cat # HTB-175; RRID: CVCL_1591

FreeStyle 293-F Cells
9464D

9464D-Gpc2
SH-SY5Y-Empty
SH-SY5Y-GPC2
SH-SY5Y-AHS GPC2
Kelly-Empty
Kelly-GPC2
Kelly-AHS GPC2
293T-Empty
293T-GPC2
293T-AHS GPC2
SK-N-AS-GPC2
SK-N-AS-Luc
BxPC-3-Luc

Thermo Fisher Scientific

Laboratory of Dr. Paul Sondel

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper

Cat # R79007; RRID: CVCL_D603
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Experimental models: Organisms/strains

Mouse: C.B-17 scid (C.B-Igh-1°/lcrTac-Prkdcs©)
Mouse: C57BL/6J

Taconic Biosciences
Jackson Laboratory

Cat # CB17SC-F; RRID: IMSR_TAC:cb17sc
Cat # 000664; RRID: IMSR_JAX:000664

Oligonucleotides

MYCN TagMan® Gene Expression Assay
GPC2 TagMan® Gene Expression Assay
UBC TagMan® Gene Expression Assay
HPRT1 TagMan® Gene Expression Assay

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat # Hs00232074_m1
Cat # Hs00415099_m1
Cat # Hs00824723_m1
Cat # Hs02800695_m1

Recombinant DNA

pMD2.G (encoding envelope plasmid VSV-G)
psPAX2 (packaging plasmid)

Gpc2 pDONR221

pLenti CMV Puro DEST (w118-1)

Gpc2 pLenti CMV Puro Vector (Gpc2)

GPC2 pLenti CMV Puro Vector (GPC2)

AHS GPC2 pLenti CMV puro vector (AHS GPC2)
GPC2245% pHLsec vector (GPC224%%%)

AHS GPC2%4-%54 pHLsec vector (AHS GPC224-554)
GPC2%44%3 pHLsec vector (GPC2244%)

AHS GPC2%449% pHLsec vector (AHS GPC2%44%)
D3-GPC2-Fab pcDNA3.4 vector
D3-GPC2-Fab-Heavy chain pcDNA3.4 vector
D3-GPC2-Fab-kappa light chain pcDNA3.4 vector
GPC2 MISSION® shRNA Plasmid

GPC2 MISSION® shRNA Plasmid

e3 Cell Reports Medicine 2, 100344, July 20, 2021

Laboratory of Dr. Robert Schnepp
Laboratory of Dr. Robert Schnepp

This paper
Campeau et al., 2009*°

This Paper
Bosse et al., 20177
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
Sigma-Aldrich
Sigma-Aldrich

N/A
N/A
N/A

Addgene plasmid # 17452;
RRID: Addgene_17452

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Cat # TRCN0000220037; shGPC2 Exon 4 (2)
Cat # TRCN0O000147974; shGPC2 3'UTR (4)
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MYCN MISSION® shRNA Plasmid Sigma-Aldrich Cat # TRCN00000358381; shMYCN-1 (1)
MYCN MISSION® shRNA Plasmid Sigma-Aldrich Cat # TRCN0000020695; shMYCN-5 (5)
MYCN MISSION® shRNA Plasmid Sigma-Aldrich Cat # TRCN0000020696; shMYCN-6 (6)
MYCN MISSION® shRNA Plasmid Sigma-Aldrich Cat # TRCN0000020697; shMYCN-7 (7)
MISSION® pLKO.1-puro Non-Mammalian Sigma-Aldrich Cat # SHC002; shNTC (C)

shRNA Control Plasmid

Software and algorithms

STAR Dobin et al., 2013* https://github.com/alexdobin/STAR

RSEM Li and Dewey, 2011%° https://github.com/deweylab/RSEM

Clustal omega Sievers and Higgins, 2018°" https://www.ebi.ac.uk/Tools/services/
web_clustalo/toolform.ebi

FlowJo 10.0 FlowJo LLC https://www.flowjo.com/

XDS Kabsch, 2010°2 https://xds.mr.mpg.de/

Phenix Adams et al., 2010°° https://phenix-online.org/

Coot Emsley et al., 2010°* https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

PyMOL The PyMOL Molecular Graphics https://pymol.org/2/#products

System, Version 1.8 Schrodinger, LLC.

SBGrid SBGrid Consortium https://sbgrid.org/

Octet Data Analysis Software 9.0.0.6 ForteBio https://www.sartorius.com/en/products/
protein-analysis/octet-systems-software

GraphPad Prism GraphPad Software https://www.graphpad.com/

Phyre2 Kelley et al., 2015°° http://www.sbg.bio.ic.ac.uk/~phyre2/

html/page.cgi?id=index
UCLA anisotropy server Strong et al., 2006°° http://services.mbi.ucla.edu/anisoscale/
anisoscale_xds/

Other

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kristopher
R. Bosse (bossek@chop.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

The data from public resources analyzed in this study is available from the references noted in the text. The data associated with the
crystal structure has been deposited to the Protein Data Bank (PDB) under accession code 6WJL (https://www.rcsb.org/structure/
6WJL). Any other dataset or code from this study is available from the Lead Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

PDX and xenograft models

Human neuroblastoma PDXs and cell line-derived xenografts were acquired from the Children’s Hospital of Philadelphia Neuroblas-
toma biobank and the Children’s Oncology Group (COG) Cell Culture and Xenograft Repository. Tumors were typically implanted into
the flanks of female 5-9 week-old C.B-17 scid mice (C.B—lgh—1b/lchac-Prkch°’d; Taconic Biosciences), typically each weighing 16-
25 g. When a majority of mice had tumors at study enrollment tumor size, animals were randomly assigned into treatment cohorts
and mean/median tumor volumes of each cohort were calculated to ensure similar starting tumor volumes. Each mouse was then
given a single dose of their respective ADC treatments in PBS or vehicle (Day 0) via intraperitoneal (IP) injection. In some efficacy
studies, one cohort of mice received 3 subsequent ADC 1 mg/kg IP injections over the following 2 weeks (1 mg/kg x 4 cohort).
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For the H526 xenograft and 9464D-Gpc?2 allograft studies, tumors were implanted into the flanks of C.B-17 scid mice or C57BL/6J
mice (Jackson Laboratory, Bar Harbor, ME), respectively, utilizing matrigel, subsequently expanded into study mice and, after
randomization, were treated with IP ADC, human IgG1 (BioXCell, #BE0297), or D3-GPC2-IgG1. For all studies, mouse weights
and tumor volumes were measured at least twice weekly and tumor volumes were calculated as volume = ([diameter'/2 + diam-
eter?/2]3*0.5236)/1000. Mice, unless otherwise noted, were treatment naive and maintained in cages of up to 5 mice under barrier
conditions with ready access to feed and water. Experiments were conducted using protocols and conditions approved by the
CHORP Institutional Animal Care and Use Committee (IACUC; Approved IACUC Protocol #643) with adherence to the NIH guide
for the Care and Use of Laboratory Animals in a pathogen-free facility fully accredited by the Association for Assessment and Accred-
itation of Laboratory Animal Care (AAALAC). Mice were euthanized when tumor volumes reached/exceeded 2-3 cm?® or an animal
displayed any signs of clinical distress. The gender of each neuroblastoma or SCLC PDX or cell line xenograft is as follows, male:
H526, NB-1643, COG-N-421x, and COG-N-453x and female: COG-N-440x, COG-N-471x, CHLA-79, and SK-N-AS.

Cell lines

Human-derived neuroblastoma, SCLC, and HEK293T cell lines were obtained from the Children’s Hospital of Philadelphia cell line
bank, the Children’s Oncology Group (COG) Cell Culture and Xenograft Repository, or the American Type Culture Collection (ATCC)
and cultured in RPMI containing 10% FBS, 2 mM L-Glutamine, and 1% streptomycin/penicillin at 37°C under 5% CO,. Where noted,
neuroblastoma cells were also cultured in Neurobasal media (DMEM/F12, 20 ng/mL bFGF, 20 ng/mL FGF, 2.5 ug/mL heparin,
B27 minus Vitamin A, and N2 supplement). The murine 9464D neuroblastoma cell line was kindly provided by Dr. Paul Sondel.®”
The genomic identity of each cell line was confirmed with genotyping using a GenePrint® 24 System (Promega) and cell lines were
routinely tested to confirm the lack of mycoplasma contamination. The gender of each neuroblastoma or SCLC cell line is as follows,
male: H146, H1930, H209, H526, H82, NB-EbC1, and NBL-S and female: SMS-SAN, SH-SY5Y, NB-SD, Kelly, SK-N-SH, and SK-N-AS.

METHOD DETAILS

Construct design, protein expression, and purification

The GPC2 pLenti CMV puro vector (GPC2) was constructed as previously described.'? To achieve the AHS GPC2 pLenti CMV puro
vector (AHS GPC2), where putative post-translationally modified serine amino acids 55, 92, 155, 500, and 502 were each mutated to
an alanine, the GPC2 pLenti CMV puro vector (GPC2) was mutated utilizing a QuickChange Multi Site-Directed Mutagenesis Kit (Agi-
lent) according to the manufacturer’s instructions. Murine Gpc2 cDNA in a pCMV6 vector was purchased from Origene (MC202461),
PCR amplified to attach attB sites, recombined with a pPDONOR221 vector using a Gateway® BP Clonase® Il enzyme and subse-
quently cloned into a pLenti CMV puro DEST (w118-1) plasmid, which was a gift from Eric Campeau® and was purchased via Addg-
ene (plasmid #17452), with a Gateway® LR clonase enzyme (Invitrogen) via the manufacturer’s instructions to make a Gpc2 pLenti
CMV puro vector (Gpc2).

Genes for the human GPC2 constructs GPC2245%4 AHS GPC224%%4 GPC2244%3 and AHS GPC2244%3, all containing a C-terminal
Hisgx tag were codon-optimized for expression in human cells and cloned into the pHLsec vector (GeneArt). The AHS GPC2 variants
were synthesized by replacing putative post-translationally modified serine amino acid sites with threonine residues as indicated.
GPC2 point mutants were generated using a KOD-Plus-Mutagenesis Kit per the manufacturer’s instructions. All constructs were
transiently transfected and expressed in suspension HEK293F cells and purified using Ni-NTA affinity chromatography, followed
by gel filtration in 20 mM Tris, pH 8.0, and 150 mM NaCl. Genes for the heavy and light chains of the D3-GPC2-Fab were codon-opti-
mized for expression in human cells and cloned into the pcDNAS3.4 vector (GeneArt). The Fab was transiently expressed in HEK293F
cells and purified using Kappa-Select affinity chromatography, followed by cation exchange chromatography and size exclusion
chromatography in 20 mM Tris, pH 8.0 and 150 mM NaCl.

Crystallization and structure determination of the D3-GPC2-Fab complex

The purified D3-GPC2-Fab and AHS GPC224%3 protein were mixed at a 1:2.5 molar ratio. A ligand protein VH was also added in 2.5
molar excess of the Fab to aid in the crystallization process.”® The complex was purified using size exclusion chromatography in
20 mM Tris, pH 8.0, and 150 mM NaCl buffer and set up for crystallization at a 5 mg/mL concentration. The protein was mixed
with conditions from sparse matrix screens (JCSG Top96 and Microlytic MCSG) in a 1:1 ratio using the sitting drop method with
an Oryx4 crystallization robot (Douglas Instruments). Rod shaped crystals of dimension 0.5 x 0.1 x 0.1 mm were obtained from
the Microlytic MCSG2 screen in a condition containing 0.2 M NaCl, 10% (w/v) PEG 3350, and 0.1 M disodium hydrogen phosphate.
The crystals diffracted to a resolution of 3.3 A at the GM/CA 23-ID-D beamline at the Argonne Photon Source. Data were processed
and scaled using XDS.> A small level of anisotropy was present in the data (spread in values of the three principle components =
28.34 A**2) as detected using the UCLA anisotropy server (http://services.mbi.ucla.edu/anisoscale/anisoscale_xds/), and was
scaled during refinement and map calculations by phenix.refine.>® The structure was determined by molecular replacement using
Phaser®®, with a homology model from Phyre2°° generated using the GPC1 crystal structure (PDB ID: 4ACR)®°, a Fab from our in-
ternal database, and the VH ligand (from PDB ID: 6ANA) as starting models. Iterations of model building and refinement were per-
formed using Coot>* and phenix.refine.>® Non-crystallographic symmetry restraints were used during refinement. All software were
accessed through SBGrid.®"
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Binding assays using biolayer interferometry (BLI)

The binding affinity of the D3-GPC2-Fab to different AHS GPC2 variants and point mutants was measured by BLI on an Octet Red96
instrument (FortéBio) at 25°C. All proteins were diluted in 1X kinetics buffer (PBS, pH 7.4, 0.01% [w/v] BSA, 0.002% [v/v] Tween-20).
GPC2 protein (AHS variants and point mutants) were immobilized on Ni-NTA sensors. The loaded biosensors were dipped into wells
containing serial dilutions of the D3-GPC2-Fab to determine the rate of association. Sensors were then dipped back into kinetics
buffer to monitor the dissociation rate. Curves were fitted to a 1:1 binding model and the kinetic parameters (ko and ko) and equi-
librium dissociation constant (Kp) were evaluated using FortéBio’s data analysis software (Version 9.0).

MYCN chromatin immunoprecipitation (ChiP) PCR

The SCLC H526 cell line was crosslinked with 1% formaldehyde and cells were then washed with cold PBS and resuspended in
1.0 uM phenylmethyl sulfonyl fluoride (PMSF). The SimpleChIP® Plus Sonication Chromatin Immunoprecipitation Kit (Cell Signaling
Technology) was then utilized per the manufacturer’s instructions. An active Motif Q800AMS Sonicator (power = 750 Watts) with a
QSonica #4905 high capacity chiller was utilized. Chromatin fragmentation analysis was done using a Genomic DNA ScreenTape on
an Agilent 2200 TapeStation. Antibodies utilized were normal rabbit IgG (4 uL; Cell Signaling, #2729), Histone H3 (D2B12) XP Rabbit
mADb (10 pL; Cell Signaling, #4620), and N-MYC (4 uL; Active Motif, #61185). Millipore Sigma Protein A+G Magnetic Beads were used
in place of the magnetic beads provided in the SimpleChIP® Kit. For PCR, 4 puL of DNA from the MYCN ChIP was combined with
PerfeCTa SYBR Green SuperMix and primers at final concentrations of 1X SYBR Green ROX and 0.5 uM for each primer. The
gPCR data were analyzed by normalizing the input value to 100%, determining the difference between the input and experimental
Ct values (ACt), and finding the percent input (100x22%Y).

Real-time PCR analysis

Total RNA was isolated from neuroblastoma cells utilizing Qiashredder and RNeasy Mini Kits (QIAGEN) and mRNAs were converted
to cDNA using a SuperScript™ Il First-Strand Synthesis System for RT-PCR (Thermo Fisher Scientific). Tagman® gene expression
assays (Thermo Fisher Scientific) were used to quantitate MYCN (Hs00232074_m1), GPC2 (Hs00415099_m1), UBC
(Hs00824723_m1), and HPRT1 (Hs02800695_m1) mRNA levels. RT-PCR analysis was performed on an Applied Biosystems
7900HT Sequence Detection System using standard cycling conditions and mRNA expression values were quantified with corre-
sponding standard curves. Ratios of mMRNA quantities were normalized by comparing mRNA expression of interest to the geomean
of mean UBC and HPRT1 mRNA expression values.

Immunohistochemistry (IHC)

vH2AX IHC was run on a Leica autostainer as previously described,'? except an E1 antigen retrieval solution was utilized for 20 mi-
nutes. The cleaved PARP and cleaved caspase-3 IHC were achieved with an overnight primary antibody incubation and an ABC
Staining Kit (PK-6100, Vector Labs) with citrate (pressure cooker) antigen retrieval. The antibodies utilized were as follows: Cleaved
PARP (1:100; Cell Signaling Technology, #9541), Cleaved caspase-3 (1:100; Cell Signaling Technology, #9664), and Phospho-His-
tone H2A.X (Ser139) (1:100; Cell Signaling Technology, #2577). Representative pictures were taken of, and the IHC staining quan-
tified on, scanned IHC slides with the Aperio ImageScope program v12.2.2.5015.

Flow cytometry

Dissociated single cell suspensions were achieved with 0.02% EDTA in HBSS, washed with cold PBS, and cells were stained with
LIVE/DEAD™ Fixable Violet Dead Cell Stain (Invitrogen) for 30 minutes in the dark on ice. Cells were then washed with cold PBS,
incubated in the dark on ice for 30 minutes with the indicated primary antibody in 10% y-Globulins (from human blood, Sigma-Aldrich
G4386), washed with cold PBS x 2, and fixed in 1% formaldehyde. Neuroblastoma PDXs/xenografts were dissociated in a gentle-
MACS™ Dissociator at 37°C in the presence of enzymes supplied by the manufacturer, passed sequentially through 70 um and
100 um cell strainers, and depleted of red blood cells via incubation with 1X Red Blood Cell Lysis Solution (Miltenyi Biotech). Mouse
cell depletion was achieved by magnetic separation with LS columns following cell labeling with Mouse Cell Depletion Cocktail (Mil-
tenyi Biotech). Recovered tumor cells were stained as above. Stained samples were run on a Beckman CytoFLEX S or LX cytometer
and analyzed using FlowJo software. To semi-quantitate GPC2 cell surface expression, a BD Quantibrite Beads PE Fluorescence
Quantitation Kit was run in parallel with a subset of samples according to the manufacturer’s instructions. The D3-GPC2-1gG1 anti-
body was conjugated to PE using a PE/R-Phycoerythrin Conjugation Kit (Abcam, ab102918). Other primary antibodies utilized were
as follows: APC anti-human CD117 (c-kit) antibody (clone 104D2, 5 ug/mL, BioLegend #313206), APC anti-human CD338 (ABCG2)
antibody (clone 5D3, 5 ug/mL, BioLegend #332020), CD133/2 Antibody, anti-human (APC, clone 293C3, 10 ug/mL, Miltenyi Biotec
#130-113-184), APC anti-human Ganglioside GD2 antibody (clone 14G2a, 25 ug/mL, BioLegend #357306), CD87 Antibody, anti-hu-
man (APC, clone VIM5, 10 ug/mL, Miltenyi Biotec #130-099-456), APC anti-human CD44 antibody (clone BJ18, 25 ug/mL, BioLegend
#338806), and CD166 antibody, anti-human, REAfinity (APC, clone REA442, 10 ug/mL, Miltenyi Biotec #130-119-769) as well as mu-
rine antibodies PE/Cyanine7 anti-mouse CD133 antibody (clone 315-2C11, 10 ug/mL, BioLegend #141210), ABCG2 Antibody (B-1)
Alexa Fluor® 790 (10 ug/mL, Santa Cruz Biotechnology sc-377176), and PerCP anti-mouse CD117 (c-kit) antibody (clone 2B8,
25 ug/mL, BioLegend #105822).
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Western blotting

Whole-cell lysates were prepared with cell lysis buffer (Cell Signaling Technology, #9803), PMSF (Sigma-Aldrich), Phosphatase In-
hibitor Cocktail 2 (Sigma-Aldrich, P5726) and 3 (Sigma-Aldrich, P0044), briefly sonicated, rotated for 15 minutes at 4°C, centrifuged
for 10 minutes, and then supernatant was removed and protein concentration was quantified by Bradford assays. Lysates were sepa-
rated on 10% or 4%-12% Bis-Tris gels (Life Technologies), transferred to a PVDF membrane, blocked in 5% non-fat milk in Tris-buff-
ered saline and Tween-20 (TBS-T), and blotted using standard protocols. Membranes were typically incubated at 4°C overnight in
primary antibody, washed x 3 in TBS-T, then incubated in 1:2,000 diluted HRP-labeled secondary antibody at room temperature for 1
hour, washed an additional x 3 with TBS-T, and then developed with a chemiluminescent reagent (SuperSignal West Femto, Thermo
Fisher Scientific). The following primary antibodies were used: -Actin (1:5,000, Cell Signaling Technology #4967), N-MYC (1:1,000,
Cell Signaling Technology #9405), Anti-glypican-2 Antibody (F5, 1:500, Santa Cruz Biotechnology sc-393824), Cleaved Caspase-3
(Asp175, 5A1E, 1:1,000, Cell Signaling Technology #9664), Cleaved PARP1 (Asp214, 1:1,000, Cell Signaling Technology #9541),
Phospho-Histone H2A.X (Ser139, yH2AX, 1:1,000, Cell Signaling Technology #2577), Anti-c-Myc (Y69, 1:1,000, Abcam ab32072),
and Anti-Pan-Myc (EPR18863, 1:1,000, Abcam ab195207).

Lentiviral preparation and transduction and DNA transfection

pLKO.1 lentiviral shRNA plasmids targeting GPC2 and MYCN or a non-targeting control (NTC) shRNA were obtained from Sigma
MISSION shRNA consortium: shGPC2-2 (2), TRCN0000220037; shGPC2-4 (4), TRCN0000147974; shMYCN-1 (1), TRCNOOO003
58381; shMYCN-5 (5), TRCN0O000020695; shMYCN-6 (6), TRCN0000020696; shMYCN-7 (7), TRCN0O000020697; and shNTC (C;
SHC002, MISSION® pLKO.1-puro non-mammalian shRNA control plasmid) and were transfected along with pMD2.G (encoding enve-
lope plasmid VSV-G) and psPAX2 (packaging plasmid) into HEK293T cells utilizing FUGENE® 6. The pMD2.G and psPAX2 plasmids were
a kind gift from the laboratory of Dr. Robert Schnepp. The virus-containing supernatant was collected 48 and 72 hours after transfection
and filtered with 0.45 uM nitrocellulose membranes. To increase transduction efficiency, virus was added to cells in the presence of 8 ng/
mL polybrene (Sigma). Media was changed the next day and puromycin (Sigma) was typically added for selection for at least 48 hours prior
to further assaying.

For luciferase transduced cells, lentivirus was produced in a similar manner utilizing a pLenti CMV Puro LUC vector (w688-1), which
was a gift from Eric Campeau*® and was purchased via Addgene (plasmid #17477). For GPC2, AHS GPC2, or murine Gpc2 isogenic cell
line engineering, lentivirus was generated from GPC2, AHS GPC2, murine Gpc2, and empty pLENTI CMV Puro vectors as described
above and lentivirus-containing supernatants were used to transduce indicated cells followed by antibiotic selection in puromycin.

For transfection experiments, HEK293T cells were transfected with either a human GPC2, human AHS GPC2, or murine Gpc2
pLenti CMV puro vector or the pLenti CMV puro DEST vector using Fugene® 6 according to the manufacturer’s instructions (Prom-
ega). After 3-4 days, cells were collected for analysis by western blot and flow cytometry and in parallel, plated for D3-GPC2-PBD
ADC cytotoxicity assays as described below.

Cell proliferation assays

SCLC cells were transduced with GPC2 targeting shRNAs as above and after 48-72 hours, GPC2 depleted or control shNTC trans-
duced cells were plated in at least triplicate in a 96-well plate. After 96 hours of additional growth, luminescence was measured with a
CellTiter-Glo® Luminescent Cell Viability Assay (Promega) according to the manufacturer’s instructions in a GloMax plate reader
(Promega) and luminescence was quantified relative to shNTC transduced cells.

Bystander cytotoxicity assays

Cells were treated with the D3-GPC2-PBD ADC for 6 days at which point the plates were read for luminescence using either a Cell-
Titer-Glo® Luminescent Cell Viability Assays (Promega) or a ONE-Glo Luciferase Assay System (Promega) in a GloMax plate reader
(Promega) according to the manufacturer’s instructions. For CellTiter-Glo® exposed cells, the expected cytotoxicity was estimated
utilizing the vehicle normalized luminescence values of each of the cells treated alone and accounting for the dilution factor. The %
excess cytotoxicity was estimated by subtracting the vehicle normalized actual luminescence values from the expected vehicle
normalized luminescence values. The ONE-Glo Luciferase Assay System was utilized according to manufacturer’s instructions
and luminescence values were normalized to vehicle treated cells.

Isolation and preparation of D3-GPC2-IgG1

A naive human Fab phage display library constructed from peripheral blood B cells of 50 healthy donors was used for selection of Fabs
against purified recombinant GPC2 ectodomain (R&D Systems, Inc., #2304) as previously described.®® Briefly, the isolated Fabs were
expressed, purified, and tested for binding to the GPC2 ectodomain through ELISA and the best binder, designated as D3-GPC2-Fab,
was converted to a full-length human IgG1. The full length IgG1 DNA construct was transiently transfected into FreeStyle™ 293-F cells
(Thermo Fisher Scientific, #R79007) for antibody production and the D3-GPC2-IgG1 was purified on a protein A column.

D3-GPC2-lgG1 internalization

Cells were plated on an Incucyte ZOOM live-cell monitoring system (Essen Bioscience, Inc.) and 5 pg/mL of D3-GPC2-IgG1-Red
(generated using the IncuCyte® FabFluor pH Red antibody labeling reagent [# 4722] and D3-GPC2-IgG1 according to the
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manufacturer’s instructions) was added after 1 day. Treated wells of cells were quantified for red fluorescence (total object area) after
background subtraction using Top-Hat and normalized to the % phase confluence of the identical cells.

ADCC studies

PBMCs and NK cells collected from healthy donors were purchased from the University of Pennsylvania Human Immunology Core
facility. Target neuroblastoma cells (NB-EbC1 or SMS-SAN) were plated for 1 day, at which point PBMCs or NK cells were added
immediately after the addition of either an isotype control human IgG1 (BioXCell, #BE0297), D3-GPC2-IgG1, or GD2 targeting dinu-
tuximab antibody. Target cell lysis was measured either in real-time on an RT-CES system or by LDH quantification after 24 hours
using an LDH-Glo™ Cytotoxicity Assay Kit (Promega) according to the manufacturer’s instructions. LDH concentrations were calcu-
lated from a standard curve and the % cytotoxicity normalized to the concentration of LDH released in the experimental sample
compared to that of the GD2 targeting dinutuximab positive control (considered 100% cytotoxicity) according to the below equation:

(experimental LDH release — media only background LDH)
(dinutuximab postitive control LDH release — media only background LDH)

% cytotoxicity = 100% X

Preparation of D3-GPC2-PBD

The purified D3-GPC2-IgG1 was directly used for glycan-based site-specific modification and conjugation as previously
described'#®® except that C2-Azide-Galacotose was used as substrate for the Fc-glycan modification. Briefly, DBCO-PEG4-PBD
was used as the payload for the conjugation following the click chemistry-based approach. To maintain solubility of the DBCO-
linker-PBD, the azide-attached antibody itself was diluted with propylene glycol to a final concentration of 33%. The solution of
DBCO-linker-PBD in propylene glycol was added to the antibody solution with a drug-to-antibody mole ratio of approximately
4:1. The final concentration of propylene glycol in the conjugation reaction was 50%. The reaction was allowed to proceed for at least
4 hours at room temperature and purified by size exclusion chromatography and concentrated in PBS.

D3-GPC2-PBD cytotoxicity and apoptosis assays

The cytotoxicity of D3-GPC2-PBD and free PBD Dimer (Levena Biopharma) was tested in a panel of cell lines including native neu-
roblastoma cell lines (NBL-STPMNB  gK_N-SHRPMNB) ' staply transduced isogenic GPC2 cell lines (Kelly/SH-SY5Y GPC2/AHS
GPC2), HEK293T cells transfected with human GPC2, AHS GPC2 or murine Gpc2 cDNAs, and murine neuroblastoma isogenic
9464D-Gpc2 cells. Cells were plated on Day 1 in a 96-well plate and on Day 2, serial dilutions of D3-GPC2-PBD or free PBD were
added to duplicate or triplicate wells. After 4 days, cell viability was determined using a CellTiter-Glo® Assay (Promega) in a GloMax
plate reader (Promega) according to the manufacturer’s instructions. Luminescence values were normalized to vehicle treated wells
and data were analyzed in GraphPad Prism software Version 5.01 to calculate ICsgs.

For caspase-3/-7 activity levels, cells were treated as above with D3-GPC2-PBD and Caspase Glo®-3/-7 Assays (Promega) were
utilized according to the manufacturer’s instructions at the indicated time points. Each ADC dose was quantified relative to vehicle
treated cells and further normalized to the cell number using CellTiter-Glo® assay luminescence values performed in parallel as
above.

Heparanase treatment of neuroblastoma cell lines

NB-EbC1, NB-SD, and NB-1643 cell lines were treated with 150 ng/mL recombinant human active heparanase (R&D Systems, 7570-
GH-005) for 2 or 18 hours at which point cells were analyzed by western blot and stained with the D3-GPC2-1gG1-PE antibody as
above.

GPC2 expression profiling

Pediatric and adult tumor and cell line RNA sequencing data was acquired from several sources. RNA sequencing data from SCLC
tumors and cell lines and paired normal lung tissues was accessed via the GEO database accession number GSE60052 °° and
European Genome-phenome Archive from the accession number EGAS00001000334 from data generated by Genentech
Research and Early Development®® and both reprocessed at CHOP as described below. RNA sequencing data from retinoblastoma
tumors and normal retinal tissues was accessed via the GEO database accession numbers GSE125903, GSE111168, and
GSE87042 °'"?* and reprocessed at CHOP as described below. ETMR data was accessed via the NCBI Sequence Read Archive
(SRA) SRP032476.%* Pan-pediatric cancer tumor data was accessed from the St. Jude PeCAN portal (https://pecan.stjude.cloud/
home) and via the R2: Genomics Analysis and Visualization Platform (Mixed Pediatric Pan Cancer Pfister 272; https://hgserver1.
amc.nl:443/). Pan-cancer cell line RNA sequencing data was downloaded from the CCLE ((https://depmap.org/portal/). Neuroblas-
toma cell line RNA sequencing data was generated as previously described.*° Several pediatric and adult cancer datasets were
downloaded directly from the cBioPortal for cancer genomics.”>” Normal tissue RNA sequencing data was generated by the Ge-
notype-Tissue Expression (GTEx) Project.®' The GTEx Project was supported by the Common Fund of the Office of the Director of the
National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS. The results shown here are also in part based
upon data generated by the TCGA Research Network (https://www.cancer.gov/about-nci/organization/ccg/research/
structural-genomics/tcga). The TCGA and GTEx data was downloaded from S3 buckets from prior processed data from the
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UCSC Computational Genomics Laboratory.®* Fastq files were processed using the STAR alignment tool*® and subsequently
normalized using the RSEM package® using hg38 as a reference genome and GENCODE V23 gene annotation. A subset of the
SCLC and retinoblastoma tumor RNA sequencing data as noted above were downloaded and processed in a similar manner.

Membrane Proteome Array (MPA)

The MPA was conducted at Integral Molecular, Inc. and is a protein library composed of over 6,000 distinct human membrane protein
clones, each overexpressed in live HEK293T cells from expression plasmids. Each clone was individually transfected in separate
wells of a 384-well plate followed by a 36-hour incubation.*? Cells expressing each individual MPA protein clone were arrayed in
duplicate in a matrix format for high-throughput screening. Before screening on the MPA, the D3-GPC2-IgG1 antibody concentration
for screening was determined on cells expressing positive (membrane-tethered Protein A and GPC2) and negative (mock-trans-
fected) binding controls, followed by detection by flow cytometry using a fluorescently-labeled secondary antibody. The D3-
GPC2-IgG1 antibody was then added to the MPA at the predetermined concentration, and binding across the protein library was
measured on an Intellicyt iQue using a fluorescently-labeled secondary antibody. Each array plate contains both positive (Fc-binding)
and negative (empty vector) controls to ensure plate-by-plate reproducibility. D3-GPC2-1gG1 antibody interactions with any targets
identified by this MPA screening were validated in a second flow cytometry experiment using serial dilutions of the test antibody, and
the target identity was re-verified by sequencing. Figure 3L shows all the validated hits using this approach for the D3-GPC2-IgG1
antibody.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences between groups were generally presented as the mean + SEM as noted in the figure legends. Experimental sample
numbers (n) and replication details are indicated in the figures, figure legends, and results section. All t tests were two sided and
p values < 0.05 were considered statistically significant. Most statistical analysis was done with GraphPad Prism. For the in vivo sta-
tistical analyses, square root transformation was performed on the tumor volumes since the original distribution was right skewed
and then a linear mixed effects model was constructed to test the difference in the rate of tumor volume change over time between
different treatment groups. The model utilized included group, day, and group-by-day interaction as fixed effects, and included a
random intercept and a random slope for each mouse analyzed. A significant group-by-day interaction would suggest that the tumor
volume changes at different rates for the two groups being compared. The Clustal Omega tool®' (https://www.ebi.ac.uk/Tools/
services/web_clustalo/toolform.ebi) was used to align murine Gpc2 and human GPC1-6 protein sequences.
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