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Introduction

Treatments for rhabdomyosarcoma (RMS) including
sclerosing and spindle cell rhabdomyosarcoma (SRMS)
remains challenging. Aggressive surgical resection and
radiation therapy are generally recommended; how-
ever, there is no consensus on second- or third-line
salvage chemotherapy.! Therefore, developing novel
therapeutic options for children with all types of RMS
suffering relapse under standard protocols is vital. Here,
we present results using our functional precision
medicine platform in a heavily refractory pediatric
SRMS patient who had exhausted all standard options.
Our functional precision medicine platform integrates
genomic profiling and ex vivo drug sensitivity testing
(DST) to determine optimal individualized therapy for
each patient (Fig 1).2

Case Report

A 7-year-old girl initially presented in August 2016
with SRMS in her lower right extremity at Nicklaus
Children’s Hospital in Miami, FL. She underwent
surgery, followed by 6 weeks of external beam ra-
diation therapy and vincristine, irinotecan, doxoru-
bicin, cyclophosphamide, ifosfamide, and etoposide
for 52 weeks. Six months later, positron emission
tomography (PET) imaging revealed a 6-cm lower
right quadrant mass, a 1-cm right femur lymph node
that was avid, and a single 3-mm pulmonary nodule.
The patient commenced second-line treatment
comprising temsirolimus, vinorelbine, and cyclo-
phosphamide (progression-free  survival [PFSI:
30 weeks). In January 2019, radiologic assessment of
disease revealed resolution of the pelvic mass but
marked a new hepatic lesion, indicative of metastasis
(see Fig 2 showing the clinical course of disease
relapses and progression). Third-line treatment was
started, consisting of oral pazopanib daily plus
nivolumab intravenously combined with external ra-
diation therapy. Nevertheless, disease progression
continued to refractory disease 2 weeks following
regimen completion (PFS: 2 weeks). The patient had
severe swelling and lymphedema of her right lower ex-
tremity, abdominal distention, pain, and coagulopathy.

By March 2019, she presented with recurrent meta-
static SRMS (stage Ill, group IlI high risk). PET, in
combination with computed tomography (CT) images,
revealed a right thigh mass encasing the femoral artery
and neurovascular bundle including multiple meta-
static nodes in the right pelvis, right thigh lymph node,
liver, and pancreas. Given her rapid disease pro-
gression, alternative therapies were sought. In April
2019, the patient was enrolled in our ongoing clinical
trial (Institutional Review Board approval number
1186919, ClinicalTrials.gov identifier: NCT03860376,
patient provided informed consent, including consent
to publish). Our trial involves high-throughput DST of
103 clinically approved drugs combined with targeted
mutation profiling to guide clinical decision in relapsed
and/or refractory pediatric cancer patients. The DST
panel encompassed 40 formulary drugs used at
Nicklaus Children’s Hospital, 47 nonformulary US
Food and Drug Administration—approved cancer
treatment drugs, and drugs from phase Il or IV clinical
trials (Table 1). Biopsy was performed on the right
proximal anterior thigh, from which excised tumor was
obtained to isolate cells (Fig 3A) within 24 hours, as
previously described.? Histologic examination showed
spindle cells with fusiform nuclei, arranged in fascicles
in a background of sclerosing stroma with islands of
dense hyalinized collagen along with strong nuclear
myogenin and cytoplasmic desmin positivity, typical of
RMS (Fig 3B).*° We also confirmed that patient-derived
cells used for DST expressed myogenin and desmin,
similar to the originating tumor (Fig 3C). Cells were
cultured in 384-well plates, and then interrogated for
DST panel sensitivity by measuring the number of
metabolically active tumor cells 72 hours after drug
exposure. A ranked list of the most potentially thera-
peutic drugs was generated using dose-response
curves, as previously described,”® and communi-
cated to the Molecular Tumor Board within 7 days
postsurgery (Fig 3D).

Blood and tumor samples were also collected for
mutational profile analysis using the UCSF500
Cancer Gene Panel Test (University of California San
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FIG 1. Functional precision medicine in the management of recurrent childhood cancers. lllustration of our functional precision medicine
program depicting the workflow, beginning with the sample collection, and processing, continuing with the establishment of patient-derived
tumor cells that are subjected to single drug testing. In parallel, DNA is sent for targeted gene sequencing (UCSF500). The DSS are reported back
to the MTB within 5-10 days, whereas the sequencing data take up to 3 weeks. The MTB reviews the data, likely off-label availability for candidate
drugs, prior experience with candidate drugs, and treatment history of each patient. A final list of therapeutic options (ranked in order of
preference together with suggested doses and schedules) is issued, and patients are treated with the best recommendations whenever possible.
DSS, drug sensitivity score; MTB, Molecular Tumor Board.

Francisco). As profiling took up to 3 weeks, the Molecular
Tumor Board first analyzed DST results to choose ef-
fective, available drug options (Fig 3D) to begin patient
treatment. Interestingly, the microtubule destabilizer
vincristine and topoisomerase inhibitor irinotecan
showed up as two effective drugs. Both drugs had lower
half-maximal effective concentrations (EC50) than the
reported maximum concentration (Cpax) in the plasma of
the patient, hence they were clinically achievable. Given
that a combination of vincristine, irinotecan, and
temozolomide (VIT) is often used to treat pediatric re-
lapsed RMS,° the patient was immediately treated with
one cycle of VIT from days 1 to 5. Importantly, all drugs
used in the patient’s previous regimens were ineffective
(drug sensitivity scores, < 0) by DST, except vincristine
and irinotecan, which both presented sustained activity
on the tumor, supporting DST-guided fourth-line treat-
ment (Data Supplement). Additionally, to identify optimal
combination therapies, a secondary combination DST
was performed using drugs with the best individual
scores. Drug sensitivity score for vincristine alone were
higher than in combination with temozolomide or irinotecan
(Fig 3E). As such, treatment was modified: the patient re-
ceived three cycles of vincristine alone (1.5 mg/m?, bolus) on
days 8 and 15, followed by a combination of irinotecan
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(50 mg/m?, intravenous) and temozolomide (125 mg/m?,
oral) from days 1 to 5.

Results from patient mutational profiling showed a deep
deletion in CDKNZA and CDKN2B, a heterozygous L122R
mutation in MYODI exonl hotspot, and new single-point
pathogenic mutations in GNAS and NRAS (Fig 2). The
patient was PAX3-FOXO1 and PAX7-FOXOI1 fusion-
negative, which are typical genetic hallmarks of alveolar
RMS. The hotspot MYOD1 mutation is a recurrent finding in
pediatric SRMS, especially in tumors from lower-extremity
sites,'© and is associated with a highly aggressive clinical
course despite multimodality therapies.!*** MYODI gene
regulates muscle cell determination and differentiation, by
inducing cell cycle arrest.'®> GNAS mutations, interestingly,
have been associated with numerous neoplasms, including
Ewing sarcoma,'® but have not yet been linked to SRMS. A
recent report in RMS has shown that NRAS mutation is one
of the most frequently observed genetic alterations in
fusion-negative tumors. Additionally, a mutation of a Ras
pathway gene is found in 56% of all fusion-negative tumors
(N =515 samples).'” The selection of drugs targeting cell
division was appropriate, as the patient's molecular
profile involved alterations to myogenic differentiation,
cell cycle progression, cell division, and Ras signaling.



FIG 2. Clinical course and response im-
ages of relapsed SRMS patient. Upper
panel shows the timeline of treatments
after relapse and progression in the pa-
tient. PET scans were obtained at relapse
(January 2019) and after regimen 3
(March 2019), as well as before (April
2019) and after (June 2019) fourth-line
DST-guided therapy. Before DST-guided
therapy, there was progressive disease
with PET demonstrating a large, FDG-avid
right mass in the lower extremity with a
right pelvic mass, right thigh lymph node,
and right lung nodule (April 2019). PET
scan obtained after 8 weeks of DST-
guided therapy in June 2019 (vincristine
in combination with irinotecan and temo-
zolomide) demonstrated significantly de-
creased size of ill-defined soft tissue mass
seen encasing the femoral neurovascular
bundle (residual lower-level FDG uptake in
the right thigh). In addition, interval im-
provement was observed in disease burden
with residual masses throughout liver pa-
renchyma, pancreatic head, and body as
well as stable right middle lobe pulmonary
nodule. Bottom panel shows results from our

analysis ;
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and spindle cell rhabdomyosarcoma.
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The heterozygous MYODI mutation was also found on
the original tumor, confirming that the same genetic
abnormality was persistent and allele frequency did not
change during treatment course. In the first follow-up
visit, 8 weeks following DST-guided treatment, PET im-
aging showed a striking decrease in the ill-defined soft
tissue mass in the medial right proximal thigh and de-
creased nodular density intermixed with linear densities
in the adjacent subcutaneous tissues of the anterior right
thigh (Fig 2). These results showed a decrease in tumor
burden, indicative of a partial response according to
RECIST.'® Overall metastatic disease in the liver and
pancreas also decreased. Remarkably, the patient was
discharged only 10 days following DST-guided therapy
commencement. Her clinical symptoms and quality of
life improved dramatically. The overall burden of lung
disease was stable. The patient remained clinically
disease-free for 6 months (PFS: 24 weeks), compared to
2 weeks with prior regimen (Fig 2). Unfortunately, de-
spite other DST-guided options, pulmonary nodules
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progressed, leading to lung collapse. The patient ulti-
mately received no further therapy and died approxi-
mately 8 months following study enroliment.

Discussion

Recurrent and metastatic SRMS has a poor prognosis,
with survival often measured in months (median 2-4
months).*® This clinical case shows the significance of
developing a functional precision oncology approach,
using patient material for DST—with confirmation by
molecular profiling—to identify the most effective drug
combination for a child with recurrent metastatic SRMS.
Clinically and radiographically, this patient showed a
positive response to DST-guided treatment, despite pre-
vious progression with standard therapy. Time to pro-
gression (TTP; 6 months) was considerably longer than
prior regimen (TTP: 2 weeks) or most standard fourth-line
regimens for relapsed and/or refractory RMS (median
TTP: 2-4 months, including patients with less aggressive
disease).?°
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TABLE 1. Drug Library
Class

Case Report

Drug

Alkylating agents

Azacitidine, busulfan, carmustine, carboplatin, cisplatin, cyclophosphamide, doxorubicin, etoposide, ifosfamide,
melphalan, oxaliplatin, temozolomide, thiotepa

Antimetabolites

Cladribine, clofarabine, cytarabine, decitabine, fludarabine, gemcitabine, isotretinoin, metformin, methotrexate, nelarabine,
pemetrexed

Antimitotics

Cabazitaxel, docetaxel, paclitaxel, ixabepilone, vinblastine, vincristine, vinorelbine

Antitumor antibiotics

Azithromycin, bactrim, bleomycin, dactinomycin, tigecycline

HDAC inhibitors

Panobinostat, romidepsin, valproic acid, vorinostat

Immunomodulators

Atorvastatin, dexamethasone, methylprednisolone, lenalidomide, pravastatin, tretinoin, isotretinoin, thalidomide

Kinase inhibitors, TK

Axitinib, cabozantinib, crizotinib, dasatinib, doxycycline, erlotinib, gefitinib, imatinib, pazopanib, ruxolitinib, sorafenib,
trametinib, vandetanib, vemurafenib

Proteasome inhibitors

Bortezomib, carfilzomib

Rapalogs

Everolimus, sirolimus, rapamycin, temsirolimus

Topoisomerase | or Il
inhibitors

Amsacrine, camptothecin, daunorubicin, etoposide, idarubicin, irinotecan, mitoxantrone, topotecan

Miscellaneous antineoplastic Bosentan, carbamazepine, disulfiram, linagliptin, linezolid, macitentan, mesna, plerixafor, tretinoin

Other

Cyproheptadine, dexrazoxane, dicyclomine, digoxin, furosemide, guaifenesin, hydralazine, hydroxyzine, lisinopril, losartan,
melatonin, montelukast, oseltamivir, ranitidine, salmeterol, sertraline, voriconazole

NOTE. All listed agents are US Food and Drug Administration—-approved and classified according to mechanism of action where available.
Abbreviations: HDAC, histone deacetylase; TK, tyrosine kinase.

DST results were ready in less than a week for quick
treatment adoption by oncologists. Although molecular
profiling took 3 weeks, results showed mutations in cell
cycle and cell division regulatory genes, as well as the Ras
signaling pathway, and supported DST-guided treatment.
Notably, genetic profile indicated a deletion in CDKN2A
and CDKNZ2B genes along with MYOD 1 mutation, which is
consistent with a recent report showing MYODI-mutant
tumors also frequently harbored deep deletions in
CDKNZ2A in patients with fusion-negative RMS.! This
highlights the importance of evaluating MYODI1 and
CDKNZ2A alterations in the genetic analysis, taking into
consideration that MYOD1 L122 hotspot is not generally
included on most institution panel sequencing. A negative
sequencing result does not always mean that the mutation
has been assayed.

VIT therapy showed a significant clinical benefit, as
evidenced by decreased tumor size. VIT is sometimes
used to treat pediatric relapsed RMS; however, PFS at
3 months is 23% (95% Cl, 5.7 to 46.7).° The treating
oncologist would have not decided to use that regimen
without guidance from the drug testing results especially
because two of those drugs were used in upfront therapy
(3 years prior). However, the clinical benefit shown on
the patient corresponds to the positive activity of those
drugs in the DST that was performed ex vivo.

Although several reports have shown improved patient
survival using DST-guided treatment in different cancers 2124
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current DST platforms have a limited ability to study the
immune system and tumor microenvironment. There are
also pharmacologic limitations such as prodrug formula-
tions, liver-metabolized drugs, and pharmacokinetic in-
formation obtained in adults receiving different doses than
pediatric patients. Vincristine is given as a bolus, briefly
reaching high concentrations in the bloodstream, whereas
irinotecan and temozolomide are given over 5 days, with
high concentrations each day; this highlights the difference
between in vivo and ex vivo assays. The ultimate negative
outcome of the patient underscores the need for DST of
tumor cells from several sites, including metastatic sites, to
better inform treatment.

In summary, this study demonstrates that a personalized
functional precision oncology approach resulted in a longer
PFS on a DST-suggested regimen than on the regimen on
which the patient had just experienced progression. DST
offers an assessment of additional possible treatments and
combinations to identify effective therapeutic strategies for
patients. Most importantly, high-throughput DST can be
done in a clinically relevant timeframe, is individualized, and
can be performed throughout the disease course. Com-
bining genomics and functional data further refines preci-
sion therapy, enhancing appropriate drug combination
selection—even lacking actionable biomarkers—and ulti-
mately improving clinical outcomes for pediatric patients
with relapsed and/or recurrent tumors, establishing a new
treatment paradigm in pediatric cancer.
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FIG 3. Exvivo drug sensitivity results identify top effective drugs for treatment. (A) Representative image of original RMS tumor (left) and patient-derived tumor cells
(right) as visualized under light microscope. Scale bars represent 400 wm, magnification 10x. (B) Immunohistochemical staining from the tumor tissue, H&E (left),
myogenin (middle), and desmin (right) magnification 100x. (C) Immunofluorescence images show patient-derived cells express RMS markers, myogenin and
desmin, scale bar is 20 wm, magnification 144x. (D) Top panel shows graph plot that highlights the most effective and potent drugs on the DST performed. Drugs
selected for therapy are highlighted in red boxes. The bottom panel shows dose-response curves of vincristine and irinotecan. (E) The top panel shows most
effective combination drugs including irinotecan and temozolomide in combination, as well as vincristine as a single agent (red boxes). The bottom panel shows the
dose-response curves of the selected drugs highlighted in red boxes. The patient treatment regimen was modified based on DST results. DAPI, 4',6-diamidino-2-
phenylindole; DSS, drug sensitivity score; DST, drug sensitivity testing; H&E, hematoxylin and eosin; RMS, rhabdomyosarcoma.
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