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Children withrare, relapsed or refractory cancers often face limited
treatment options, and few predictive biomarkers are available that can
enable personalized treatment recommendations. The implementation of
functional precision medicine (FPM), which combines genomic profiling
with drug sensitivity testing (DST) of patient-derived tumor cells, has
potential to identify treatment options when standard-of-care is exhausted.
The goal of this prospective observational study was to generate FPM data
for pediatric patients with relapsed or refractory cancer. The primary
objective was to determine the feasibility of returning FPM-based treatment
recommendations in real time to the FPM tumor board (FPMTB) withina
clinically actionable timeframe (<4 weeks). The secondary objective was

to assess clinical outcomes from patients enrolled in the study. Twenty-five
patients with relapsed or refractory solid and hematological cancers were
enrolled; 21 patients underwent DST and 20 also completed genomic
profiling. Median turnaround times for DST and genomics were within

10 days and 27 days, respectively. Treatment recommendations were

made for 19 patients (76%), of whom 14 received therapeutic interventions.
Six patients received subsequent FPM-guided treatments. Among these
patients, five (83%) experienced a greater than 1.3-fold improvement in
progression-free survival associated with their FPM-guided therapy relative
to their previous therapy, and demonstrated a significantincreasein
progression-free survival and objective response rate compared to

those of eight non-guided patients. The findings from our proof-of-principle
study illustrate the potential for FPM to positively impact clinical care

for pediatric and adolescent patients with relapsed or refractory

cancers and warrant further validation in large prospective studies.
ClinicalTrials.gov registration: NCT03860376.

Cancer is the leading cause of disease-related death for childrenand  remains challenging'. These patients typically have few established
teenagers in the United States. Despite improvements in survival treatment options, in spite of advancements in standard therapy?°.
for patients with cancers like acute lymphoblastic leukemia, pro- Genomics-guided precision oncology* aims to provide pediatric and
gress for other high-risk, relapsed or refractory pediatric cancers adolescent patients with matched treatments based on molecular
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Fig.1|Flow diagram showing FPM workflow. FPM workflow including patient enroliment, sample collection, functional ex vivo drug sensitivity testing and
molecular tumor profiling, and report delivery to the FPMTB for clinical decision-making. Numbers at each exit and endpoint represent patient numbers.

Created with BioRender.com.

changes in their tumors to improve survival and quality of life. The
widespread availability of different sequencing approaches hasresulted
in multiple pediatric cancer precision medicine programs around
the world such as the Zero Childhood Cancer Program in Australia,
PROFYLE in CanadaandiTHER in the Netherlands®™. Despite the sub-
stantial clinical benefit, these trials revealed several constraints in
using genomics-driven therapy only, particularly for cancers thatlack
actionable driver mutations and matched treatments, whichis often the
case in pediatric cancers are often driven by copy number alterations
and/or gene fusions®. To overcome these limitations, recent trials like
INFORM in Europe have begun tointegrate functional ex vivo DST with
genomics precisionmedicine to provide additional therapeutic options
for patients who do not benefit from genomic profiling alone®°. This
approach, termed functional precision medicine (FPM), combines
molecular profiling with direct ex vivo exposure of patient-derived
tumor cells to drugs approved by the Food and Drug Administration
(FDA).FPM expands available treatment options to patients who have
exhausted standard-of-care treatment" ., The feasibility and clinical
efficacy of FPM for adults with hematological cancers have beeninves-
tigated in two recent FPM trials, in Finland and Austria'*", with both
of these independent studies demonstrating that the integration of
molecular profiling and high-throughput DST provides clinical benefit
to these patients and provides robust data for further translational
research. However, interventional FPM trials have so far exclusively
addressed patients with hematological cancers owing to technical
challenges regarding DST in solid malignancies and, until now, have
solely enrolled adults. Critically, prospective FPM studies for pediatric
patients with cancers are lacking.

The aim of our study was to determine the feasibility of combin-
ing ex vivo DST with targeted genomic profilingto generate FPM data
for pediatric patients with relapsed or refractory cancers. We present
results fromaprospective, non-randomized, single-arm observational
feasibility study (ClinicalTrials.gov registration: NCT03860376) in
children and adolescents with relapsed or refractory solid and hema-
tological cancers. Data from tumor panel profiling and functional
ex vivo DST of up to 125 FDA-approved drugs were generated. We
report successful outcomes for our primary objective of returning
datatoan FPM tumor board (FPMTB) inaclinically relevant timeframe.
We also report, as our secondary objective, comparisons between
the clinical outcomes of FPM-guided treatment and the patients’
previous regimens, as well as between the outcomes of FPM-guided
treatment and treatment of physician’s choice (TPC). Our study dem-
onstrates the feasibility and clinical utility of an FPM approach to
prospectively identify treatment options for patients with advanced

solid and hematological malignancies, regardless of tumor type,
particularly for high-risk cancers such as those affecting pediatric
and adolescent patients.

Results

Patient characteristics and study design

Between 21 February 2019 and 31 December 2022, we conducted a
prospective study at Nicklaus Children’s Hospital (Miami, Florida, USA).
The primary objective was to determine the feasibility of returning
FPM results to an FPMTB, which included treating physicians, in a
clinically actionable timeframe (within 4 weeks) to inform treatment
decisions. We considered this objective met if we returned treatment
options to at least 60% of enrolled patients. The secondary study
objective was to compare clinical outcomes of enrolled patients who
underwent FPM-guided treatment to both the outcomes of their previ-
ously received treatments and those of patients who received TPC. All
patients had objective response and progression-free survival (PFS)
from their prior regimen recorded at the time of enrollment for com-
parison against study outcomes.

Treatments were not given as part of the study. Separate con-
sentswererequired for any selected treatment regimens. All decisions
regarding treatment regimens were made by the treating physicianand,
although it could be influenced by the FPM data, the final treatment
selection for each patient was at the sole discretion of the treating
physician based on their experience and expertise.

We enrolled a total of 25 pediatric and adolescent patients with
recurrentor refractory solid (n =19; 76%) or hematological (n = 6;24%)
malignancies. Twenty-three of 25 patients were enrolled from Nicklaus
Children’s Hospital, one patient from St. Mary’s Medical Center at Palm
Beach Children’s Hospital and one patient from Oregon Health and Sci-
ence University (Supplementary Table; see Testingand demographics).

Patients were enrolled after exhausting standard-of-care options,
irrespective of cancer type. Solid tumor biopsies (n =1) or resections
(n=17), or hematological cancer samples (n = 6) were obtained for
ex vivo DST and genomic panel profiling (using the UCSF500 test).
The median time from sample collection at the clinic to arrival in the
processing laboratory was less than 48 h for all patients. DST was
successfully performed on 21 out of 24 patients (88%) who provided
tumor tissue samples. UCSF500 profiling was performed on 20 out
of 24 patients (83%). Figure 1 describes patients who were removed
fromthe study owingto enrollment failure (n =1), insufficient sample
size for both DST and genomic profiling (n =2) and unsuccessful DST
(n=1). FPMresults from two patients were not discussed by the FPMTB
owingtoloss at follow-up or rapid disease progression. Thus, 19 out of
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Table 1| Characteristics of enrolled patients with pediatric
cancer

Characteristics Count %
All 25 100
Sex
Female 15 60
Male 10 40
Age, median (range) (years) 10 (0.81-21)
Race
White 21 84
Black or African American 3 12
Other (mestizo) 1 4
Ethnicity
Hispanic 17 68
Non-Hispanic 8 32
Previous therapy lines, median (range) 3(2-6)
Disease type
Acute lymphoblastic leukemia 3 12
Acute myeloid leukemia 3 12
Astrocytoma 1 4
Ependymoma 1
Ewing sarcoma 4 16
Glioblastoma multiforme 1
Medulloblastoma 1
Malignant rhabdoid tumor 1
Neuroblastoma 1 4
Osteosarcoma 4 16
Rhabdomyosarcoma 4 16
Wilms tumor 1 4

25 enrolled patients (76%) completed both DST and genomic profil-
ing and had the results reported to an interdisciplinary FPMTB for
review, surpassing our original objective of 60% of enrolled patients
(P<0.0001, 95% confidence interval (CI) 0.5487-0.9064). Of the
19 patients whose results were discussed, tumors from three patients
progressed too rapidly for treatment and two patients underwent
surgicalintervention only, with 14 patients receiving therapeutic inter-
ventions. Overall, six patients received FPM-guided therapy, and eight
patients received TPC (Fig.1).

Baseline demographics for all enrolled patients are shown in
Table 1. The median age of the patient cohort was 10 years. Of the
enrolled patients, 40% were female (10 patients) and 60% were male
(15 patients), withaslightly lower female-to-male ratio than the national
1:1.1incidence ratio of pediatric cancers'. Patient enrollment approxi-
mated the diverse population of pediatric patients with cancer of
the Miami-Dade County area from which patients were accrued'. Of
those enrolled, three patients (12%) were Black or African American,
17 patients (68%) were Hispanic (16 white Hispanic (64%), one mestizo
(4%)) and five patients (20%) were white.

In addition, enrolled patients had a variety of pediatric cancer
indications, encompassing 12 different pediatric malignancies: three
acute lymphoblastic leukemias (ALLs), three acute myeloid leuke-
mias (AMLs), one astrocytoma (AST), one ependymoma, four Ewing
sarcomas (EWSs), one glioblastoma (GBM), one malignant rhabdoid
tumor (MRT), one medulloblastoma, one neuroblastoma, four osteo-
sarcomas, four rhabdomyosarcomas (RMS), and one Wilms tumor.

Allhematological cancers were leukemias (12% each); solid malignan-
cies consisted of sarcoma (48%), central nervous system tumors (20%)
and kidney cancers (8%). Genomics testing and DST were successfully
performed across all cancer types, with only one EWS sample failing
DST (Supplementary Table; see Testing and demographics).

Patient-derived tumor cultures and DST

The DST component of the FPM workflow, shown in Fig. 2, consisted
of three main steps. First, we carried out tissue processing and deriva-
tion of short-term patient-derived tumor cultures (PDCs) (Fig. 2a).
Interestingly, most PDCs from solid tumor tissue samples grewin cul-
ture as a mix of free-floating or semi-adherent 3D clusters and indi-
vidualadherent cells (see representative brightfield images of PDCsin
Fig. 2a, right panel). Second, DST was performed on PDCs (Fig. 2b)
using a library of up to 125 FDA-approved agents including 40 for-
mulary drugs from Nicklaus Children’s Hospital, 47 non-formulary
FDA-approved anti-cancer drugs, therapies in phase Ill or IV pediat-
ric cancer clinical trials, and additional non-cancer agents that have
beeninvestigated for potential repurposing as anticancer treatments
(Supplementary Table; see Drug list). PDCs were treated with drugs
for 72 h, which is a standard timepoint for primary cell DST". Within
this timeframe, even slow-acting epigenetic drugs have shown efficacy
according to our data'>'®. Z-prime scores and luminescence values
fromwells with untreated cells were used as quality control measures
forindividual assay plates®”. Only data from assay plates that passed
quality control were analyzed and reported (Fig. 2b, middle panel).
Drug sensitivity scores (DSSs) and half-maximum inhibitory concen-
tration (IC,,) values were derived from dose-response data. DSS is
based on normalized dose-response area under the curve (AUC) and
are often used in FPM or PDC-based studies'*°?'. Drugs were ranked
for efficacy based on the DSS and recommended to the FPMTB for
treatment if the IC,, was less than or equal to the maximum clinically
achievable plasma concentration of the drug (C,,,,) demonstrated to
be safe and effective according to pharmacokinetic data reported in
human clinical trials*>. As monotherapy is not generally effective in
treating relapsed pediatric cancers, physician-requested combination
treatments were subsequently tested when additional PDC material was
available (Fig. 2b, right panel). Final treatment plans were developed at
the discretion of the treating clinicians and accounted for drug avail-
ability, insurance coverage, the patient’s previous treatment history
and the physician’s own knowledge and expertise. Last, molecular
characterization of PDCs was performed at the time of DST to confirm
that PDCs maintained specific characteristics from original samples
at time of enrollment, as described in the Methods. Validations were
performed using different approaches. When possible, the presence of
pathological markersreportedin pathology reports was confirmedin
PDCs usingimmunofluorescence, as demonstrated in representative
images of PDCs from EVO10-EWS, EV019-MB and EVO04-RMS con-
firming NKX2.2, beta-catenin, and desmin and myogenin expression,
respectively (Fig. 2c,d and Extended Data Fig. 1a). Specific genomic
alterations mentioned in UCSF500 profiling, such as loss of TP53 and
DIS3L2transcripts inEVO03-0S and EVO15-WT, respectively, were also
confirmed using quantitative PCR withreverse transcription (RT-qPCR)
(Fig. 2e,f). Genetic stability in PDCs was established by comparing
UCSF500-identified variants reported for the tumor at the time of
enrollment with whole exome sequencing and/or whole transcrip-
tome sequencing data (Extended Data Fig. 1b). In addition, multicel-
lular composition analysis was performed on tumors at the time of
enrollment and on PDCs for asubset of samples usingimmune cell type
RNA sequencing (RNA-seq) deconvolution, as previously described’.
The analysis of cell populations demonstrated amean tumor cell con-
tent of 90% or higher at the time of DST (Fig. 2g,h and Extended Data
Fig.2).Importantly, the heterogeneity of tumors was conserved under
our established culture conditions, as evidenced through RNA-seq
and deconvolution approaches. Overall, PDC validation analyses
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Fig.2|Dissociation of tumor tissue workflow, DST analysis and validation
of patient-derived tumor cultures. a, Tissue processing and derivation of
short-term PDCs, including representative images of received tissues (left) and
derived PDCs (right) from EVO04-RMS, EVO07-GBM, EVO10-EWS and EV014-
MRT. b, Ex vivo DST using alibrary of more than 125 FDA-approved drugs,
post-endpoint quality control process based on Z-prime scores, IC5, and DSS
analysis, and representative results from single agent testing for EVO10-EWS
followed by physician-selected drug combinations (if additional PDC material
remained). Lum, luminescence. *indicates physician feedback guided selection
oftested drug combinations. The slim red borders around single agents on the
leftindicate those included in combination testing, The thick red border on the

rightindicates the final drug combination used for the patient. c,d, Molecular
characterization and validations of PDCs assessed by immunofluorescence
detection of pathology-defined markers in EVO10-EWS (c) and EV019-MB (d).
Immunofluorescence images of one independent experiment (due to limited
PDC material). e,f, Analysis of RT-qPCR to confirm loss of TP53 transcriptsin
EV003-0S (e) and DIS3L2 transcripts in EVO15-WT (f). g,h, Immune cell type
deconvolution and tumor purity analysis from tumor tissue at enrollment (T)
and PDCin EVO04-RMS (g) and EVO09-OS (h) using bulk RNA-seq deconvolution
tools EPIC, ESTIMATE and quanTIseq (right panel). Representative pie charts
present EPIC deconvolution results. TC, tumor cell. Portions of panelsaand b
were created with BioRender.com.

revealed similarity between tumor samples and corresponding PDCs,
as evident in the maintenance of relevant molecular driver aberra-
tions and preservation of tumor cell content, indicating our ability
to establish culture models with mixed cell populations (including
immune cells) that closely resemble the multicellular compositions
presentintherespective tumor. Alist of all validation tests performed

on PDCs is provided in the Supplementary Table (see Culture valida-
tion experiments).

FPMis feasiblein a clinically actionable timeframe
Actionable treatment recommendations were returned for 21 out of
25 enrolled patients using DST (84%), with 20 out of 25 patients also
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receiving results from genomics profiling (Fig. 3a). Five of those 20
patients (25%) had an actionable treatment recommendation based
on genomic variants, and only one of those five patients received a
recommendation for cancer-matched therapy***. This proportion was
significantly less than DST recommendations, which identified treat-
mentoptionsin21of21 patients (100%) (P < 0.0001,95% CI) (Fig. 3band
Supplementary Table (see the actionable panel sequencing results and
complete panel sequencing results)). These results demonstrate the
benefit of DST in providing additional treatment options to pediatric
patients with cancer compared to genomic profiling alone.

The turnaround time for DST results significantly outpaced the
return of genomic profiling data. Following sample receipt, the median
time for reporting DST results to the FPMTB was 9 days for hemato-
logical cancers (range, 5-17 days) and 10 days for solid tumors (range,
4-23 days) (Fig. 3¢), significantly faster than the median turnaround
time of 26.5 days (range, 14-63 days) for UCSF500 profiling (Fig. 3c).
Rapid turnaround time enabled the FPMTB to promptly discuss each
patient using functional DST data alone, with treatments modified
when genomicsresultsbecame available, if necessary and possible. For
pediatricand adolescent patients with aggressive disease, the speed at
which recommendations were made was critical for enabling guided
therapeutic decision-making.

We considered DSS > 10 as effective, 0 < DSS <10 as moderately
effectiveand DSS < 0 as ineffective. The analysis of DST results showed
that the median number of effective and moderately effective drugs
was 21 (range, 3-36) and 12 (range, 0-32), respectively (Fig. 3d and Sup-
plementary Table (see DST testing results)). Accordingly, all patients
had a minimum of three effective treatments identified. Furthermore,
the median percentage of effective and moderately effective tested
drugs was 21% (range, 4-35%) and 12% (range, 0-26%), respectively.

At study completion, 96% (46 out of 48) of hematological can-
cer assay plates and 91% (105 out of 115) of solid cancer assay plates
passed internal quality control, resulting in an overall quality control
pass rate of 93% (151 out of 168) (Fig. 3e and Supplementary Table
(see Z’ statistics)). The median Z-prime score was significantly above
the 0.5 quality control cutoff for both hematological (P= 0.0045) and
solid (P < 0.0001) cancer assays (Fig. 3f). Additionally, there was high
correlation (P < 0.0001) between DSS and IC, results in repeated DSTs
(Extended Data Fig. 3a,b and Supplementary Table (see DST repeat
data)). Median cell viability at the time of DST was 94% (range, 76-98%)
(Extended DataFig. 3c).

Diverse genomic profiles were identified through UCSF500 profil-
ing. Of the genomic variants discovered, six were found in tumors for
more than three patients, including TP53 mutations (30%), CDKN2A/B
loss (25%) and CBL variants (15%). CBL variants were of particular inter-
est, as they have not been previously reported in pediatric cancers but
have been established in a variant-associated tumor predisposition
syndrome (Fig. 3g)”. Additionally, other genetic variants frequently
found in cancers were identified, including MYC or MYCN mutations
(oneamplificationeach, 5%), and disease-specific gene fusions, includ-
ing PAX3-FOXOI in alveolar RMS (two out of two patients, 100%) and
EWSR-FLII fusions in EWS (two out of four patients, 50%) (Fig. 3g).
The sole actionable mutation matched to a patient’s cancer type was
a FLT3-ITD mutation identified in one out of two sequenced patients
with AML (50%) (Fig.3g). Other actionable genomic variantsincluded
SMARCBI loss (one patient, 5%), amplification of 9p24.1, which includes
PD-L1,PD-L2andJAK2 (one patient, 5%),and an NRAS p.Q61K mutation
(two patients, 10%) (Fig. 3g), although none provided treatment recom-
mendations that matched the patients’ cancer types (Supplementary
Table; see Actionable panel sequencing results).

Patients guided by FPM have improved clinical outcomes

All patients enrolled in our study received at least two lines of previous
treatments (median three lines; range, 2-6). Hence, standard-of-care
was exhausted for all patients before enrollment. Treatment decisions

were made by the interdisciplinary FPMTB for each individual patient.
Ofthe 14 patients who received therapeuticinterventions, six patients
(43%) received subsequent FPM-guided treatments and eight (57%)
received non-guided TPC (Fig. 4a). Characteristics of all patients who
received therapeuticinterventions are listed in Table 2.

Remarkably, five out of six FPM-guided patients (83%) achieved
anobjective response (partial response or better), and all FPM-guided
patients achieved stable disease or better as their best overall response
(Fig. 4a). By contrast, only one of eight TPC-treated patients (13%)
achieved an objective response, and six of those eight (75%) continued
to experience progressive disease (Fig. 4a). Thus, the FPM-guided
cohort experienced a significantly improved objective response rate
(ORR) compared to that of the TPC-treated cohort (P=0.0104, Bar-
nard’s test; Fig. 4a). Importantly, PFS in the FPM-guided cohort was
significantly longer than that of both of their matched previous regi-
mens (P=0.0001, Cox proportional hazards test; Fig. 4c) and the TPC
cohort (P=0.0037, logrank test; Fig. 4b).

Owing to the small, heterogenous nature of our study cohort, we
assessed anow commonly used metric in precision oncology studies:
theratio of PFSbetween the current and previous regimens (PFS ratio),
whereby a patient’s clinical outcome serves as its own control and a
PFS ratio of 21.3 is considered a positive outcome**?’, Patients in
bothtreatment cohorts presented with similarly poor outcomes from
previous regimens, with no significant differencesin ORR (P = 0.4295;
Extended Data Fig. 4a) or PFS (P =0.1470; Extended Data Fig. 4b)
between cohorts.

Interestingly, significantly more FPM-guided patients achieved
a PFSratio of 21.3x (median 8.5x; range, 1.05-48) than TPC-treated
patients (median 1x; range, 0.14-28) (P = 0.0104, Barnard’s test;
Fig.4d), demonstrating that patients were more likely to haveimproved
PFSwhentreatments were guided by FPM (P= 0.0313, paired Wilcoxon
test; Fig. 4e) while TPC patients were not (P = 0.9999, paired Wilcoxon
test; Fig. 4e). Patients receiving TPC did not demonstrate any sig-
nificant differencesin ORR (P=1.0000; Extended Data Fig. 4c) or PFS
(P=0.7820; Supplementary Fig. 4d) between current and previous
regimens. These data, therefore, indicate that FPM-guided treatment
leads to better outcomes than TPC in pediatric patients with cancer.

Treatments guided by FPM were selected based on the patient’s
individual FPM data. Although these treatments were often similar to
standard-of-care options, for these patients the physicians relied on
DST results, reflected inthe DSS waterfall plots, to select the drugs used
fortreatment for each patient (Extended DataFig.5and Supplementary
Table - DST testing results, DST combination results). Some of these
agents, such as statins and montelukast, have been investigated for
potential repurposing as anticancer treatments’®*'. Montelukast, in
particular, was used in EVO09-0S owing to its low toxicity, easy avail-
ability and efficacy in DST. When DST of drug combinationsresultedin
comparable DSSs, physicians generally selected the combination with
lower expected toxicity based on previous experience. Thus, the FPM
cohortlargely received standard and readily accessible chemotherapy
agents, establishing the utility of our functional testing platform in
repurposing and prioritizing approved existing drugs to overcome
resistance in heavily treated progressive cancers.

Notably, patients treated by TPC also had FPM data recommen-
dations, reflected in the DSS waterfall plots (Extended Data Fig. 6);
however, the treating physicians selected not to use the data to guide
treatments for that cohort.

Of particularinterestis the case of an exceptional responder with
AML (EV013-AML), who had treatment options identified through
both genomics and drug testing. For this patient’s cancer, a clinically
actionable FLT3-ITD mutationwasidentified, and DST was subsequently
used to guide FLT3i selection. Testing revealed that midostaurin had
the highest efficacy (DSS = 5.97) compared with sorafenib (DSS =1.81)
and ponatinib (DSS = 0), which demonstrated limited effectiveness
(Extended Data Fig. 7a). DST data also indicated that fludarabine and
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genomic profiling, distributed by cancer type. CNS, central nervous system;
Hem, hematological; Sarc, sarcoma. b, Distribution of patients with reported
therapeutic options identified through DST, identified by genomics as an
approved therapy matching the patient’s cancer type (Matched) and identified
by genomics as an approved therapy in other cancer types (Actionable).

¢, Distribution of turnaround time in days for DST of hematological cancer
samples and solid cancer samples, as well as UCSF500 genomics panel assays.
Pvalues determined by adjusted Kruskal-Wallis test (P < 0.0001). d, Distribution

of single agent DSS for each patient (ineffective, DSS = O (white); moderately
effective, 0 < DSS <10 (light green); effective, DSS > 10 (dark green)). e, Number
and percent of DST plates that passed quality control analysis for hematological
and solid cancers. QC, quality control. f, Z-prime scores of quality control

from DST plates for hematological and solid cancers. Pvalues determined by
two-sided one-sample Wilcoxon tests. Hem, P = 0.0045; solid, P= 0.00001.
**P<0.01,***P<0.0001.g, Genomic landscape of variants identified through
genomic tumor panel profiling using UCSF500. Genes with alterations in two or
more patient samples or alterations with matched therapies are reported. Hom,
homozygous.

cytarabine were effective enough withoutidarubicin, reducing toxicity
for the patient (Extended Data Fig. 7b). Interestingly, DST results also
identified acute proliferation of cells induced by steroids, which were
subsequently withdrawn from the patient’s treatment plan (Extended
Data Fig. 7¢). These treatment decisions would not have been made
without the FPM data, which led to both reduced time to complete
response (33 days instead of 150 days with the previous treatment;
Extended Data Fig. 7d) and increased durability of the second bone

marrow transplant. This patient remains cancer free after more than
2 years; twice the PFS of the first bone marrow transplant. This case
highlights the power of integrating DST with genomics to tailor treat-
mentsin real time for each patient.

DST results correlate with clinical outcomes
Todetermine the predictive ability of our DST platform, we correlated
DSSs of study treatments with clinical outcomesin13 of the 14 patients
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Fig.4 | FPM-guided therapies provide significant clinical benefit in patients
withrefractory or relapsed pediatric cancer. a, Swimmer plot illustrating
patient best objective response and PFS to treatments assigned following
FPMTB review, grouped by FPM-guided and TPC-treated patients. Agents beside
each patient represent treatments given during the study. Pvalue determined
by two-sided Barnard’s test. b, Comparison of PFSin the TPC-treated and
FPM-guided cohorts. Pvalue determined by logrank test analysis of Kaplan-
Meier survival data. ¢, Comparison between the PFS of the trial regimen and the
PFS of the patient’s previous regimen in the FPM-guided cohort. Pvalue is from
two-sided Cox proportional hazards test of paired survival data. d, Comparison
of PFS from the previous regimen (orange in bar graph) and trial regimens for
both FPM-guided (blue in bar graph) and TPC (black in bar graph) cohorts,

withindications for patients with a PFS ratio of >1.3x (light green boxes above
indicated patients) and <1.3x (light red boxes above indicated patients). Pvalue
determined by two-sided Barnard’s test analysis of occurrences of PFS ratio

of >1.3x. e, Difference in PFS of the previous regimens and trial regimens for
FPM-guided (left) and TPC-treated (right) cohorts. Asterisk, five patients who
received TPC and had the same previous and trial regimen PFS. Pvalues for each
cohort determined by two-sided paired Wilcoxon test. Pvalue between cohort
determined by two-sided Mann-Whitney U-test of PFS ratio values. Light green
dotsindicate patients with a PFS ratio of >1.3x (top), light red dots indicate
patients with a PFS ratio of <1.3x, and orange dots indicate the PFS of the previous
regimen for both cohorts.

who received therapeutic intervention during the study. Patient
EV023-ALL, who received chimeric antigen reception T-cell therapy,
was excluded, as this could not be tested by DST.

We identified a significant positive correlation between treat-
ment DSS and PFS duration (p = 0.8732, P= 0.0003; Extended Data
Fig. 8a and Supplementary Material - DST Correlation Data), sug-
gesting that higher DSSs predict increased patient survival. We also

identified a significant difference in study treatment DSS between
cancers that responded (partial response or complete response)
and non-responding cancers (stable disease or progressive disease)
(P=0.0012; Extended Data Fig. 8b), suggesting that higher DSSs cor-
relate withimproved ORRs. Furthermore, we used receiver operating
characteristic (ROC) analysis to identify the optimal DSS cutoff to
predict ORR (area under ROC curve =1.000; Extended Data Fig. 8c).
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At the optimal DSS cutoff of DSS > 25, DST showed high predictive
accuracy across all metrics (accuracy =1.000, precision or positive
predictive value =1.000, negative predictive value =1.000, recall =
1.000, Matthews correlation coefficient=1.000, F1test metric=1.000)
(Extended DataFig. 8d).

We also performed post-hoc analysis correlating patient-specific
clinical outcomes with DST assay measures including viability meas-
ures in untreated control cells, number of drug hits (percentage of
drugs with DSS > 0) and average DSS among all drugs with any effec-
tiveness. No significant relationships were identified among any of
the three DST measures (P> 0.05 for all comparisons; Extended Data
Fig.9 and Supplementary Table - Assay correlation data), suggesting
that clinical outcome improvement is not attributed to confounding
patient-specific characteristics, and instead can be attributed to inter-
ventions provided during the study.

Taken together, these analyses demonstrate that DST data are a
strong predictor of clinical response and DST guidance can improve
clinical outcomes, independent of confounding clinical factors. These
findings further emphasize the potential of DST as a valuable tool
for guiding treatment decisions in high-risk malignancies, including
pediatric and adolescent cancers.

Discussion

We demonstrate the feasibility of returning a combination of drug
sensitivity profiles and molecular data (FPM) to clinicians to inform
subsequent treatment recommendations for pediatric patients with
relapsed or refractory cancers. This prospective study highlights the
use of FPM data to inform the next line of therapy for children who have
exhausted standard-of-care options. We provided actionable treat-
ment options for 84% of enrolled patients. DST results were available
within a median of 9 and 10 days for hematological and solid tumors,
respectively, giving the physicians treatment recommendationsin a
clinically relevant timeframe. Those treatments were later modified
withatargeted drugifanactionable genomic mutation was found. Addi-
tionally, we demonstrate that 83% of patients who received FPM-guided
treatment had animproved best overall response (partial response or
better) and amedian 8.5-fold increase in PFS compared to their previous
regimens. Conversely, 13% of patients receiving TPC achieved an objec-
tive response, consistent with anticipated outcomes for hard-to-treat
refractory pediatric and adolescent cancers previously treated with
multiple lines of therapy®* and emphasizing the need for more refined
treatment options.

Results from the INFORMregistry study suggest that patients who
did not receive matched treatments had a median PFS of 16.2 weeks
(3.8 months) across all cancer types; notably, this study enrolled
patients across all clinical stages and as early as at first diagnosis'’.
Although direct comparisons of outcomes are challenginginadvanced
refractory childhood cancers, we found improved tumor-specific out-
comesinour study compared to the INFORM registry (Supplementary
Table; see Expected PFS).

Other recent studies demonstrating the feasibility of FPM have
focused on adult patients with leukemia and lymphoma'*". Studies
suchasINFORMin Europe have started to investigate the potential clini-
cal utility of integrating DST to their genomic platforms’; however, to
our knowledge, no prospective FPM studies in children have been per-
formed. Our prospective study includes both liquid and solid tumors,
regardless of cancer type, thus demonstrating broader application of
FPMand expandingaccesstorefined personalized treatment options.
Furthermore, targeting pediatric and adolescent cancer addresses a
critical gap in current treatments.

Asthe primary objective was to assess the feasibility of delivering
FPM data to the clinic, a relatively small cohort was followed and did
not include a randomized control group. In addition, as we included
bothliquid and solid tumorsin our study, we did not collect extensive
outcome data for any particular cancer type owing to cancer type

heterogeneity, limiting our ability to compare outcomes statistically
within one tumor type. To evaluate the effect of FPMin guiding therapy
across heterogeneous diseases and disparate treatment regimens, we
instead reviewed patients’ PFSratios,acommon approachin precision
medicine trials in which each patient’s clinical outcome serves as its
own control'*>?%%,

We also acknowledge that our patients’ experiences with previous
treatments may have limited tumor response to new therapies and that
rapid disease progression experienced by some patients in our study
may have limited the implementation of guided treatment options.
Although turnaround time can be further reduced, the median turna-
round time for DST testing of 9-10 days spotlights the dire challenges
faced by patients with severely advanced disease, suggesting the need
forearlierimplementation of guided approaches to better assess clini-
cal utility. Despite these limitations, our results suggest that a broad
range of chemotherapeutic drugs and targeted inhibitors are capable
of overcoming drug resistance, even in heavily refractory cancers.

Recent precision medicine studies have reported the significant
barriers to targeted treatment for their patients, including deteriorat-
ing disease, access to off-label use, financial restrictions and—in the
case of pediatric patients—limited dosage guidelines and efficacy data
in children®’. In our study, these hurdles often resulted in the clinicians
relying onthe FPM recommendations of more readily accessible drugs,
asthey often encountered resistance to off-label use of more targeted
treatments with high ex vivo efficacy such as histone deacetylase
inhibitors and proteosome inhibitors. Overcoming these obstacles to
targeted oncology drugs will require collaboration between regulatory
bodies, researchers, pharmaceutical companies, and patient advocacy
groups toadvance both genomics-guided and FPM-guided medicine.
This study also emphasized, as have other precision oncology stud-
ies, that patient access to guided treatments may depend on physi-
cians’ attitudes towards emerging technologies and methodologies.
Throughout the course of the study, we learned that physician accept-
ance of FPM-guided recommendations was animportant endpoint that
had not been considered. The acceptance and impact of FPM programs
willthus depend on physicianeducation, and increasing familiarity with
new approachesin oncology and new types of data that will influence
clinical decision-making. Therefore, current and future clinical trials
should assess acceptance as an exploratory endpoint.

One limitation of DST studies, as suggested in the TUMOROID
study®, is that some treatments may rely on immune and/or stro-
mal cells present in the tumor environment, which may not be fully
recapitulated in culture models derived solely from the epithelial
compartment®?, Therefore, our culture models, which are mixed
cell populations that include immune cells, may more adequately
represent the tumor.

Another challengeis the heterogeneity between primary and meta-
static lesions®, which leads to variation in drug sensitivity and requires
concurrentevaluation of bothsites to predict efficacious therapeutic
regimens. Recognizing this limitation, our currently enrolling pediatric
study (ClinicalTrials.gov registration: NCT05857969) procures both
primary and metastatic lesions whenever possible.

Overall, the addition of functional drug testing to current person-
alized medicine platforms has promising potential to expand treatment
options when limited alternatives exist. Thisis especially valuable when
assessing drugs whose mechanisms of action are poorly understood
ornotrobustly characterized. Moreover, our ability to screen multiple
monotherapy and combination therapy options with high clinical accu-
racy, and to provide drug response data within a clinically actionable
timeframe, supports the feasibility and efficacy of FPM approaches,
indicating the need for continued validation to make these approaches
accessible for the treatment of rare and high-risk cancers. The observed
improvement in objective response and increase in overall PFS, espe-
cially compared to patients’ previous treatment results, highlights
the importance of moving closer to clinical integration of functional
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DST with existing genomic profiling to improve patient outcomes.
Nevertheless, our clinical cohort was small and heterogeneous with
respect to tumor type, which represents an important limitation of
thisstudy. At this stage, conclusions drawn are preliminary and require
further validation. Accordingly, we are continuing our validations
efforts with larger clinical studies, including our actively enrolling
studies for patients with childhood cancer (ClinicalTrials.gov registra-
tion: NCT05857969) and adult cancer (ClinicalTrials.gov registration:
NCT06024603).

Last, as FPM approaches become increasingly adopted in clinical
practice, and the availability of paired functional and molecular data-
sets grows, we anticipate the development of a future collaborative
workflow thatincorporates artificial intelligence and machine learning
technologies into FPM***°, This integrated approach willincorporate
functional drug response data with molecular profiling and pathway
information, serving as the foundation for refining individualized
treatments, advancing FPM strategies, and identifying novel predictive
biomarkers (Extended Data Fig. 10).

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41591-024-02848-4.
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Methods

Study design

Our feasibility study enrolled patients from 21 February 2019 to
31 December 2022 (ClinicalTrials.gov registration: NCT03860376).
All patients provided written informed consent at the time of enroll-
ment to participatein the study, including consent to publish, and the
study was approved by the Western Institutional Review Board and
Ethics Committee (IRB no. 1186919). Patients of any gender, race or
ethnicity wereeligible forinclusionin the study ifthey met the follow-
ing inclusion criteria: they were aged 21 years or younger at the time
of enrollment; had suspected or confirmed diagnosis of recurrent
or refractory cancer; were scheduled for or had recently had biopsy
or tumor excision (solid tumors) or bone marrow aspiration (blood
cancers); were willing to have a blood draw or buccal swab done for
the purposes of genetic testing; they or their parents or legal guardians
were willing to sign informed consent; and, for patients aged 7to 17,
they were willing to sign assent. Patients’ biological sex and ethnicity
were recorded based on self-reporting.

Patients were excluded based on the following exclusion crite-
ria: if they did not have malignant tissue available and accessible; if
the amount of excised malignant tissue was not sufficient for ex vivo
drug testing and/or genetic profiling; and if they had a newly diag-
nosed tumor or atumor with a high (>90%) cure rate with safe standard
therapy. The primary outcome was return of actionable treatment
recommendation(s) from FPM data, consisting of DST and/or genom-
icsdata, withinaclinically actionable time frame (within 4 weeks). The
primary endpoint of this study was the percentage of patients receiving
treatment options through FPM data within a4-week timeframe, witha
null hypothesis of <30% of patients meeting the promary endpoint. The
objective would be considered met, and the null hypothesis rejected,
iftreatment options werereturned to atleast 60% of enrolled patients.
At initiation of the study, we anticipated enrolling 16 patients, and
determined that successfully returning clinically actionable treatment
options through FPM to 10 patients (62.5% of enrolled patients) would
provide 80% power to reject the null hypothesis (90% C10.492-1). After
initiation of the study, our budget expanded, allowing us to enroll
additional patients and increase statistical power at asimilar target suc-
cessrate. The secondary objectivesincluded in the study reflect those
that are now commonly reported in genomics and FPM studies™*%,
including ORR between cohorts, PFS between cohorts and PFS2/PFS1
ratio metrics between the study regimen and the most recent previous
regimen of the same patient above a defined threshold (1.3x). Note that
the PFS2/PFSlratio metric was added to the amended statistical analy-
sis plan after trial initiation owing to this metric becoming routinely
used in precision cancer medicine studies. Exploratory analyses inter-
rogated the correlation between DSS values from DST assays and clini-
caloutcomes, as well asrelationships between disease aggressiveness
and responsiveness metrics from DST assays and clinical outcomes.

Tumor processing and PDCs

Tumor samples were collected from 24 out of 25 enrolled pediatricand
adolescent patients withrelapsed or refractory solid or hematological
cancers. All primary tumor samples were collected fresh and sent to
our laboratory for processing within 24-48 h.

The same tissue processing protocol was used for all solid tumor
tissue samples, as previously described'>*'. In brief, solid tissue sam-
ples from enrolled patients were mechanically dissociated using
scalpels before being enzymatically dissociated with both DNase |
(Invitrogen) and Liberase DH (Roche) for approximately 90 min at
37 °C (Fig. 2). Red blood cells were subsequently removed from dis-
sociated samples through lysis with ACK Lysing Buffer (Gibco), then
cells were cultured overnight in RPMI 1640 medium supplemented
with antibiotics (100 U mI™ penicillin and 100 pg ml™ streptomycin)
and 10% FBS (Gibco). Cells were seeded for drug screening following
an appropriate culturing period, determined by the morphological

characteristics and growth dynamics of the PDCs; drug screening for
most samples occurred 1-3 days following tumor dissociation. Any
adherent cells from solid tumor PDCs were detached using TrypLE
Express (Gibco) before drug screening. Mononuclear cells were iso-
lated from hematological cancer samples using SepMate PBMC Isola-
tion Tubes (STEMCELL Technologies) and Ficoll-Paque PLUS density
gradient (Cytiva) according to the manufacturers’ instructions, as
previously described™', and cultured in Mononuclear Cell Medium
with Supplement (PromocCell). All PDCs were closely monitored by
light microscopy following tumor dissociation and were cultured a
minimum of 12 h before proceeding with DST.

DST

Cellsfrom PDCs were seeded into white 384-well microplates (Thermo
Fisher Scientific) with 1,000 cells per well. The following day, drugs
were added at appropriate concentrations using an epMotion P5073
liquid handler (Eppendorf). A customdrug library (ApexBio) was used
for DST, encompassing formulary drugs from Nicklaus Children’s
Hospital, non-formulary FDA-approved cancer drugs and phase 1l or
IV oncology drugs and additional non-cancer agents that have been
investigated for potential repurposing as anticancer treatments. Drugs
were tested in duplicate at ten concentrations from 10 uM to 0.5 nM
(ref.12), along with DMSO (negative control) and 100 uM benzetho-
nium chloride (positive control). Several patient samples were tested
with additional drugs at the request of the treating physician. Addition-
ally, samples from three patients (EV021-NB, EV024-ALL, EV025-RMS)
underwent partial library testing owing to small sample size. All cells
were subsequently incubated at 37 °C and 5% CO, for 72 h. Cell viability
was then assessed by evaluating cellular ATP using CellTiter-Glo (for
hematological cancers) or CellTiter-Glo 3D (for solid tumors) lumi-
nescent cell viability assay (Promega) according to the manufacturer’s
protocol. Luminescence was measured using amultimode plate reader
(Perkin EImer). Theresulting luminescence datawere used to generate
dose-response curvesto derive DSSs using GraphPad Prism 8 and the
DSSv.1.2 package in Rv.3.6.3, as previously described'$%°,

Quality control analysis of DST assays

Following assay endpoint readout through CellTiter-Glo or
CellTiter-Glo 3D, raw luminescence data from negative control wells
(DMSO) and positive control wells (benzethonium chloride) were used
togenerate per-plate Z-prime scores'. In brief, the Z-prime score uses
the meanands.d. of positive and negative controls within a single assay
plate to determine assay quality. The Z-prime score is defined with the
following relationship:

3(0p +0p)
|kt — Bl

where 1, 0,and u1,,, 0, are the sample mean ands.d. for the positive and
negative control, respectively. Assays with Z-prime scoresin the range
0.5-1were considered high-quality assays, those in the range -0.5-0.5
were considered marginal quality assays, and those below -0.5 were
considered failed assays. High-quality assays and marginal assays with
median luminescence values of >5,000 passed quality control, all other
assays failed quality control (Fig. 2b). Our quality control process was
adapted from previous high-throughput screening quality control
approaches’.

Genomic panel sequencing

For solid cancers, formalin-fixed paraffin-embedded (FFPE)-preserved
tissue sections fromsurgical samples and matched whole blood from
patients were sent to the UCSF Clinical Cancer Genomics Laboratory for
UCSF500 Cancer Gene Panel sequencing. For hematological cancers,
wholeblood and patient-matched buccal swabs were sent instead. Sam-
plesfromall patients enrolled in the study underwent genomic tumor
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profiling, provided sufficient tissue was available. Inaddition, several
patients underwent genomic panel sequencing services through Foun-
dation Medicine or CHLA OncoKids before involvement in the study;
we report results from these sequencing services, when available.
Analyteisolation, physical sequencing and clinical interpretation were
performed by each respective service.

Pediatric and adolescent FPMTB

Results from DST and genomic panel sequencing for each patient were
made available as soon as possible to the FPMTB, which comprised
treating physicians (n = 4), pharmacists (n = 2), hematology or oncol-
ogy nurses (n =3), precision medicine specialists (n =1) and clinical
research coordinators (n=2) from Nicklaus Children’s Hospital, as
well as translational researchers (n = 3) from Florida International
University. Upon receiving results, the FPMTB convened to evaluate
the data, consider the availability for off-label use of candidate drugs
and review the treatment histories of each patient. Subsequently, a
final list of therapeutic options, ranked in order of preference along
with recommended doses and schedules, was provided for each
patient®. The board also carried out follow-up analysis of treatment
responses for eligible patients. More details for patients, treatment
selection and outcomes are shown in the Supplementary Table
(see Clinical outcomes).

Immunofluorescence analysis of PDCs

Tumor-derived cultures from patients EVO04-RMS, EVO10-EWS and
EV019-MB were assessed by immunofluorescence for the presence of
markers described in the surgical pathology reports, namely desmin,
myogenin, NKX2.2 and beta-catenin, respectively. Cells were fixed
with 4% PFA for 10 minat room temperature (20-22 °C) before block-
ing and permeabilization was performed with a HBSS-based solu-
tion containing 5% normal bovine serum albumin (Thermo Fisher
Scientific), 0.2% Tween-20 (Thermo Fisher Scientific) and 0.1% Triton
X-100 (Thermo Fisher Scientific). Cells were incubated overnight
with the primary antibodies, either anti-Desmin (D93F5) (Cell Sign-
aling), anti-MyoD1 (D8G3) (Cell Signaling), anti-NKX2.2 (EPR14638)
(Abcam) or anti--Catenin (D10A8) (Cell Signaling), at 4 °C and then
washed with HBSS three times. Cells were then incubated with Alexa
Fluor secondary antibodies (Life Technologies, 1:500 dilution) for
1hbefore undergoing another series of washes following secondary
antibody incubation. Cells were mounted on slides and cover slipped
with Prolong Gold Antifade Mountant (Life Technologies) to preserve
signal intensity and brightness. Labeled cells wereimaged using alaser
scanning confocal microscope (Fluoview FV10-ASW v.04.02.02.09,
Olympus), using the FV10-AWS v.04.02.02.09 image software. Owing
to limited material in the PDCs, immunofluorescence experiments
were performed once for each patient, with technical replicates and
appropriate controls.

RT-qPCR analysis of gene deletions in PDCs

Gene expression for TP53 and DIS3L2 was assessed from RNA isolated
from cultures derived from EVO03-OS and EVO15-WT tumor samples,
respectively, as well as normal human skeletal muscle cells. RNA was
isolated using the RNeasy Mini Kit (Qiagen), and concentration was
measured with aNanoDrop One spectrophotometer (Thermo Fisher
Scientific). RT-qPCR was performed in a QuantStudio 6 Flex (Life Tech-
nologies) using TagqMan Fast Advanced Master Mix and primers for TP53
(Hs01034249_m1 FAM-MGB, Thermo Fisher Scientific, no. 4331182),
DIS3L2 (Hs04966835_m1 FAM-MGB, Thermo Fisher Scientific, no.
4351372) and GAPDH (Hs02758991_g1 VIC-MGB, Thermo Fisher Scien-
tific, no.4331182). Results were evaluated using QuantStudio Real-Time
PCR System Software v.1.3 (Thermo Fisher Scientific). Amplification
specificity was confirmed by melting curve analysis, and quantifica-
tion was performed using AACt (ref. 42). Allsamples were normalized
to GAPDH and compared with normal human skeletal muscle cells.

Whole exome and whole transcriptome sequencing

and analysis

DNA and RNA isolation for solid tumor samples was performed from
sectioned FFPE tissue stored at Nicklaus Children’s Hospital. Tissue
sectioning was performed by HistoWiz. The Beijing Genomics Institute
(BGI) performed analyte isolation from FFPE curls. FFPE tissues were
shipped toBGlatambient temperatures separately from DNA and RNA.

DNA and RNA isolation for sequencing of hematological cancer
samples was performed using Qiagen DNA and RNA Mini-Prep kits
according to the manufacturer’s instructions. Cryopreserved PDC
samples derived from solid cancer samples were shipped overnight on
dryicefor DNA and RNAisolation by BGl or Novogene for subsequent
sequencing. Frozenisolated DNA and RNA were shipped overnight on
dry ice for physical sequencing by BGl or Novogene.

Sequencing was performed by BGI using the DNBSeq G400
sequencer and by Novogene using the Illumina NovaSeq6000
sequencer, and data were analyzed using previously established
analysis pipelines based on best practices®****** In brief, raw FASTQ
sequencing files from DNA sequencing experiments were quality
control-filtered using SOAPnuke v.2.1.8 (ref. 45) and aligned to the
GRCh38 humanreference genome using BWA MEM aligner in the BWA
v.0.7.17 package*®. Somatic mutations and indels were called using
Genome Analysis Toolkit (GATK) v.4.0 according to best practices for
tumor-only samples* ™,

Post-quality-control RNA sequencing datawere aligned to the ref-
erence transcriptome using the STARv.2.7.10b aligner*’, gene expres-
sionwas quantified using RSEM v.1.3.3 (ref. 51), and gene fusion events
were detected using STAR-Fusion v.1.9 (ref. 52). To call variants from
RNA sequencing data, post-quality-control FASTQ files were aligned
to the GRCh38 human reference genome using STAR v.2.7.10b and
processed using GATK v.4.0 following best practices for RNA-seq short
variant discovery to identify somatic mutations and indels present in
the transcriptome.

Thelist of all next-generation sequencing experiments performed
is provided in the Supplementary Table (see NGS samples).

RNA-seq analysis and tumor purity of PDCs

Post-processing gene expression data from RNA sequencing analy-
sis were analyzed for cell population content focusing on stromal
and/or immune cell populations. Four separate tools were used to
perform cell population analysis: (1) ESTIMATE® analysis performed
using the tidyestimate v.1.1.1 package in R v.4.3.0; (2) quanTIseq**
analysis performedinRv.4.3.0 through Singularity v.3.8.7; (3) TIMER2.0
(ref. 55) analysis performed through the TIMER2.0 web portal (http://
timer.cistrome.org); and (4) EPIC* analysis performedinR v.4.3.0 using
the EPIC v.1.1.7 package. All four tools deconvolute gene expression
data using prebuilt signatures for immune and/or stromal cell popu-
lations. Graphs from analysis results were prepared in Prism10.0, and
RNA deconvolution data are provided in the Supplementary Table (see
RNA deconvolution).

Statistics and reproducibility

Hypothesis testing for differencesin PFS between FPM-guided and TPC
cohorts was performed using a two-sample logrank (Mantel-Cox) test.
Hypothesis testing for differences in PFS between previous and cur-
rentregimens (in both FPM-guided and TPC cohorts) was performed
using Cox regression with clustered computation, owing to the intra-
cohort analysis representing repeated measures. Hypothesis testing
for changes in PFS ratio between the previous regimen and the trial
regimen (in both FPM-guided and TPC cohorts) was performed using
the Wilcoxon matched pairs test. Hypothesis testing for differencesin
theincidence of aPFSratio of >1.3x between the previous regimen and
the trial regimen (in both FPM-guided and TPC cohorts) was performed
using Barnard’s test. Kaplan-Meier curve generation and analysis were
performed in GraphPad Prism 10.0. Barnard’s unconditional test of
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superiority was performed using the Barnard v.1.8 packagein Rv.3.6.3.
The exact binomial test was performed in R v.3.6.3. Cox regression
with clustered computation was performed in R v.3.6.3 using the
‘coxph’ functionin the survival v.3.1-8 package. Mann-Whitney U-tests,
Kolmogorov-Smirnov tests, McNemar’s test with continuity correc-
tion, Kruskal-Wallis tests, Chi-square tests, Spearman correlation
coefficient analysis and Wilcoxon matched pairs tests were performed
in GraphPad Prism 10.0. Except for the one-sided exact binomial test
used to analyze the primary outcome measure, all statistical tests
performed are two-sided, where appropriate. Statistical tests, uses,
results, sidedness and software packages are further described in the
Supplementary Table (see Statistical tests and tools). The statistical
analysis planisincluded in the Supplementary Information.

Owing to the limited sample available from each patient and
the requirement to return results in a clinically relevant timeframe,
exvivo DST was performed as n = 1biological replicate for each patient.
Technical replicates and positive and negative controls for DST were
included on each plate. Thetissue limitations also affected the number
of experiments that were performed for PDC validation studies, includ-
inggenomic and transcriptomic analysis (n = 1biological replicate) and
immunofluorescence analysis (n =1biological replicate). However,
multiple validation approaches were used on the same sample, affirm-
ing the biological relevance of our PDC models (n =11 independent
biological samples).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All materials generated during our study and used in our analysis are
provided in the tables or supplementary tables. The GRCh38 human
reference genomeis available through Ensembl (https://ftp.ensembl.
org/pub/release-111/fasta/homo_sapiens/dna). The GRCh38 gencode
v.22 CTAT transcriptome library is available through the Broad Institute
(https://data.broadinstitute.org/Trinity/CTAT_RESOURCE_LIB). Raw
sequencing dataare available through the European Genome-Phenome
Archive (EGA) under accession number EGA50000000164.

Code availability

No custom code was generated during this study.
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Extended Data Fig. 2| RNA-seq and Tumor Purity Validation of PDCs. Inmune using TIMER (Top Right). Tumor purity analysis was done using pathology
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McNemar’s Paired test comparing ORR. (d) Kaplan-Meier survival curves of the
previous versus current regimen PFS in TPC cohort. P values from two-sided Cox
Proportional Hazard test analysis of paired PFS data. PR = Previous Regimen, TPC
=Treatment of Physician’s Choice, FPM = FPM-guided.
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Extended Data Fig. 5| Top effective drugs for FPM-guided patients. DSS
for top effective single agents (top) and top effective physician-requested
combinations (bottom), defined as DSS > 10, are shown for (a) EVO04-RMS,

Nature Medicine


http://www.nature.com/naturemedicine

https://doi.org/10.1038/s41591-024-02848-4

Article
a EV005-0S EV011-RMS f EV023-AML
Top effective drugs Top effective drugs Top effective drugs
Carfilzomib © @ i 1
iroli D D ]
e — Carfilzomib {m— ‘
i — Disulfiram {m c: ‘
Bortezomib {m————— Lo L e — i 1
VoriNostat {mmmmmmm Bortezomib {mmmmm Cytarabine {m
[¢ ide {m— Sirolimus {mm— Doxorubicin {Em
i Disulfiram {m— Idarubicin {m— Daunorubicin {E
Isotretinoin - Ixabepilone {mmmmmm Idarubicin HCI {m
Cladribine {mmmm Mitoxantrone {m Doxorubicin HCI {mmm
Clofarabine === Doxorubicin {mmmmm Fludarabine {m
Vinblastine {mm Dasatinib {m Disulfiram {m—
Vinorelbine {mmm=m Isotretinoin jmmmmm Everolimus (e
Dasatinib {m Cytarabine {mm Vinorelbine {m
icin |z Carbamazepine {m=m Isotretinoin {m
i ipil ] Nelarabine {mmm
10 20 30 40 50 60 70 80 Mitoxantrone {m
DSS (Drug Sensitivity S 0 10 20 30 40 5 60 70 80 Amsacrine {m—
rug Sensitivity Score, . Pl —
(Drug y ) DSS (Drug Sensitivity Score) Vincristine
Teniposide {m
Gemcitabine {m
Topotecan {mmmmm
Tretinoin {mm—
b EV007-GBM EV022-AML Busulfan Jrn
Vorinostat {mmmmmmmm
. i Methylprednisolone {mmmmm
Top effective drugs Top effective drugs Vipredrisolore |
Prevastatin {m
c ol Crizotinib HCI {mm
Carfilzomib |m—— Docetaxel | Vinblastine {7
Disulfiram {m 10 20 30 40 50 60 70 80
Bortezomib i in D e
Decitabine |m— Carfilzomib DSS (Drug Sensitivity Score)
Gemcitabine {m— Cytarabine {——
Dactinomycin T v o
Everolimus {mm) inorelbine {E————
Pravastatin s Dasatinib f———— g EV021-NB
Doxorubicin {mmmmm Vincristine ()
Topotecan Topotecan | Top effective drugs
Metformin e Clofarabine {mm Busulfan
Amsacrine fmm—— Bleomycin {m Vineristl
" " incristine
Cladribine {==mmmmm Vinblastine {mmmm—m T
Methotrexate {mmmmmmm Cladribine {m==m I T T T T T T T "
Mitoxantrone {mm Dogorulblcm — 0 10 20 30 40 50 6 70 80
T — irolimus {E——
Disulfiram {mm— DSS (Drug Sensitivity Score)
10 20 30 40 S50 60 70 80 Amsacrine {m———
Everolimus {mmmmmmm
Daunorubicin {Emmmmmm—
—_— h EV025-RMS
Idarubi HCI {mmm
Teniposide {mmmm=m N
¢ EV019-MB Bortesomib o Top effective drugs
Top effective drugs 0 10 20 30 40 5 60 70 80 :
o Carfilzomib {m—
" DSS (Drug Sensitivity Score) Disulfiram
Vincristine Idarubicin HCI =
Vinblastine {mmmmmmm i —
Rani e Dasatinib jmmmmmmmm
Doxorubicin {mmmmmm Doxorubicin fmmmmmm
Disulfiram {1 Doxorubicin HCI e
Fludarabine {m=m Amlodipine {mmmmmmm
D: icin {mm Teniposide
Atorvastatin {mmmm
0 10 20 30 40 50 60 70 80 N 0 2 » P A P o %
DSS (Drug Sensitivity Score)
DSS (Drug Sensitivity Score)
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regression. (b) Distribution of DSS separated by response type (left) and
response class (NR =Non-Responder, R =Responder) in patients reviewed by the
FPMTB. P value is from two-sided Mann-Whitney U test comparing DSS inR and
NR classes. CR = complete response, PR = partial response, SD = stable disease,
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Extended Data Fig.10 | Integration of FPM and explainable artificial
intelligence/machine learning (xAl/ML) for advancing personalized
medicine workflows. Workflow diagram depicting the sequential process of
the FPM and xAl/ML approach for enhancing individualized cancer medicine.
Patients are enrolled followed by abiopsy/resection of the tumor sample.
Live patient-derived cultures undergo high-throughput ex vivo DST assay in
combination with molecular tumor profiling using whole-exome sequencing
and whole-transcriptome sequencing. The results of both the DST and molecular
profiling are reported to the FPM tumor board (FPMTB) to make informed
treatment decisions based on each individual patient’s profile. The xAl/ML
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platform simultaneously analyzes DST results, molecular profiling dataand
existing knowledge of drug interactions to provide potential drug combinations
tailored to each patient’s specific tumor characteristics, as well as uncovers
potential multi-omics biomarkers. The drug combination rankings will also be
reported to the FPM tumor board for treatment decision-making. The process
will enable the FPMTB to make treatment decisions inaclinically actionable
timeframe (less than 2 weeks) for each individual patient. The workflow shows
the multidimensional and personalized approach for further development of
personalized cancer medicine. Created with BioRender.com.
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biological sex data is presented in the manuscript, and we obtained consent for sharing the individual-level biological sex
data. Out of the 25 patients enrolled, 40% were female (10 patients) and 60% were male (15 patients).

Reporting on race, ethnicity, or | Ethnicity and race were considered in the study design and were provided by the participants and was based on self-

other socially relevant reporting. Participants were asked if they identified as one of the following: American Indian or Alaska Native, Asian, Native

groupings Hawaiian or Pacific Islander, Black or African American, White or Caucasian or Other. Participants were able to choose more
than one race/ethnicity and were also given the option not to answer. Further, participants were asked if they identified as
Hispanic or Latino. Out of the 25 patients enrolled, 3 patients (12%) were Black or African American, 17 patients (68%) were
Hispanic (16 White or Caucasian Hispanic [64%], 1 Mestizo [4%]), and 5 patients (20%) were Non-Hispanic White.
However, because race/ethnic demographic data was not used as inclusion criteria and did not serve as a factor in clinical
intervention, they are not confounding variables in our analysis. Ultimately our clinical trial results are interpreted as a series
of n =1 studies.

Population characteristics Patients with solid malignancies (19 of 25 enrolled, 76%) and hematological malignancies (6 of 25 enrolled, 24%) were
enrolled. A total of 12 different pediatric malignant diseases were included: acute lymphoblastic leukemia (3 patients), acute
myeloid leukemia (3 patients), astrocytoma (1 patient), ependymoma (1 patient), Ewing’s sarcoma (4 patients), glioblastoma
(1 patient), malignant rhabdoid tumor (1 patient), medulloblastoma (1 patient), neuroblastoma (1 patient), osteosarcoma (4
patients), rhabdomyosarcoma (4 patients) and Wilms’ tumor (1 patient) (Figure 2d). Overall, all hematologic malignancies
were leukemias (three acute lymphoblastic leukemia and three acute myeloid leukemia, 12% each), while solid malignancies
consisted of sarcoma (48%), central nervous system (CNS) tumors (20%), and kidney cancers (8%) (Figure 2). The median age
of the patient cohort was 10 years of age (minimum age 0.81 years, maximum age 19 years).

Recruitment Patients were recruited from the patient population at Nicklaus Childrens Hospital with whom the study investigators already
had an existing relationship with, or from referrals from other physicians. Investigators recruited patients who fit the
inclusion criteria, particularly that of having suspected or confirmed diagnosis of recurrent or refractory cancer, and who
could not be excluded due to having malignant tissue unavailable or insufficient for testing or whose cancers had a >90%
cure rate with safe standard therapy. Due to this exclusion criteria, investigators may have had a potential bias against
patients who might be reasonably treated with standard therapies.

Ethics oversight The study IRB protocol was submitted by Nicklaus Children’s Hospital and received approval by WCG IRB (WIRB and
Copernicus Group IRB), IRB number 20181421. IRB-reliance was approved by Florida International University’s IRB.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The primary endpoint of this study is providing pediatric cancer patients with access to personalized treatment options through Functional
Precision Medicine, defined as drug sensitivity testing (DST) data and/or genomics data in a clinically-actionable time frame (within 4 weeks),
with a null hypothesis of <30% of patients receiving FPM data and meeting the endpoint.

To test this hypothesis, a one-sided exact binomial test was applied with an alpha level of 0.025. To achieve at least 90% power, the null
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Data exclusions

Replication

Randomization

Blinding

Behaviou

hypothesis will be rejected when at least 16 out of 25 patients receive FPM data within 4 weeks on the study. With that outcome, we would
have 95% confidence that the true feasibility rate is at least 30% (95% Cl: 0.425, 1).
Correspondingly, 25 patients were determined as sufficient to provide appropriate statistical power for the primary study endpoint.

Data from patients were excluded if rapid disease progression resulted in the patient passing away prior to return for Molecular Tumor Board
discussion of ex vivo drug sensitivity testing (DST) results.

Due to the limited sample available from each patient, and to return results in a clinically relevant timeframe to allow for treatment decisions
to be made, ex vivo drug sensitivity testing (DST) was only performed once for each patient. Tissue quantity limitations are known technical
challenges in personalized cancer medicine studies, which often limits experimental replication. Technical replicates and positive and negative
controls for drug sensitivity testing were included on each plate. Additionally, when PDC material was available and combination testing was
requested, we performed DST repeated testing. The tissue limitations limiting replicates also impacted the number of experiments that were
performed for PDC validation studies, including genomic/transcriptomic analysis and immunofluorescence analysis. However, multiple
validation approaches were used on the same sample affirming the biological relevance of our PDC models.

This is a prospective observational cohort study and therefore, randomization is not applicable.

Blinding was not relevant because this is a prospective observational cohort study

ral & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,

describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

scale |Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
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Timing and spatial scale [these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? |:| Yes |:| No
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies XI|[] chip-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXOXNXX[] s
OOXOOO

Plants

Antibodies

Antibodies used For immunofluorescence, the antibodies used were the following:
Anti-Nkx2.2 antibody, dil 1:50, Abcam, Catalog # ab191077, Clone (EPR14638), Lot number 1000528-2.
anti-B-Catenin antibody, dil 1:100, Cell Signaling, Catalog# 8480, clone (D10A8) Lot number 9.
anti-Desmin antibody, dil 1:100, Cell Signaling, Catalog# 5332, clone (D93F5), Lot number 4.
anti-MyoD1 antibody, dil 1:400, Cell Signaling, Catalog# 13812, clone (D8G3), Lot number 1.

Validation The specificity of the antibodies purchased from commercial sources (Abcam and Cell Signaling) was validated by the manufacturer
in-house.
Abcam: https://www.abcam.com/primary-antibodies/how-we-validate-our-antibodies
Antibody specificity is confirmed by looking at cells that either do or do not express the target protein within the same tissue. Initially,
our scientists will review the available literature to determine the best cell lines and tissues to use for validation. We then check the
protein expression by IHC/ICC/IF to see if it has the expected cellular localization. If the localization of the signal is as expected, this
antibody will pass and is considered suitable for use in IHC/ICC/IF. We use a variety of methods, including staining multi-normal
human tissue microarrays (TMAs), multi-tumor human TMAs, and rat or mouse TMAs during antibody development. These high-
throughput arrays allow us to check many tissues at the same time, providing uniformly as all tissues are exposed to the exact same
conditions.
Cell Signaling Technology: https://www.cellsignal.com/about-us/our-approach-process/antibody-validation-immunofluorescence




. Cell lines or tissues with known target expression levels are used to verify specificity.

. Appropriate cell lines and tissues are used to verify subcellular localization.

. Antibody performance is assessed on appropriate tissues.

. Cells are subjected to phosphatase treatment to verify phospho-specificity. Target specificity is also verified with the use
of known knockout or null cell lines.

. Cells are subjected to siRNA treatment or over-expression of the target protein to verify target specificity.

. Activation state specification, target expression, and translocation are examined using ligands or inhibitors to modulate
pathway activity.

. Requirement of threshold signal-to-noise ratio in antibody:isotype comparison and minimum fold-induction for phospho-
specific antibodies ensures the greatest possible sensitivity.

. Fixation and permeabilization conditions are optimized; alternative protocols are recommended if necessary.

. Stringent testing ensures lot-to-lot consistency.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pame any commonly misidentified cell lines used in the study and provide a rationale for their use.

(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Indicate where the specimens have been deposited to permit free access by other researchers.
If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where

they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  The trial registration number on clinicaltrials.gov is NCT03860376 [Ex Vivo Drug Sensitivity Testing and Mutation Profiling].
Study protocol Study protocol can be provided but exclusively during the peer review process

Data collection Data collection was performed at Nicklaus Children's Hospital, 3100 SW 62nd Avenue, Miami, Florida 33155 and the Florida
International University, 11200 SW 8th Street, Miami, Florida 33199.

Outcomes The primary endpoint of this study is patients receiving clinically-actionable treatment recommendations through Functional
Precision Medicine, defined as drug sensitivity testing (DST) data and/or genomics data in a clinically-actionable time frame (within 4
weeks), with a null hypothesis of <30% of patients receiving FPM data and meeting the endpoint.

* To test this hypothesis, a one-sided exact binomial test will be applied with an alpha level of 0.025. To achieve at least 90% power,
the null hypothesis will be rejected when at least 16 out of 25 patients receive FPM data within 4 weeks on the study. With that
outcome, we would have 95% confidence that the true feasibility rate is at least 30% (95% Cl: 0.425, 1).

The secondary endpoints of the study compare clinical impact of therapy selection through the use of FPM or through non-FPM
guided (physician’s choice) therapy.

Data underlying secondary endpoints can be reviewed in the Supplemental Materials — Clinical Outcomes.

Objective Response Rate

» Objective Response Rate (the percentage of responders among total evaluable patients) in the FPM guided cohort vs the
conventional protocol cohort will be calculated. An Objective Response to treatment is defined as any patient who achieves either
“Partial Response” or “Complete Response” as best overall response during the study period, with these response types determined
by the individual physicians per standard guidelines for both solid cancers and hematological cancers (RECIST 1.1).

» Comparisons of the Objective Response to previous treatment and trial treatments (FPM-guided prior vs FPM-guided trial and
conventional prior vs conventional trial) will be calculated using a two-sided McNemar’s test for paired binary data with continuity
correction.

» Comparison of Objective Response Rate during the trial between FPM-guided and conventional cohorts will be performed using
Barnard’s test.

Progression-Free Survival

» Hypothesis testing for differences in Progression-Free Survival (PFS) between FPM-guided and conventional therapy will be
performed using a two-sample log-rank (Mantel-Cox) test.

» Hypothesis testing for differences in PFS between previous and trial regimens in both FPM-guided and conventional cohorts will be
performed using Cox regression with clustered computation, due to the intracohort analysis representing repeated measures.

» Hypotheses testing for differences in Progression-Free Survival ratio between previous regimen and trial regimen (in both FPM-
guided and conventional cohorts) will be performed using Wilcoxon matched pairs test.

Previous vs. Trial Progression-Free Survival Ratio

» Hypotheses testing for differences in incidence of Progression-Free Survival ratio > 1.3x between previous regimen and trial
regimen (in both FPM-guided and conventional cohorts) will be performed using Barnard’s test

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

|:| Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

Yes

X X X X X X X X &
Oooooogdgd

Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlIP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.
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Flow Cytometry

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Cell population abundance

Gating strategy

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template

Noise and artifact removal

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

|:| Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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