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Figure 3  Antitumor effects of vobra duo in orthotopic and pseudometastatic murine models of NB. Mice, 7 days (A–F) or 
4 hours (G) after being inoculated with NB cells, were randomly assigned to two treatment groups and intravenously treated with 
PBS (CTR) or 1 mg/kg vobra duo once a week for 3 weeks (vobra duo QWx3). (A–F) BLI curves and survival in luciferase (luc)-
transfected human (A–E) and murine (F) orthotopic NB models (n=3 mice/group). For each cell line injected, tumor growth was 
monitored by BLI (left panels). Photon counts in the tumor region of interest (ROI) are reported at pre treatment and 7 days post 
treatment. X axes show the days after tumor cells injection. Results are presented as mean±SEM, with comparison of vobra 
duo versus CTR reported when statistically significant. Survival curves and statistical comparison of vobra duo QWx3 versus 
CTR are shown. (G) Survival in the pseudometastatic model (n=4 mice/group). Statistical comparison of vobra duo QWx3 versus 
CTR is reported. Arrow: treatment (T). BLI, bio-luminescence imaging; i.v., intravenous; NB, neuroblastoma; PBS, phosphate-
buffered saline; QWx3, one time a week for 3 weeks; vobra duo, vobramitamab duocarmazine.
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with that of vobra duo in mediating antitumor activity was 
investigated in IMR-32-luc cell-bearing mice (figure  4A). 
Vobra duo 1 mg/kg QWx3 increased survival compared with 
untreated mice, while all other treatments were indistinguish-
able from vehicle-treated mice (figure 4B). Increasing vobra 
duo exposure to QWx4 further improved survival compared 
with mice treated QWx3. Importantly, no weight loss was 

evidenced in any of the treatment groups, including in mice 
treated with vobra duo QWx4 (online supplemental figure 
S5). This latter multidose regimen (vobra duo QWx4) was 
therefore used in subsequent experiments.

The effect of vobra duo was next assessed on MRD by using 
a NB tumor resection model whereby the primary tumor mass 
was surgically removed 2 weeks following the implantation 

Figure 4  Vobra duo therapeutic efficacy in an orthotopic and in a primary tumor-resected model of NB. (A) Schematic 
and timeline of the experiment. IMR-32-luc cells were orthotopically inoculated in the mouse left adrenal gland. Treatments 
(MGA017, vobra duo QWx3, SYD988, vobra duo QWx4) started 7 days post cell inoculation and were performed as reported in 
the Results section. (B) Survival in NB-bearing mice treated with either vobra duo QWx3 (n=8 mice) or vobra duo QWx4 (n=5 
mice). Statistics (vobra duo QWx3, MGA017 and SYD988 vs CTR; vobra duo QWx4 vs all groups) are reported. (C) Schematic 
and timelines of the experiment. IMR-32-luc cells were orthotopically inoculated in the mouse left adrenal gland. Tumors were 
surgically resected 2 weeks after, and treatments (n=5 mice/group) started 4 days post tumor resection, as reported. Untreated, 
control mice (CTR) received PBS. (D) Tumor growth was monitored by BLI. Photon counts in the tumor region of interest (ROI) 
are reported at pretreatment and 7 days post each treatment (T) and for the subsequent 4 weeks (w). Results are presented 
as mean±SEM. (E) Kaplan-Meier survival curves with corresponding statistical analysis comparing all therapeutic groups 
with vobra duo QWx4 are shown. CTR: mice orthotopically injected with tumor cells, and that did not undergo tumor surgical 
resection. BLI, bio-luminescence imaging; luc, luciferase; NB, neuroblastoma; QWx3, one time a week for 3 weeks; QWx4, one 
time a week for 4 weeks; vobra duo, vobramitamab duocarmazine.
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in the adrenal gland (figure 4C). Treatment of NB-resected 
mice with vobra duo QWx4 led to a significant delay in tumor 
regrowth, as shown by BLI imaging (figure 4D) and increased 
survival (figure 4E), while MGA017 was ineffective.

The combination of TOpotecan and TEMozolomide 
(TOTEM) is standard-of-care therapy for relapsed NB40 41; 
it was therefore of interest to ascertain the activity of vobra 
duo in comparison and in combination with TOTEM. Both 
primary orthotopic and MRD tumor models were used in 
IMR-32-luc-bearing mice treated with vobra duo (1 mg/
kg QWx4), TOTEM (topotecan intraperitoneally 10 mg/
kg Q4D×3 and temozolomide oral gavage 34 mg/kg QDx5) 
or both (figures 5A and 6A). In mice bearing an established 
orthotopically implanted tumor, TOTEM administration 
slowed tumor growth and increased survival compared 
with untreated mice (figure 5B,C). Vobra duo QWx4 alone, 
however, was superior to TOTEM in controlling tumor growth 
and increasing mouse survival. The addition of TOTEM to 
vobra duo QWx4 further delayed tumor growth and increased 
survival, with three of five mice remaining alive for 120 days 

following tumor cells implantation (figure  5B,C). In the 
resected tumor model, post-surgical treatment with TOTEM 
or vobra duo QWx4 transiently arrested tumor growth and 
equally improved survival compared with resected untreated 
mice (figure  6B,C). However, the combination of vobra 
duo QWx4 and TOTEM further delayed tumor growth and 
increased survival, with six out of eight mice alive 120 days 
after tumor cells injection (figure 6B,C).

Further regimen optimization was investigated by assessing 
the responses to repeated cycles of treatment with vobra duo 
QWx4 in the relapsed NB mouse model (figure 7A). Mice 
bearing established, orthotopically implanted IMR-32-luc 
tumors were treated with vobra duo QWx4, resulting in 
tumor growth inhibition and increased survival compared 
with untreated mice (figure 7B,C). Two weeks after the end 
of the first treatment cycle, vobra duo-treated animals whose 
tumor grew back were retreated with vobra duo (QWx4, two 
cycles), resulting in tumor growth arrest, a decrease in tumor 
volume (figure 7B), and increased survival compared with 
animals that received a single cycle of vobra duo (figure 7C). 

Figure 5  Treatment combination of vobra duo and TOTEM in an orthotopic model of NB. (A) Schematic and timelines of the in 
vivo experiments. IMR-32-luc cells were orthotopically inoculated in the left adrenal gland of mice. Treatments (n=5 mice/group; 
vobra duo QWx4, TOTEM, vobra duo QWx4+TOTEM) started 7 days post cell inoculation and were performed as reported. 
Untreated, control mice (CTR) received PBS. (B) Tumor growth monitored by BLI. Photon counts in the tumor region of interest 
(ROI) are reported at pretreatment, 7 days post each treatment (T) and for the subsequent 7 weeks (w). Results are presented 
as mean±SEM. (C) Kaplan-Meier survival curves with corresponding statistical analysis comparing all therapeutic groups with 
vobra duo QWx4 are shown. BLI, bio-luminescence imaging; luc, luciferase; NB, neuroblastoma; PBS, phosphate-buffered 
saline; QWx4, one time a week for 4 weeks; vobra duo, vobramitamab duocarmazine.
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When tumors grew back again following the second cycle, 
a third cycle of vobra duo (QWx4, three cycles) was still 
capable of controlling tumor growth (figure 7B) and further 
increasing survival, with all mice being alive 120 days post 
tumor implantation (figure 7C). Repeat cycles of vobra duo 
were superior to TOTEM chemotherapy in the orthotopic 
NB model (online supplemental figure S6). No evidence of 
hematological toxicity (online supplemental figure S7A,B) 
or clinical chemistry alterations (online supplemental figure 
S8) were observed in treated mice, including those subjected 
to multiple cycles of vobra duo.

DISCUSSION
Responsible for 15% of childhood cancer deaths,1 NB 
continues to be a significant unmet medical need. While 
aggressive chemotherapy remains the backbone of medical 
intervention, chemotherapy-associated toxicity and the 

development of drug resistance are persistent major 
obstacles to achieving durable clinical success, particu-
larly in high-risk patients.4 42 43 Endowed with the selec-
tive targeting ability of mAbs and the cytotoxic potency of 
chemotherapeutics, ADCs have emerged as an immune 
intervention with the potential for enhancing the chemo-
therapeutic window by reducing the undesirable systemic 
toxicity of the payload via tumor-specific targeting. In this 
study, we provide evidence of antitumor activity in several 
preclinical NB models of the investigational ADC, vobra 
duo, a humanized anti-B7-H3 IgG1 mAb conjugated via 
a cleavable linker to a novel duocarmycin-based payload.

At the end of 2022, 12 ADCs have been approved by the 
FDA for the treatment of hematological malignancies or 
solid tumors in adults.44 Application of ADCs to pediatric 
tumors, however, remains under-represented, with the 
only exception of gemtuzumab ozogamicin (Mylotarg), 

Figure 6  Treatment combination of vobra duo and TOTEM in a primary tumor-resected model of NB. (A) Schematic and 
timeline of the in vivo experiments. IMR-32-luc cells were orthotopically inoculated in the left adrenal gland of mice. Tumors 
were surgically resected 2 weeks after, and treatments (n=5, CTR mice, n=8, treatments groups) started 4 days post tumor 
resection, as reported (vobra duo QWx4, TOTEM, vobra duo QWx4+TOTEM). Untreated, control mice (CTR) received PBS. 
(B) Tumor growth monitored by BLI. Photon counts in the tumor region of interest (ROI) are reported at pretreatment, 7 days 
post each treatment (T) and for the subsequent 6 weeks (w). Results are presented as mean±SEM. (C) Kaplan-Meier survival 
curves with corresponding statistical analysis comparing all therapeutic groups with vobra duo QWx4 are shown. BLI, bio-
luminescence imaging; luc, luciferase; NB, neuroblastoma; PBS, phosphate-buffered saline; QWx4, one time a week for 
4 weeks; vobra duo, vobramitamab duocarmazine.
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which has been recently approved for the treatment of 
newly diagnosed CD33-positive acute myeloid leukemia 
of both adult and pediatric patients aged 1 month and 
older.44 In recent years, several experimental ADCs 
have been developed for the potential treatment of NB, 
attesting to the growing interest in exploring this modality 

to address this unmet medical need. These include 
ADCs targeting GD2,45 GPC2,46 the vesicular LGALS3BP 
protein,38 ALK,47 and B7-H3.48

B7-H3 has been reported to be broadly and frequently 
expressed in cancers of both the adults and children.6–9 
In NB, expression was confirmed in primary tumors, 

Figure 7  Repeated vobra duo treatment in a relapsed model of NB. (A) Schematic and timelines of the in vivo experiments. 
IMR-32-luc cells were orthotopically inoculated in the left adrenal gland of mice (n=10, CTR mice, n=15, vobra duo QWx4 
treatment group). Vobra duo QWx4, 1 cycle treatment started 7 days post cell inoculation. Mice were re-treated with vobra duo 
QWx4 (vobra duo QWx4, 2 cycles, n=10 and vobra duo QWx4, 3 cycles, n=5, respectively) when BLI imaging showed tumor 
relapse (purple arrow). Untreated, control mice (CTR) received PBS. (B) Tumor growth monitored by BLI. Photon counts in the 
tumor region of interest (ROI) are reported at pretreatment and 7 days post treatments (T) of each course. Results are presented 
as mean±SEM. (C) Kaplan-Meyer survival curves of untreated (CTR) mice, vobra duo QWx4, two cycles and three cycles vobra 
duo QWx4, are presented. Statistics: single and repeated vobra duo QWx4, versus CTR, p=0.0005; vobra duo QWx4, two 
cycles versus vobra duo QWx4, p=0.0082; vobra duo QWx4, three cycles versus vobra duo QWx4, two cycles, p=0.0027. BLI, 
bio-luminescence imaging; luc, luciferase; NB, neuroblastoma; PBS, phosphate-buffered saline; QWx4, one time a week for 
4 weeks; vobra duo, vobramitamab duocarmazine.
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tumor cell lines, and bone marrow (BM)-infiltrating NB 
cells.6 10 34 48 49 As previously reported, B7-H3 expression 
in BM-infiltrating NB cells does not always overlap with 
GD2 expression, with variants characterized by low and/
or negative GD2 expression displaying robust B7-H3 
staining, as reported by us (reference34 and data not 
shown) and others49; hence, B7-H3 targeting may expand 
the range of interventions in NB.

B7-H3 has been widely investigated as a target for various 
immunotherapeutic approaches, including human-
ized Fc-engineered mAbs, radioimmunotherapy, CAR-T 
cells, and ADCs.19 In the case of chemotherapy-sensitive 
cancers, such as NB, the ADC approach may provide the 
greatest opportunity to improve outcome by combining 
an established mechanism of action with the potential for 
increased tolerability compared with systemic therapy.

In this report, we have addressed the antitumor poten-
tial of a novel anti-B7-H3 ADC, vobra duo, in NB by 
subjecting it to multiple in vitro and in vivo challenges. 
Multiple cell culture models were analyzed, including the 
MCTS model, a culture system that displays a complexity 
intermediate between two-dimensional cell cultures and 
in vivo tumors.50 51 MCTS approximates the complex 
architecture and physiology of a solid tumor mass, 
including mimicry of the differential access to oxygen, 
nutrients, and drugs by the different layers of the tumor, 
and therefore carrying greater predictive value for 
response to treatment than standard cultures.50 51 The 
enhanced requirement of this model translated into vobra 
duo IC50 values that were higher than those obtained in 
the monolayer cell culture system; yet, with values still in 
the nanomolar range, vobra duo is predicted to span a 
targeted therapeutic range consistent with that of other 
ADCs. Furthermore, bystander cell killing by vobra duo 
was observed against B7-H3-unreactive murine NB cells, 
consistent with a prior observation24 and implying poten-
tial benefit in the treatment of tumors with heteroge-
neous antigen expression.

Clinically relevant NB mouse models that recapitu-
lated primary tumor growth, circulating tumor cells and 
metastatic disease, as well as minimal residual disease 
and tumor relapse, all contributed to validating the anti-
tumor activity of vobra duo in vivo. A treatment schedule 
consisting of 3 weekly intravenous doses of 1 mg/kg 
of vobra duo was effective in five different orthotopic 
mouse models developed via tumor cell implantation 
in the adrenal gland, demonstrating that vobra duo can 
kill tumor cells in an established tumor mass. Adminis-
tration of the parental unconjugated anti-B7-H3 mAb or 
an irrelevant mAb with the same payload was ineffective, 
demonstrating the potency and specificity of the ADC in 
these model systems. In a pseudometastatic tumor model, 
developed via tumor cell tail vein injection, vobra duo 
resulted in a significant increase in the survival of treated 
mice compared with controls. Interestingly, increasing the 
weekly doses of 1 mg/kg from three to four consecutive 
weeks of dosing was associated with a further improved 
tumor response and was equally well tolerated, suggesting 

that dose-optimization and regimen-optimization strate-
gies could further enhance vobra duo clinical activity.

Patients with NB often undergo surgical debulking, 
particularly in intermediate-risk and high-risk disease.43 
To reflect this clinical practice, vobra duo efficacy was also 
demonstrated in a resected mouse model of NB, in which 
the primary tumor mass was surgically removed 2 weeks 
after orthotopic implantation in the adrenal gland, 
supporting the ability of the ADC to address minimal 
residual disease.

Lastly, vobra duo was compared with the approved 
standard-of-care practice TOTEM combination therapy 
translated to animal models. The methylating agent, 
temozolomide, has shown activity in patients with refrac-
tory or relapsed high-risk NB52 and its combination with 
either irinotecan or topotecan, inhibitors of topoisom-
erase I, represents the backbone therapy in relapsed 
NB.53 54 TOTEM was evaluated in orthotopic and in 
surgically resected NB animal models and compared with 
vobra duo. A single course of vobra duo was as effective 
as TOTEM chemotherapy in controlling NB recurrence; 
furthermore, repeat cycles of vobra duo were superior 
to TOTEM chemotherapy in the orthotopic NB model. 
TOTEM chemotherapy is associated with significant 
toxicity.54 55 Given its target selectivity, vobra duo may 
provide a potential alternative to systemic chemotherapy, 
particularly in patients with limited tolerance to aggressive 
treatments. Furthermore, combining TOTEM with vobra 
duo significantly increased animal survival compared 
with the single agents, suggesting that the two interven-
tions address non-redundant cytolytic mechanisms and 
offering a combinatorial opportunity in suitable patients 
with aggressive disease.
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