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Abstract

Purpose: Antibodies against IGF-1R have shown meaningful but transient tumor responses 

in patients with rhabdomyosarcoma (RMS). The SRC family member YES has been shown 

to mediate IGF-1R antibody acquired resistance, and cotargeting IGF-1R and YES resulted in 

sustained responses in murine RMS models. We conducted a phase I trial of the anti-IGF-1R 

antibody ganitumab combined with dasatinib, a multi-kinase inhibitor targeting YES, in RMS 

patients (NCT03041701).

Patients and Methods: Patients with relapsed/refractory alveolar or embryonal RMS and 

measurable disease were eligible. All patients received ganitumab 18 mg/kg intravenously every 
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2 weeks. Dasatinib dose was 60 mg/m2/dose (max 100 mg) oral once daily [dose level (DL)1] 

or 60 mg/m2/dose (max 70 mg) twice daily (DL2). A 3+3 dose escalation design was used, and 

maximum tolerated dose (MTD) was determined based on cycle 1 dose-limiting toxicities (DLTs).

Results: Thirteen eligible patients, median age 18 years (range 8–29) enrolled. Median number 

of prior systemic therapies was 3; all had received prior radiation. Of 11 toxicity-evaluable 

patients, 1/6 had a DLT at DL1 (diarrhea) and 2/5 had a DLT at DL2 (pneumonitis, hematuria) 

confirming DL1 as MTD. Of nine response-evaluable patients, one had a confirmed partial 

response (PR) for four cycles, and one had stable disease (SD) for six cycles. Genomic studies 

from cell-free DNA correlated with disease response.

Conclusions: The combination of dasatinib 60 mg/m2/dose daily and ganitumab 18 mg/kg every 

two weeks was safe and tolerable. This combination had a disease control rate of 22% at five 

months.

Translational Relevance—Outcomes for patients with high-risk rhabdomyosarcoma (RMS) 

have remained dismal for decades. Chemotherapy remains the mainstay of treatment and 

few RMS-specific clinical trials testing new approaches exist. The results of this multicenter 

phase I study in pediatric and young adult patients with relapsed/refractory RMS demonstrated 

that cotargeting IGF-1R and YES using ganitumab plus dasatinib was safe and tolerable. 

Disease control rate was 22.2% at five months, despite an overrepresentation of tumors with 

adverse molecular features. Serially collected cell-free DNA correlated with disease response 

and demonstrated tumor clonal evolution. Although loss of access to ganitumab prematurely 

terminated the phase II part of the study, initial signals of activity observed during phase I indicate 

that this combination is worthy of further study for patients with relapsed RMS. Further, this work 

highlights the need for focused drug development efforts for pediatric cancers, given the ongoing 

challenges with drug access for children.

Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma of childhood with 

an annual incidence of approximately 4–7 cases per million children.1,2 Embryonal 

rhabdomyosarcoma (ERMS) and alveolar rhabdomyosarcoma (ARMS) are the two major 

histologic subtypes of RMS, with PAX gene fusion-positive ARMS carrying a particularly 

poor prognosis.3 Conventional chemotherapy has remained the standard of care for decades, 

and patients with metastatic or recurrent disease have a 5-year overall survival of less than 

20%. Further, outcomes have only minimally improved over the past several decades.4,5 

Thus there is an urgent need for novel, more effective therapies for patients with RMS.

The insulin-like growth factor (IGF) pathway plays an important role in the biology of 

RMS, and a majority of pediatric RMS highly express the IGF type 1 receptor (IGF-1R).6–10 

Prior studies with single agent monoclonal antibodies against IGF-1R showed clinically 

meaningful responses, including confirmed partial responses (PR), unconfirmed PR, and 

stable disease (SD), in about 10–15% of patients with RMS. However, nearly all of 

these responses were short-lived with a rapid onset of resistance.11–13 Studies exploring 

mechanisms of resistance in models of ARMS and ERMS demonstrated that activation of 

YES, a member of the SRC family tyrosine kinases, acted as a bypass resistance mechanism 
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to IGF-1R targeting. Furthermore, co-targeting IGF-1R and YES resulted in sustained 

responses in murine RMS models.14

Ganitumab is a fully human monoclonal antibody that inhibits IGF-1R with an IC50 

of 0.6–2.5 nM leading to inhibition of cell survival and proliferative signals.15 Prior 

early phase clinical trials of ganitumab as a single agent and in combination with 

cytotoxic chemotherapy and targeted agents have evaluated doses ranging from 12 mg/kg 

– 20 mg/kg intravenously (IV) every 2 weeks in adult and pediatric patients.16–21 

In these studies, ganitumab was well tolerated with most common adverse effects in 

combination studies being fatigue, nausea, and vomiting. Frequent grade 3 toxicities 

included neutropenia, thrombocytopenia, and hyperglycemia.18–21 Serum trough levels of 

>10 μg/mL were achieved with these doses and are sufficient for biochemical blockade of 

IGF-1R signaling.15,17 Dasatinib is an orally administered drug that potently and selectively 

inhibits multiple protein tyrosine kinases including YES (IC50 0.41 nM) and other SRC 

family kinases.22 Dasatinib is FDA approved for the treatment of certain forms of chronic 

myelogenous and acute lymphoblastic leukemias and has been studied as a single agent 

and in combination with other agents in many trials. Common adverse effects observed 

in patients with solid tumors treated with dasatinib included gastrointestinal intolerance, 

fatigue, dyspnea, anorexia, dehydration, fluid retention, pleural and pericardial effusion, 

bleeding related risks, and a moderate increase in QTcF. Hematologic toxicity was typically 

mild.22–25 Dasatinib has been used in combination with other therapies, typically at dose of 

60 mg/m2 daily, although the recommended phase II doses (RP2D) were significantly higher 

both for adult and pediatric patients. Based on in vitro data in RMS cell lines, 60 mg/m2 is 

expected to produce concentrations high enough to inhibit YES.23,26

Based on the strong preclinical rationale for co-targeting IGF-1R and YES in RMS, we 

developed a phase I/II study of the combination of ganitumab and dasatinib in patients with 

relapsed or refractory ERMS and ARMS. The primary objectives were to determine the 

safe dose of dasatinib when given with ganitumab (phase I) and to determine the activity of 

this combination (phase II) in this patient population. Additional objectives were to describe 

the adverse effects of this combination, and to assess the progression free survival (PFS) 

among the response-evaluable patients treated in both the phase I and II cohorts. Correlative 

genomic studies of the germline, tumor, and cell-free DNA (cfDNA) were performed. The 

phase II part of the study was terminated early when ganitumab became unavailable. We 

report here the results of the completed phase I study.

Patients and Methods

Patient eligibility

Patients of any age with histologically confirmed ERMS or ARMS for whom there were 

no curative or life prolonging treatments available were eligible to enroll. Patients were 

required to have measurable disease according to the Response Evaluation Criteria in Solid 

Tumors (RECIST) v1.1, the ability to swallow tablets and undergo imaging studies required 

per protocol, adequate performance status (as defined as ECOG performance status ≤2 

or Karnofsky/Lansky performance score ≥50%), adequate organ function (as defined by 

absolute neutrophil count ≥1,000/mcL, platelets ≥75,000/mcL, total bilirubin ≤ 1.5X upper 
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limit of normal (ULN), ALT ≤ 3X ULN, creatinine within normal institutional limits or 

creatinine clearance ≥60 mL/min/1.73 m2, and QTcF < 480 msec), normal blood glucose 

for age, not be pregnant or breast-feeding, and to have recovered from acute toxic effects 

of prior therapy. There was no limit on number of prior therapies, and patients could have 

received other IGF-1R antibodies or inhibitors.

Patients were not eligible if they had known brain metastases, history of radiation 

pneumonitis, pre-existing diabetes mellitus, clinically significant cardiovascular disease 

such as myocardial infarction or ventricular tachyarrhythmia within 6 months, or other 

uncontrolled intercurrent illness. Participants could not be receiving concurrent treatment 

with potent inhibitors or inducers of CYP3A4, antithrombotic and/or anti-platelet agents, 

or drugs with proarrhythmic potential. Complete eligibiliy criteria can be found in 

Supplemental Appendix A.

Treatment regimen and study design

This multi-institutional investigator initiated NCI CTEP sponsored trial (NCT01709435) 

was coordinated by the NCI and conducted at the NIH Clinical Center and Children’s 

Hospital Los Angeles (CHLA). The studies were conducted in accordance with recognized 

ethical guidelines as per The Belmont Report and the and the HHS Common Rule, and 

the trial was approved by the NIH Institutional Review Board (IRB) and the CHLA IRB. 

All patients enrolled at the NIH Clinical Center (n=12) were co-enrolled on a biorepository 

study for solid tumors (NCT01109394). All patients or their parent/legal guardian signed 

informed consent. Assent was obtained per institutional guidelines.

Ganitumab was given intravenously (IV) every 2 weeks, on day 0 and day 14 of each cycle, 

starting from cycle 1 day 0 at a dose of 18 mg/kg. Dasatinib was administered orally on a 

continuous schedule from day −7 to day 27 during cycle 1 (cycle 1 = 35 days) and then day 

0 to day 27 for subsequent cycles. All cycles except cycle 1 were 28 days long. Two dose 

levels (DL) were evaluated for dasatinib using a 3+3 dose escalation design: DL1 was 60 

mg/m2/dose (maximum 100 mg) once daily and DL2 was 60 mg/m2/dose (maximum 70 mg) 

twice daily. The higher dose is below the RP2D in pediatric patients with solid tumors, and 

equivalent to the RP2D in adult patients with solid tumors. Two doses were tested given the 

dearth of data on inhibition of YES with dasatinib in human tumors, although based on in 
vitro data, it was expected that the lower dose would produce concentrations high enough to 

inhibit YES.23,26

Dosing was achieved using a dosing nomogram with 5 mg, 20 mg, and 50 mg tablets 

(Supplemental Appendix B). Patients could receive subsequent cycles if they had no 

evidence of disease progression and did not experience study-drug related adverse 

events (AE) requiring therapy discontinuation. Treatment was interrupted for dose-limiting 

toxicities (DLTs) that were defined in the study protocol. Depending on attribution of 

toxicity, once the AE improved, treatment could be resumed with a dose reduction of 

the agent that caused the toxicity, or reduction of both agents if the toxicity could not 

clearly be attributed to either agent specifically. One dose reduction for ganitumab (to 12 

mg/kg/dose) and two dose reductions (approximately 30% dose reduction for each instance) 

for dasatinib were permitted (Supplemental Appendix C). Pharmacokinetic (PK) studies 
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were not performed because pediatric and adult PK data are available on both agents and 

drug-drug interactions are not expected between small molecules and naked monoclonal 

antibodies.

Patients underwent regular physical examinations, laboratory assessments, and 

electrocardiograms while receiving protocol therapy. Adverse events were graded per 

Common Terminology Criteria for Adverse Events (CTCAE) v5. Disease evaluations were 

performed at the end of every two cycles and responses were assessed using Response 

Evaluation Criteria in Solid Tumors (RECIST) v1.1. For dose escalation, patients were 

considered evaluable for determination of the maximum tolerated dose (MTD) if they either 

experienced a DLT in cycle 1 or if they received both ganitumab doses and ≥ 85% of the 

dasatinib doses in cycle 1. Patients with measurable disease at baseline who received at least 

one cycle of therapy and had their disease status reevaluated were evaluable for response.

Definition of dose- limiting toxicity and maximum tolerated dose

DLTs were defined as any grade 3 or higher toxicity possibly, probably, or definitely 

attributed to dasatinib, ganitumab or the combination, with the specific exceptions of 

grade 3 nausea and vomiting of < 5 days duration; grade 3 fever or infection < 5 

days duration; grade 3 ALT/AST elevation that returned to eligibility criteria within 

7 days of study drug interruption and did not recur upon re-challenge with study 

drug; grade 3 hypophosphatemia, hypokalemia, hypocalcemia and/or hypomagnesemia 

that was responsive to supplementation; grade 3 neutropenia or thrombocytopenia; and 

grade 3 or 4 infusion reactions. Grade 2 hemorrhage, bleeding, or coagulopathy without 

thrombocytopenia; QTcF prolongation ≥ 550 msec; or any toxicity of grade 2 or greater 

that was considered intolerable to the patient and could not be controlled with standard 

supportive measures were considered to be DLTs. The MTD was defined as the dose level at 

which no more than 1 of up to 6 toxicity evaluable patients experienced DLT during the first 

cycle of treatment, and the dose below that at which at least 2 (of ≤ 6) patients experienced a 

DLT.

Clinical specimen processing and analysis

When available, FFPE unstained slides or blocks were collected from archival patient tumor 

samples and a germline sample was collected from peripheral blood. DNA and RNA were 

extracted, and whole genome (2 cases) or whole exome (9 cases) paired with RNAseq 

was performed. Sequencing reads were aligned to hg19, and somatic variant calls were 

generated using the CCBR pipeliner analysis solution (https://github.com/CCBR/Pipeliner) 

using Tumor-Normal somatic variant calling. Described mutations were limited to exonic 

calls with somatic variant allele frequency >10%.

Venous blood samples (10 ml) were collected in EDTA tubes (BD Biosciences, San Jose, 

CA) for cfDNA on the first day of each cycle. Whole blood samples were centrifuged at 

room temperature (1,900 x g for 10 minutes). Isolated plasma was centrifuged a second time 

at room temperature (15,000 x g for 10 minutes) in low-bind Eppendorf tubes to remove 

residual cells. Purified plasma was frozen at −80°C. EDTA tubes were processed within 6 

hours of collection.
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Purified plasma was thawed at room temperature and cfDNA was extracted from 3–5 mL 

of plasma using the QIAamp Circulating Nucleic Acid kit (Qiagen, Hilden, Germany). 

Extracted cfDNA concentration and quality were assessed using a Tapestation (Agilent 

Technologies, Santa Clara, CA). Sequencing libraries were subsequently constructed from 

cfDNA (5–15 ng) using TruSeq Nano (Illumina, San Diego, CA) per the manufacturers’ 

instructions. Constructed libraries were balanced, pooled and sequenced using 150 bp 

paired-end reads on a NovaSeq (Illumina, San Diego, CA).

Generated FASTQ files were demultiplexed and raw reads were quality-filtered using fastp 

v.0.20.0. Reads were aligned to hg19 using BWA v0.7.17 and deduplicated with Samtools 

v.1.7. GC content and mappability bias correction, depth-based local copy number estimates, 

and copy number–based estimation of tumor fraction were then performed using low tumor 

fraction parameters with the ichorCNA tool (Broad v.0.2.0).27 Samples were considered 

to have circulating tumor DNA (ctDNA) if tumor fraction was greater than 0.03 per 

Adalsteinsson et al’s previously described limits of detection.27 For longitudinal assessment 

of changes in individual patients’ tumor fraction, serial tumor fractions were normalized to 

each patient’s pre-cycle 1 tumor fraction or their first available sample.

Nucleosome footprints were evaluated using Liquorice28,29 with GC and mappability-

corrected coverage profiles calculated across a custom fusion-positive RMS region set 

(Supplemental Dataset 1) informed by previously published PAX3-FOXO1 enhancer sites.30 

YES1 and IGF1R region sets (Supplemental Dataset 1) were derived from candidate 

regulatory motifis on MotifMap.31,32 Nucleosome coverage signatures were compared 

between clinically identified FOXO1 fusion-positive and fusion-negative RMS patients and 

between pre-treatment and post-treatment samples as previously decribed using default 

parameters.29 Briefly, normal distribution of control samples (fusion-negative and pre-

treatment) was assured using a Shapiro-Wilk test, prediction intervals were then calculated 

as the range of coverage dip-areas and dip-depths in which there is a 95% probability 

that future observations will fall. Fusion-positive samples and post-treatment samples were 

classified as significantly different if they fell outside of their control’s prediction intervals. 

Universal DNase-hypersensitivity sites (DHS) (Supplemental Dataset 1) were used for 

control conditions.28

Data Availability Statement

Sequencing data are available through dbGAP Accession phs003243.v1.p1. Additional data 

is available upon request to the corresponding author.

RESULTS

Patients

Between July 2017 and September 2020, 13 eligible patients (six male, seven female) 

enrolled on the phase I study. The median age was 18 years (range 8–29 years). The 

race/ethnicity of enrolled patients included: Non-Hispanic White (n=8), Non-Hispanic Black 

(n=1), Non-Hispanic Asian (n=2), White/Unknown Ethnicity (n=1), and Unknown Race/

Hispanic (n=1). Six patients had fusion-negative embryonal RMS and seven patients had 
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confirmed PAX3-FOXO1 fusion-positive alveolar RMS. At diagnosis, seven patients had 

presented with metastatic disease. At the time of enrollment, 11 patients had metastatic 

disease and two patients had localized disease in the head and neck region. All patients 

had previously received multiagent chemotherapy, including two patients who had received 

high dose chemotherapy with stem cell rescue. Nine patients had undergone treatment 

with molecularly targeted agents, including four patients who had received tyrosine 

kinase inhibitors. One patient had received immunotherapy. The median number of prior 

systemic therapies was three (range 1–6). All patients had received prior radiation therapy 

(median two courses of radiation therapies, range 1–5). Additionally, seven patients had 

undergone at least 1 prior surgical resection of either primary or recurrent tumor and 

one had received magnetic resonance-guided high-intensity focused ultrasound (MR-HIFU) 

treatment. None of the patients had received prior treatment with IGF-1R-targeting therapy. 

Patient demographics and disease characteristics are presented in Table 1 and Supplemental 

Table S1.

A total of 28 treatment cycles were administered and the median number of cycles per 

patient was two (range 1–6). Patients came off protocol therapy for disease progression 

(n=9), patient’s decision to withdraw from treatment (n=1), and changes in patient’s 

condition that precluded further treatment per investigator’s judgment (n=3).

Toxicity and MTD

Seven patients were enrolled on DL1, of whom one was not evaluable for MTD 

determination for receiving <85% of the dasatinib dose for cycle 1. Of the six patients 

evaluable for MTD determination, one developed a DLT of grade 3 diarhea attributed to 

dasatinib during cycle 1, and the patient came off protocol therapy per family preference. 

Six patients were enrolled at DL2, one of whom came off protocol therapy immediately 

after the first dose of dasatinib due to intratumoral hemorrhage not attributable to protocol 

therapy. This patient had a rapidly progressing head and neck tumor with an intraoral 

component that began bleeding due to local trauma from the teeth within several hours of 

the first dose of dasatinib. Of the five patients who were evaluable for MTD determination 

at DL2, there were two DLTs. One patient developed grade 3 pneumonitis and hypoxia 

possibly attributed to ganitumab and dasatinib that required interruption of protocol therapy 

and treatment with steroids. Of note, this patient had received lung radiation 8 weeks prior 

to starting study treatment. The patient subsequently resumed treatment with dose reductions 

of both ganitumab and dasatinib, but discontinued therapy prior to cycle 3 per investigator 

judgement due to concern for worsening radiographic pneumonitis. The other patient had 

grade 3 hematuria possibly attributed to dasatinib, for which dasatinib was held, and came 

off therapy for disease progression without resuming therapy. This patient had a history of 

pelvic irradiation and recent intermitttent hematuria thought to be related to chemotherapy-

induced cystitis. Based on these data, DL1 of once daily dasatinib at 60mg/m2/dose (max 

100 mg) combined with 18 mg/kg ganitumab every 2 weeks was determined to be the MTD 

(Figure 1 and Table 2).

Hematologic and non-hematologic AEs including laboratory abnormalities that were 

assessed to be possibly, probably or definitely attributed to study agents are summarized 
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in Table 2 and Supplemental Tables S2 and S3. The most common toxicities observed were 

grade 1–2 hematologic toxicities which, in most cases, did not require transfusion or growth 

factor support and grade 1 and 2 electrolyte abnormalities. Non-dose-limiting AEs seen in 

>30% patients that were at least possibly associated with either ganitumab, dasatinib, or 

both were hematologic (including anemia, thrombocytopenia, and lymphopenia), nausea, 

vomiting, fatigue, anorexia, and elevated asparatate aminotransferase. Non-dose-limiting 

AEs seen in >30% patients that were attributed only to dasatinib were abdominal distention, 

hypocalcemia, hypophosphatemia, and hypokalemia. Hypertension, hypotension, hypoxia, 

and tinnitus, were the AEs attributed only to ganitumab, and none of these were seen in 

>30% of patients as each AE occurred in only one patient. Grade 3 non-dose-limiting AEs 

attributed to both dasatinib and ganitumab were hematologic and seen in three patients 

(anemia, neutropenia, and lymphopenia in one patient each). Grade 3 AEs attributed to 

dasatinib alone included thrombocytopenia, lymphopenia, and hypokalemia in one patient, 

and hypokalemia and hypophosphatemia in another patient. One patient had grade 3 

vomiting attributed to ganitumab alone. There were no deaths or grade 4 toxicities that 

were at least possibly attributed to either study agent.

Response

Nine patients were evaluable for response. One patient had a confirmed PR per RECIST 

v1.1 that lasted for four cycles. FDG-PET and CT imaging showed a substantial decrease 

in previously extensive pleural-based disease with only a small focus of residual tumor 

remaining (Figure 2). A second patient had SD for six cycles. One patient had progressive 

disease (PD) at the end of cycle 1 and five additional patients had PD during or at the 

end of cycle 2 (Figure 1). Additionally, one patient had a best response of SD at the end 

of cycle 2, however came off protocol therapy per investigator judgement given imaging 

findings concerning for ongoing pneumonitis. By the Kaplan-Meier method, median PFS for 

the entire cohort was 1.9 months (95% CI: 1.1–2.0 months) and was similar for DL1 and 

DL2 (1.9 and 1.6 months, respectively). The 3-month PFS probability for the entire cohort 

was 15.4% (95% CI: 2.5–38.8%) (Supplemental Figure S1).

Correlative Studies

Summary genomic findings for tumor/normal sequencing (3/12 targeted panel; 9/12 whole 

exome seq; 2/12 whole genome seq; 10/12 RNAseq) demonstrate that the study population 

was enriched for patients with unfavorable molecular features, relative to the known 

incidence of such features at upfront diagnois. PAX3 fusions were identified in seven 

patients (6/12 patients with PAX3-FOXO1; 1/12 patients with tumor with a PAX3-Cryptic 

fusion that had been identified as fusion-negative at enrollment) and MYOD1 L122R point 

mutations were identified in two patients (2/5 fusion-negative patients) (Figure 3a). This 

is consistent with the known predilection for therapeutic failure in patients with these 

lesions.33,34 Analysis of target expression revealed focal genomic amplification of the 

IGF1R gene in one patient, but it was not correlated with response. Gene expression of 

IGF1R and YES1 were universal but heterogeneous across the population and neither was 

correlated with response.
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ctDNA was detected above the 3% threshold27 by copy number alteration (CNA) in 83% of 

patients (10/12) and in 71% of all plasma samples (20/28), including 73% of pre-treatment 

samples (8/11; patient 10’s pre-treatment sample was unavailable for analysis). Median 

tumor fraction was 13.2% (interquartile range (IQR), 2.7% to 25.2) (Supplemental Table 

S4). Serial cfDNA samples on treatment showed increasing tumor fractions in 80% (4/5 

patients) of patients with PD (Figure 3b). In contrast, patients who experienced SD or PR 

did not show increases in tumor fractions. Specifically, patient 4, who had SD through cycle 

6, had fluctuating tumor fractions but with a mode approximating baseline; patient 10, who 

had PR through cycle 5, had stable tumor fraction at all available time points where ctDNA 

was detected; and patient 11, who had SD through cycle 2 but was removed from therapy 

due to toxicity, had decreasing tumor fraction from baseline. Chromosomal arm-level 

analysis of CNA in available serial samples demonstrates that both patient 4 (prolonged SD) 

and patient 10 (prolonged PR) initially maintain relative genomic stability but, preceding 

their PD, develop new loci with copy number gains (Supplemental Figure S2). Patient 

4 developed chromosome 7p (day 90), and 12q (day 120) amplifications and patient 10 

developed chromosome 1q (day 120), 8 (day 120) and 20 (day 120) amplifications. Patient 

4’s acquired CNA were captured in all subsequent timepoints; patient 10 had no cfDNA 

timepoints post-day 120.

To interrogate the ability of cfDNA to detect the signature of PAX3 fusions, we inferred 

nucleosome footprints using cfDNA sequencing coverage signatures28,29 at PAX3-FOXO1 

associated super enhancer sites.30 The fusion status of tumors with a PAX3-FOXO1 fusion 

was correctly classified from the plasma in 67% of patients (4/6, patient 13 did not have 

plasma samples for analysis) and 80% of cfDNA samples (8/10) (Figure 3c). Four of 

the patients with fusion-positive disease had serial samples collected, and there was no 

signficant change in their PAX3-FOXO1 associated signature following treatment (0/4 

samples). Finally, there were no sustained detectable changes in nucleosome footprints at 

YES1 and IGF1R regulatory motifs31,32 between pre-treatment and on-treatment samples 

(Supplemental Table S5).

Discussion

In this phase I study for patients with relapsed or refractory embryonal or alveolar RMS, 

we established the recommended phase II dose of the combination of ganitumab (18 

mg/kg every two weeks) and dasatinib (60 mg/m2 daily). The most commonly observed 

toxicities were mild hematologic toxicity, electrolyte disturbances, elevated transaminases, 

nausea, vomiting, and fatigue. These were expected and consistent with previously reported 

toxicities of each of these agents from prior early phase studies of single agent ganitumab or 

dasatinib in solid tumors.16,17,22,23,35–38 In our study, we did not observe hyperglycemia in 

any patient, although this is a commonly reported AE in studies using ganitumab and other 

antibodies targeting IGF-1R.16–21,38–43 The absence of this finding in our study may be due 

to the small number of patients evaluated or the relatively young age of the cohort.

DLTs in our study included diarrhea, hematuria, and pneumonitis. Both diarrhea and 

bleeding have been reported as DLTs in multiple prior studies of dasatinib in patients 

with solid tumors.22,23,35,36 Although pneumonitis has not been previously reported in 
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single agent studies of ganitumab, a recent study evaluating the addition of ganitumab in 

combination with multiagent chemotherapy and radiation in patients with newly diagnosed 

metastatic Ewing sarcoma reported a five-fold increase in pneumonitis post-radiation in 

the ganitumab-containing arm compared to the control arm.44 In addition, two other 

studies using different IGF-1R antibodies as part of combination regimens have reported 

pneumonitis as an AE. A phase I study of the IGF-1R antibody cixutumumab plus the 

mTOR inhibitor temsirolimus in patients with metastatic prostate cancer, reported grade 1 

or 2 pneumonitis in 73% of patients treated at higher temsirolimus doses.45 Another study 

testing the combination of the IGF-1R antibody dalotuzumab (D) plus the mTOR inhibitor 

ridaforolimus (R) and the aromatase inhibitor exemestane (E) in patients with breast cancer, 

reported pneumonitis in both the D/R/E and R/E arms of the study, although it was more 

common in the R/E arm (22% vs. 5%).46 Other combination studies using ganitumab have 

not reported pneumonitis.18–21,39–43,47,48 Pneumonitis has also been reported in patients 

with solid tumors receiving dasatinib as part of a drug combination, for example, in a study 

evaluating dasatinib plus gemcitabine and the EGFR inhibitor cetuximab which reported a 

grade 5 pneumonitis event in a patient treated with the triple regimen.49 Together, these 

findings suggest that an increased risk for pneumonitis may be a rare class effect of IGF-1R 

antibodies when combined with other therapies, including TKIs and prior lung radiation. 

Furthermore, the timing of radiation may play a role in the risk for developing pneumonitis 

while being treated with this regimen.

Of the nine patients in this heavily pretreated population who were evaluable for response, 

one had a PR sustained for four cycles and another had SD for six cycles, yielding an 

objective response rate of 11.1% and a disease control rate of 22.2% at five months. 

Although there are no prior studies of ganitumab in patients with relapsed RMS, six studies 

using other IGF-1R antibodies as single agents that included RMS patients have reported 

similar objective response rates of 0–5% and disease control rates of 0–23.5% in those 

patients.10–13,50,51 The limited activity of IGF-1R therapies in this population is known, yet 

a reliable predictive biomarker to identify the likeliest responders remains elusive. Indeed, 

we did not observe a correlation between gene expression of IGF1R and disease response, 

which, while consistent with prior studies reporting a lack of correlation between tumor 

expression of IGF-1R and response to IGF-1R-targeting agents in sarcoma, is a limitation 

to this study.52,53 An additional limitation is the lack of serial biopsy specimens to track 

IGF-1R and YES expression over time. Data such as this might have yielded useful insights 

into pattens of response or resistance. In our cohort, both patients who experienced clinical 

benefit had fusion-negative ERMS. In the two prior studies that reported at least partial data 

on RMS subtype,12,50 the single patient with a PR also had embryonal histology. Although 

the numbers are small, this may suggest that patients with fusion-negative RMS are more 

likely to respond to IGF-1R targeting than those with fusion-positive disease.

The initial rationale for this study was the preclinical observation that dasatinib prolonged 

disease control when added to IGF-1R targeting therapies in preclinical models. Of the five 

prior studies using single agent IGF-1R targeting agents that included patients with relapsed 

RMS, two reported disease-specific PFS data demonstrating median PFS of 5.7 weeks and 

6.1 weeks in the RMS cohort. Among patients who experienced disease control in these 

studies, the maximum duration of disease control was 25 weeks (n=1) and 42 weeks (n=1) 
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respectively.11,12 In a third study that did not report median PFS, one patient experienced 

a prolonged PR for 40 weeks and three others had SD for 20, 28 and 88 weeks.13 Median 

PFS in our study was 1.9 months (~8 weeks) with a maximum disease control duration 

of 25 weeks. However, we were unable to obtain additional phase II response data due 

to early study closure from loss of ganitumab availability. Thus, the limited data collected 

on duration of response in this study is insufficient to determine whether this combination 

regimen provides longer disease control than single-agent IGF-1R antibody therapy alone.

In this study we used cfDNA sequencing to both monitor disease response and confirm 

fusion status using a single sequencing assay. To our knowledge, this is the first report 

of prospective use of cfDNA for these two objectives as part of a clinical trial. cfDNA 

is a promising, non-invasive tool for cancer detection, risk stratification, and response 

evaluation.54–70 In pediatric solid tumors, such as sarcomas, the use of cfDNA is of 

particular interest given the difficulties associated with obtaining serial biopsies.71 In our 

study, we determine that cfDNA is detectable in plasma from RMS patients, demonstrate 

that dynamic changes in tumor fraction are correlated with clinical response in most 

patients, and accurately infer PAX fusion status using changes in sequencing coverage at 

associated super-enhancers. These findings, along with prior work reporting the detection of 

ctDNA in RMS patients28,60,69,72,73 and the use of cell free reduced bisulphite sequencing 

(cfRRBS) and nucleosome footprints to infer RMS fusion status from cfDNA,28,69,74 

collectively support the incorporation of cfDNA analysis into future pediatric RMS trials. 

The use of these assays may provide the foundation for introducing response adaptive 

therapies for RMS, as is now standard for pediatric hematologic malignancies.75,76

In addition, we demonstrated the feasibility of leveraging cfDNA fragment and sequencing 

coverage discrepancies to infer transcriptome profiles and, when measured serially, to 

monitor tumor clonal evolution. Recent studies have demonstrated that non-random regional 

differences in coverage and cfDNA fragment length reflect nucleosome occupancy and 

chromatin availability at promoters and transcription factor binding sites.28,77–80 Changes 

in coverage at regions of interest, therefore, can be used to infer gene expression and 

transcription factor binding.77,78 Although we did not observe differences in chromatin 

availability for pre-treatment and on-treatment YES1 and IGF-1R regulatory motifs, we did 

detect changes in genomic profiles from cfDNA over time. We observed that the patients 

with prolonged PR or SD developed reproducible copy number gains in specific loci prior to 

developing radiographic progression, which may represent selection for resistant subclones. 

For example, chromosome 8 amplification was observed in patient 10, and this has been 

associated with more aggressive disease in other sarcomas.60,81 Generalization of these 

findings are limited given this trial’s small sample size, and future studies are required for 

validation. However, this type of data may help to elucidate mechanisms of drug resistance 

in RMS, which have remained largely elusive due to difficulties with obtaining serial tissue 

samples in children.

Finally, this trial serves as an example of how the current system of clinical development for 

oncology drugs disenfranchises children. This study was originally designed as a phase I/II 

study with a phase I primary endpoint to determine MTD and phase II primary endpoints 

to determine the fraction of patients with clinical response (CR and PR) by RECIST and 
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to estimate the fraction of patients that were without progression at 6 months. However, 

after ganitumab became unavailable mid-study, the phase II part of this study had to be 

terminated. Hence a full evaluation of this combination will remain incomplete, and we 

are unable to assess whether the strong preclinical data and some early signals of potential 

activity observed in the phase I component would translate to meaningful response rate 

or clinical benefit for patients. Further, since ganitumab was the only remaining IGF-1R 

antibody available for use as a clinical anticancer agent, there is currently no path forward 

to conduct follow-up studies testing dasatinib plus other agents blocking IGF-1R, nor studies 

testing ganitumab plus other agents, despite the established safety and positive preclinical 

data for such a combination in RMS or other pediatric sarcomas.82,83

Unfortunately, this lack of access to potentially active drugs for pediatric oncology clinical 

trials is not unique to IGF-1R-targeting agents and is the result of several factors, including a 

substantial lag time resulting in pediatric trials being initiated only once adult trials are near 

or at completion.84–86 In the case of IGF-1R-targeting agents, among others, disappointing 

results in adult trials led to discontinuation of pharmaceutical development programs before 

the drugs could be adequately tested in specific pediatric settings. This is frequently the case 

even if there may be evidence of greater activity in a particular pediatric cancer, since the 

pediatric pharmaceutical market is generally not profitable.87 As a result, there is a dearth 

of novel agents that have shown sufficient preclinical activity in RMS and are clinically 

available to study in children.88 This lack of access to potentially effective novel agents 

remains a major impediment to progress for the field and underscores the need for more 

emphasis on drug development for targets specific to pediatric cancers.

In summary, the results of this trial suggest that a combinatorial approach to targeting 

IGF-1R and YES is safe and worthy of further study for patients with rhabdomyosarcoma. 

Future availability of IGF-1R targeting agents is necessary for further investigation of this 

and other combinations in pediatric sarcomas.
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Figure 1: 
Swimmer plot depicting summary of treatment duration in cycles, timing of dose-limiting 

toxicities (DLT) (red), and clinical outcomes of partial reponse (PR) (yellow) and 

progressive disease (PD) (green) for patients treated at dose level 1 (light blue) and dose 

level 2 (dark blue).
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Figure 2: 
Coronal and axial 18F-Flurodeoxyglucose positron emission tomography (FDG-PET) scan 

images for patient who had confirmed partial response. Left panel shows the disease 

extent at baseline (pre-cycle 1) and the right panel shows the response at the pre-cycle 3 

timepoint. The large conglomerate of highly FDG avid masses along the pleural surface are 

significantly reduced. The blue arrowhead symbol shows physiological uptake in cardiac 

muscle.
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Figure 3: Genomic studies of correlative samples.
(A) Oncoprint showing the variant genetic alterations identified in the study cases. (B) 

Calculated tumor fraction fold change detected in cfDNA over time. (C) Comparison 

of fusion-negative and fusion-positive samples for calculated coverage of known PAX3-

FOXO1 binding sites.
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Table 2:

Adverse events (AE) seen in >10% of patients that are possibly, probably, or definitively attributed to at least 

one of the study drugs (ganitumab or dasatinib) across all 28 cycles in 13 patients (highest grade reported for 

each patient across all treatment cycles)

Dose level 1 (N) Dose level 2 (N) Total # patients

Attributed to Grade Grade

1 2 3 1 2 3

Non- hematological toxicities

Dasatinib only  Abdominal distension 2 1 1 4

 Diarrhea 2 1 1 4

 Edema 3 3

 Hypocalcemia 1 3 1 1 6

 Hypokalemia 1 1 1 1 4

 Hypomagnesemia 2 2

 Hypophosphatemia 2 3 1 1 7

 Pericardial effusion 2 1 3

 Rash, acneiform 1 2 3

Dasatinib and/or ganitumab*  Abdominal pain 1 1 2

 ALT increase 3 3

 Anorexia 2 2 4

 AST increase 3 2 5

 Cough 2 2

 Dyspnea 1 1 1 3

 Fatigue 2 3 5

 Headache 1 1 1 3

 Hyponatremia 2 1 3

 Nausea 3 1 1 1 6

 Pleural effusion 1 2 3

 Pleuritic pain 2 2

 Vomiting 3 1 1 5

Hematological toxicities

Dasatinib and/or ganitumab*  Anemia 1 5 2 1 1 10

 Lymphocyte count decrease 1 3 1 1 2 8

 Neutrophil count decrease 1 1 2

 Platelet count decrease 6 1 3 1 1 12

 White blood cell decrease 1 1 2 4

N= number of patients, AST = aspartate amino transferase, ALT= alanine aminotransferase

*
At least 1 patient with toxicity attributed to dasatinib only, ganitumab only, or both. AEs only attributed to ganitumab included hypertension, 

hypotension, hypoxia, and tinnitus (N= 1 for all AEs).
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