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Background: End-induction minimal residual disease (MRD) is the strongest predictor of relapse in pae-
diatric acute lymphoblastic leukaemia (ALL), but an understanding of the biological pathways underlying
early treatment response remains elusive. We hypothesized that metabolomic profiling of diagnostic bone
marrow plasma could provide insights into the underlying biology of early treatment response and in-
form treatment strategies for high-risk patients.
Methods: We performed global metabolomic profiling of samples from discovery (N=93) and replication
(N=62) cohorts treated at Texas Children’s Hospital. Next, we tested the cytotoxicity of drugs targeting
central carbon metabolism in cell lines and patient-derived xenograft (PDX) cells.
Findings: Metabolite set enrichment analysis identified altered central carbon and amino acid metabolism
in MRD-positive patients from both cohorts at a 5% false discovery rate. Metabolites from these path-
ways were used as inputs for unsupervised hierarchical clustering. Two distinct clusters were identified,
which were independently associated with MRD after adjustment for immunophenotype, cytogenetics,
and NCI risk group. Three nicotinamide phosphoribosyltransferase (NAMPT) inhibitors, which reduce gly-
colytic/TCA cycle activities, demonstrated nanomolar-range cytotoxicity in B- and T-ALL cell lines and PDX
cells.
Interpretation: This study provides new insights into the role of central carbon metabolism in early treat-
ment response and as a potential targetable pathway in high-risk disease.
Funding: American Society of Hematology; Baylor College of Medicine Department of Paediatrics; Cancer
Prevention and Research Institute of Texas; the Lynch family; St. Baldrick’s Foundation with support from
the Micaela’s Army Foundation; United States National Institutes of Health.
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Research in context

Evidence before this study

improvements in ALL cure rates. Efforts to develop and test such
therapies are limited by a paucity of knowledge concerning mech-
anisms of chemoresistance. Since metabolomics is acknowledged
to be the ‘-omics’ discipline most proximal to the phenotype, and

End-induction minimal residual disease is the strongest risk
factor for relapse in childhood acute lymphoblastic leukemia
(ALL). Attempts to improve outcomes in minimal residual disease-
positive ALL patients by intensifying conventional chemotherapy
have recently resulted in unacceptable toxicities. There is therefore
a need for novel, targeted therapeutic agents to drive continued
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may change rapidly in response to disease state and treatment sta-
tus, we reviewed the metabolomics literature for studies of ALL
patients. We found that this approach had not been leveraged to
elucidate mechanisms of chemoresistance, or identify high-risk pa-
tients.

Added value of this study

Using a two-stage discovery and replication approach, we iden-
tified an association between central carbon metabolism and min-
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imal residual disease which was independent of National Can-
cer Institute risk group, immunophenotype, and cytogenetics in
N=155 patients treated on or according to Children’s Oncol-
ogy Group protocols. Through subsequent drug sensitivity screens
we demonstrated that agents targeting this pathway demonstrate
anti-leukemic effects in ALL cell lines and mice bearing patient-
derived xenografts. These findings highlight the potential utility of
metabolomic screening for risk stratification and assignment of tar-
geted therapies.

Implications of all the available evidence

Our global metabolomic screening approach identified a patient
cluster characterized by differential central carbon metabolism,
who were at high risk of minimal residual disease. Agents target-
ing this metabolic pathway demonstrated anti-leukemic effects at
dose ranges that have previously been shown to be achievable and
well-tolerated in patients with advanced solid tumors. These find-
ings suggest that metabolomic screening has added value for iden-
tifying high risk ALL patients and assigning targeted therapies.

1. Introduction

The past several decades have witnessed dramatic improve-
ment in survival for paediatric patients with acute lymphoblastic
leukaemia (ALL), due to the advent of risk-stratified chemother-
apy, the use of minimal residual disease (MRD) to identify patients
in need of more intensified therapy, and the discovery of new
molecular subtypes, some with targetable driver mutations [1-
3]. The combination of established clinical risk factors, MRD, and
next-generation genomic testing has improved risk-directed treat-
ment and outcomes in childhood ALL [4-7]. End-induction MRD
response remains the most powerful predictor of relapse [[8],[9]].
The primary strategy to prevent relapse in MRD-positive ALL has
historically been to intensify conventional chemotherapy, which
initially improved outcomes [10-12] but more recently has led to
unacceptable toxicity [13-15]. Thus, novel approaches are essential
to bring about further improvements in outcome for chemoresis-
tant disease. Such approaches will depend on novel insights into
the underlying biology of chemotherapy resistance.

Metabolomics, the systematic identification of the metabolic
products of a biological system, holds promise as a way to monitor
cancer metabolism and treatment response [16]. Metabolomics has
been applied to ALL to describe the bone marrow microenviron-
ment [17], identify diagnostic biomarkers [[18],[19]], study cellular
response to anti-leukemic agents [[20],[21]], and identify patients
at risk of complications [22]. However, previous studies have not
systematically investigated if metabolomics can be used for under-
standing early treatment response or informing targeted therapeu-
tic approaches. Therefore, the objectives of this study were to de-
termine whether global metabolomic profiling of diagnostic bone
marrow plasma from ALL patients could: 1) identify metabolic al-
terations associated with early treatment response as measured by
end-induction MRD positivity or 2) reveal druggable metabolic al-
terations.

2. Materials and methods
2.1. Patients

We retrospectively identified 60 MRD-positive and 95 MRD-
negative patients (total N=155) for whom cryopreserved diag-
nostic bone marrow plasma was available, who were then ran-
domly divided into discovery (N=93, 60%) and replication (N=62,
40%) cohorts. Males, females, and individuals of all racial/ethnic

groups were eligible. All patients were <18 years of age at di-
agnosis. Patients were treated at Texas Children’s Hospital from
2007-2018, enrolled on or treated according to Children’s Oncology
Group (COG) frontline ALL trials as indicated for their disease type
and National Cancer Institute (NCI) risk group. Clinical and de-
mographic information, including immunophenotype, cytogenetics,
presenting white blood cell (WBC) count, age, sex, height, weight,
and race/ethnicity were abstracted from the medical record. The
primary study outcome was MRD positivity at day 29 of ther-
apy, defined as >0.01% leukemic blasts detected in bone marrow
at the end of induction chemotherapy by flow cytometry. Patient
samples for in vitro cytotoxicity assays were obtained at the time
of ALL diagnosis or relapse from 7 additional paediatric patients
treated at Texas Children’s Hospital during the same time period.
This study was performed in accordance with the Declaration of
Helsinki, approved by the Baylor College of Medicine Institutional
Review Board and Animal Care and Use Committee, and conforms
to the Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) reporting guidelines. Written informed con-
sent was obtained for all study subjects, and assent was obtained
where appropriate.

2.2. Metabolomic profiling

Diagnostic bone marrow aspirates were obtained during
standard-of-care procedures and centrifuged to harvest plasma,
which was then cryopreserved. Global metabolomic profiling was
performed by Metabolon (Morrisville, NC). Data were extracted
and processed using described methods [23]. Briefly, a pooled ma-
trix sample was generated by taking a small volume of each ex-
perimental sample which served as a technical replicate through-
out. Instrument variability was determined by calculating the me-
dian relative standard deviation (RSD) for the standards that were
added to each sample prior to injection into the mass spectrome-
ters. Overall process variability was determined by calculating the
median RSD for all endogenous metabolites (i.e., non-instrument
standards) present in 100% of the pooled matrix samples. All
methods utilized a Waters ACQUITY ultra-performance liquid chro-
matography (UPLC) and a Thermo Scientific Q-Exactive high resolu-
tion/accurate mass spectrometer interfaced with a heated electro-
spray ionization (HESI-II) source and Orbitrap mass analyser oper-
ated at 35,000 mass resolution.

2.3. Statistical analysis

After identification and normalization, metabolite abundances
were rescaled such that the median was one, and missing val-
ues were imputed with the minimum value observed for the in-
dex metabolite. All further analyses were performed using the
scaled, imputed data and excluded ‘currency’ metabolites ubiqui-
tously represented in metabolic pathways [24] as well as metabo-
lites not detected in multiple samples. We tested both individual
metabolites and metabolic pathways for associations with MRD. To
identify metabolites associated with MRD, we performed Kruskal-
Wallis tests comparing metabolite abundance by MRD status. We
retained metabolites associated with MRD at p < 0-001 in the dis-
covery cohort as candidates and repeated testing in the replica-
tion cohort, as simulations demonstrated that p < 0-001 was the
most stringent multiple testing correction we could impose in the
discovery partition while retaining >80% power to detect a 2-fold
change in metabolite abundance. Candidate metabolites associated
with MRD at p < 0-05 in this cohort were considered to have repli-
cated.

We next performed metabolite set enrichment analysis (MSEA)
using the Integrated Molecular Pathway Level Analysis Tool (IM-
PaLA) to identify pathways enriched for differentially abundant
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metabolites in MRD-positive patients, separately in the discovery
and replication cohorts. Both the Kyoto Encyclopaedia of Genes
and Genomes (KEGG) Pathway Database and Metabolon-provided
annotations were used to map metabolites to pathways. The
Benjamini-Hochberg procedure was used to compute false dis-
covery rate-adjusted p-values (qg-statistic) for MSEA, and statisti-
cal significance was defined as g-values <0.05 in both cohorts.
Unsupervised hierarchical clustering using Euclidean distance and
Ward’s method was performed in the R statistical environment
(v3+6+0, R Foundation, Vienna, Austria) based on the abundances
of metabolites annotating to MRD-associated pathways from MSEA
in the combined sample of N=155 children. Logistic regression
models were computed to determine the odds ratio (OR) and 95%
confidence interval (CI) for MRD positivity according to member-
ship in the resulting clusters, with adjustment for immunophe-
notype, cytogenetics, and NCI risk group. Children with BCR-ABL1
fusion, KMT2A rearrangement, hypodiploidy (defined as <44 chro-
mosomes), or intrachromosomal amplification of chromosome 21
were considered to have unfavourable cytogenetics and were com-
pared to the reference group of all other children. We assessed
whether the addition of metabolomic data to clinical risk factors
improved the performance of statistical models for MRD using De-
Long’s test for correlated receiver operating characteristics curves.
Finally, we performed exploratory analyses to determine whether
the identified metabolomic profiles were also associated with early
relapse (defined as relapse within 3 years of date of diagnosis).

2.4. Cytotoxicity assays

ALL cell lines were obtained from ATCC (Reh, JM1, RS4; 11,
NALM6, SUP-B15, CCRF-CEM, Jurkat, HSB-2) and DSMZ (KOPNS,
TANOUE) and maintained in culture medium per recommenda-
tions. All cells were verified to be mycoplasma-free before initi-
ating experiments. To generate patient-derived xenografts, primary
diagnostic ALL patient bone marrow samples (Table S1) were cry-
opreserved, and later thawed and injected via tail vein into NOD
scid gamma (NSG) mice (Jackson Laboratories, Sacramento, CA).
Resulting leukemic blasts were later incubated in culture medium
for 3 h before plating for cytotoxicity assays. ALL cell lines or pa-
tient samples were incubated with the following agents for 48-
96 h: FK866, STF 118804, doxorubicin, metformin (Tocris, Min-
neapolis, MN); GPP 78 (Cayman Chemical, Ann Arbor, MI); dox-
orubicin and etoposide (Sigma, St. Louis, MO). Vehicle was DMSO
0-05% for all agents except GPP 78 (0-05% methanol) and met-
formin (1% water). For NAD+ pre-treatment, cells were first incu-
bated for 1 h with vehicle (0-2% water) or 100puM NAD+ (Cayman
Chemical) for 1 h. Following treatment, cells were incubated with
Annexin V-APC (Becton Dickinson, Franklin Lakes, NJ) and propid-
ium iodide (PI) (eBioscience, San Diego, CA) and analysed on an
LSRII flow cytometer and Flow]Jo software (Becton Dickinson). ALL
patient samples were analysed by ATP assay (Promega, Madison,
WI) with luminescence read by a Luminoskan Ascent Microplate
Luminometer (Thermo, Waltham, MA).

2.5. Data sharing
Study data have been accessioned into Mendeley Data (DOI:
10.17632/br223h8sdd.1).

2.6. Role of the funding source

The funding agencies had no role in the design, performance, or
analysis of the study, nor on the decision to publish.

3. Results

3.1. Central carbon and amino acid metabolism are associated with
end-induction MRD

Table 1 lists clinical and demographic characteristics of ALL pa-
tients, stratified by cohort. Overall, participants were 60% male,
62% Hispanic, 29% non-Hispanic white, 9% other non-Hispanic, and
had a median age of 63 years at diagnosis. Sixty MRD-positive
cases were identified (N=37 in discovery, N=23 in replication).
NCI risk group was associated with MRD in the discovery cohort,
whereas T-lineage disease and male sex were associated with MRD
in the replication cohort. We identified 18 metabolites associated
with MRD at p < 0-001 in the discovery cohort (Fig. 1 and Ta-
ble S2). Three of the 18 metabolites (malate, fumarate, and 2-keto-
3-deoxy-gluconate) were independently associated with MRD at
p < 0405 in the replication cohort (Table S2). Similar results were
obtained when analysis was restricted to B-ALL patients (Table S3).
MSEA identified three metabolic pathways associated with MRD
at ¢<0.05 in both the discovery and replication cohorts (Table
S4): protein digestion and absorption, aminoacyl-tRNA biosynthe-
sis, and central carbon metabolism in cancer.

Unsupervised hierarchical clustering was performed based on
abundances of all metabolites which were detected in samples
from both cohorts and annotated to MRD-associated pathways
identified by MSEA (N=39). Two distinct clusters were identified
(Fig. 2), and principal components analysis confirmed that gly-
colytic, TCA cycle, and amino acid metabolites most strongly in-
fluenced cluster membership (Figure S1). The frequency of MRD
positivity was 27-8% in Cluster One and 56+9% in Cluster Two
(Table 2). Sex, race/ethnicity, body mass index (BMI) category, NCI
risk group, immunophenotype, and the proportion of children with
unfavourable cytogenetics were not different between clusters. Rel-
ative to children in Cluster One, the odds ratio of MRD was in-
creased for children in Cluster Two (OR 3+13, 95% CI 1-54-6-35)
after adjustment for immunophenotype, cytogenetics, and NCI risk
group. When analyses were stratified by immunophenotype, the
aOR of MRD for patients in Cluster Two was 3.09 (95% CI 1.49-
6.53) among children with B-ALL. The crude OR of MRD among
T-ALL patients in Cluster Two was 6.0, although statistical signifi-
cance was not reached due to the small number of T-ALL patients
(N=13). A significant increase in area under the curve (AUC) for
predicting MRD status was observed for the model incorporating
both clinical and metabolomic factors relative to the clinical model
alone (Fig. 3; p=0-02). Figure S2 presents relative abundances for
all metabolites identified in both the discovery and replication co-
horts (N=557) for children in each cluster.

Although incomplete follow-up (i.e., not all patients had com-
pleted therapy) restricted our ability to fully evaluate relapse
in this study, we performed exploratory analyses to determine
whether cluster membership was associated with early relapse
(defined as less than 3 years from date of diagnosis). We computed
logistic regression models to determine the OR of early relapse,
adjusting for NCI risk group, immunophenotype, cytogenetics, and
end-induction MRD status (positive vs. negative) and found no sig-
nificant difference (OR 0-59, 95% CI 0-24-1-39 comparing Cluster
Two to Cluster One). Results were unchanged when MRD status
was removed from the model (OR 0.89, 95% CI 0.39-1.94). How-
ever, a larger sample size and longer follow-up would be needed
to more fully evaluate relapse.

3.2. NAMPT inhibitors affect central carbon metabolism and
demonstrate cytotoxicity

As central carbon metabolism was associated with MRD, we
tested the cytotoxicity of agents targeting these pathways (gly-
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Table 1
Clinical and demographic characteristics of the study sample by cohort.
Discovery partition Replication partition
MRD <0.01% (N=56) MRD >0.01% (N=37) p* MRD <0.01% (N=39) MRD >0.01% (N=23) p*
Sex, N(%) 0.57 0.05
Male 33 (58.9) 24 (64.9) 19 (48.7) 17 (73.9)
Female 23 (41.1) 13 (35.1) 20 (51.3) 6 (26.1)
Age [years], median (IQR) 5.3 (5.6) 8.7 (8.7) 0.08 6.4 (9.4) 5.8 (6.7) 0.25
Race-ethnicity, N(%) 0.17 0.18
NHW 19 (33.9) 7 (18.9) 14 (35.9) 5(21.7)
Hispanic 30 (53.6) 27 (73.0) 24 (61.5) 15 (65.2)
Other non-Hispanic 7 (12.5) 3(8.1) 1(2.6) 3 (13.0)
BMI category®, N(%) 0.19 0.76
Normal weight 44 (81.5) 25 (69.4) 27 (71.1) 14 (63.6)
Overweight or obese 10 (18.5) 11 (30.6) 11 (28.9) 8 (36.4)
NCI risk status®, N(%) <0.001 0.84
Standard risk 41 (73.2) 13 (35.1) 21 (53.8) 13 (56.5)
High risk 15 (26.8) 24 (64.9) 18 (46.2) 10 (43.5)
Immunophenotype, N (%) 0.31 0.03
B-lineage 52 (92.9) 32 (86.5) 39 (100.0) 19 (82.6)
T-lineage 4(7.1) 5(13.5) 0 (0.0) 4(17.4)
Cytogenetics?, N(%) 0.08 0.45
Favorable or neutral 51 (91.1) 29 (78.4) 33 (84.6) 21 (91.3)
Unfavorable 5 (8.9) 8 (21.6) 6 (15.4) 2 (8.7)

Abbreviations. MRD, minimal residual disease; NHW, non-Hispanic white; BMI, body mass index.

2 All p-values for categorical values from x? test. p-value for age at diagnosis from Kruskal-Wallis test.

b Overweight defined as age- and sex-adjusted BMI > 85th percentile. Obese defined as age- and sex-adjusted BMI >95th percentile. Not computed
for children <2 years of age.

¢ High risk defined as presenting white blood cell count >50,000 cells/uL and/or age at diagnosis >10 years.

d Unfavorable cytogenetics defined as presence of BCR-ABL1, KMT2A rearrangement, hypodiploidy (<44 chromosomes), or iAMP21 at diagnosis.
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colysis, TCA cycle, and pentose phosphate pathway). Nicotinamide
phosphoribosyltransferase (NAMPT) is a key enzyme involved in
NAD+ generation, which is critical for glycolysis. It has been shown
that NAMPT inhibition also reduces TCA cycle flux in multiple
myeloma cells [25], and results in depletion of malate/fumarate in
ovarian cancer cells, colorectal cancer cells, and primary myotubes
[26-28]. Because malate and fumarate were independently associ-
ated with MRD in both the discovery and replication cohorts, we
tested the cytotoxicity of NAMPT inhibitors in a panel of 7 B-ALL
and 3 T-ALL cell lines. FK866 was the most potent, with ICsq values
in the low nanomolar range in 8 cell lines. STF 118804 and GPP 78
were effective in most cell lines at doses of 50nM and 500nM,
respectively (Fig. 4A and B). In general, each cell line showed a
consistent degree of sensitivity across all three NAMPT inhibitors,
with two B-ALL cell lines demonstrating high sensitivity (RS4;11
and SUP-B15), two B-ALL demonstrating moderate sensitivity (Reh
and JM1); and two T-ALL cell lines demonstrating reduced sensi-
tivity (CCRF-CEM and HSB-2). We additionally investigated the cy-

totoxicity of metformin in each cell line and observed no effect on
viability at concentrations up to 500 uM (Figure S3).

Next, we tested our hypothesis that the cytotoxic effects of
NAMPT inhibitors are mediated through specific on-target effects
on NAD+ availability, by pre-treating two B-ALL cell lines with
NAD+ prior to treatment with either NAMPT inhibitor or conven-
tional chemotherapy. As expected, NAD+ supplementation com-
pletely prevented NAMPT inhibitor-mediated apoptosis but had no
effect on doxorubicin- or etoposide-mediated apoptosis, support-
ing that the cytotoxic effects of NAMPT inhibitors specifically result
from inhibition of NAD+ generation (Fig. 4C).

We also tested the three NAMPT inhibitors in 5 B-ALL patient
samples, following expansion in xenografts. FK866 and STF 118804
demonstrated potent cytotoxicity in each of the 5 ALL samples and
GPP 78 was slightly less potent. In comparison, doxorubicin had a
wider range of ICsq values (Fig. 5A and B). Similar to effects ob-
served in ALL cell lines, NAD+ fully rescued ALL patient samples
22763, 2003, 1995, and 105127-R from the cytotoxic effects of the
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NAMPT inhibitor FK866 but not of doxorubicin, as measured by as-
says of apoptosis (Fig. 5C) and cell viability (Figure S4).

4. Discussion

We conducted global metabolomic profiling of diagnostic bone
marrow plasma from children with ALL and identified alterations
in central carbon and amino acid metabolism associated with end-
induction MRD. MRD-positive samples were characterized by de-
creased glucose abundances but increased abundances of other
metabolites annotating to glycolysis, the pentose phosphate path-
way, and the TCA cycle. Importantly, this association did not
appear to depend on ALL immunophenotype. The addition of
metabolomic data to clinical risk factors improved prediction of
end-induction MRD, as measured by AUC. To assess potential clin-
ical applications of these findings, we tested three NAMPT in-
hibitors in 10 ALL cell lines and five ALL patient samples and found
that they exerted potent in vitro cytotoxicity. Additional experi-
ments with two of these samples and two additional samples re-
vealed FK866 functions through an NAD+-dependent mechanism.
These results highlight the potential application of metabolomic
profiling for risk prediction and targeted therapy in ALL. Specif-
ically, subsets of patients presenting with increased abundances
of TCA and pentose phosphate pathway intermediates may be at
risk of poor response to induction chemotherapy. Importantly, the
increased odds of MRD positivity remained after adjustment for
established clinical risk factors, including immunophenotype, NCI
risk group, and cytogenetics, suggesting that metabolomic profiling
demonstrates independent prognostic value.

To assess the effect of blocking metabolic pathways most asso-
ciated with MRD, specifically central carbon metabolism, we first
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treated cells with metformin. Doses of metformin up to 500 uM
had little to no effect on the viability of each of the 7 B-ALL and
3 T-ALL cell lines tested (Figure S3). We then treated B-ALL and T-
ALL cell lines and patient samples with inhibitors of NAMPT, which
produces NAD+ necessary for the glyceraldehyde 3-phosphate de-
hydrogenase step in glycolysis. The NAMPT inhibitor FK866 has
also been shown to reduce levels of fumarate and malate, 2 of
the 3 metabolites independently associated with MRD in both our
discovery and replication cohorts [27]. FK866 demonstrated the
lowest ICsq values among the three NAMPT inhibitors as well as
doxorubicin for each of the five ALL patient samples tested. We
confirmed that these inhibitors function specifically via reducing
available NAD+, as NAD+ supplementation prevented the cyto-
toxic effects of NAMPT inhibitors but not of other chemothera-
peutic agents in cell lines and patient samples. Previous preclin-
ical studies have shown promising activity of NAMPT inhibitors
in hematologic malignancies: FK866 in mice xenografted with a
Burkitt lymphoma cell line, STF 118804 in B-ALL cells and in
mice xenografted with an AML cell line, and KPT-9274 in mice
xenografted with a B-ALL patient sample [29-31]. A Phase 1 trial
of FK866 demonstrated that the drug was well-tolerated and re-
sulted in 7-5-20-6nM steady-state plasma concentrations [32], a
dose range which demonstrated efficacy in patient samples in our
study. Since these compounds affect a general metabolic path-
way important in all cells, some studies have included niacin co-
administration to rescue normal cells from toxicity. Niacin rescue is
most effective if the tumour cells are negative for NAPRT1, which
mediates its protective effect. Further studies are needed to deter-
mine optimal dosing, NAPRT1 expression profile and other predic-
tors of sensitivity in ALL, and potential synergy of combination reg-
imens [[31],[33]].

Bai et al. performed metabolomic profiling of serum from
healthy controls and two groups of ALL patients: those with active
disease and those in remission [19]. ALL patients were distinguish-
able from controls, principally on the basis of glycerophospholipid
and fatty acid abundances. The authors hypothesized that these
dysregulations reflected increased cell proliferation in ALL. Mushar-
raf et al. were able to differentiate ALL patients from healthy con-
trols as well as from acute myeloid leukaemia and aplastic anaemia
patients, and similarly found that lipid metabolites were altered
in ALL serum [18]. We detected a number of associations between
lipids and MRD in the discovery partition, though none were sub-
sequently replicated. Although these studies provide evidence that
metabolite abundances may distinguish ALL patients from healthy
controls, ours is the first to demonstrate potential clinical signifi-
cance of metabolic perturbations.

Key strengths of this study include the use of a two-stage dis-
covery and validation approach for metabolite and pathway dis-
covery, and the functionalization of these results through follow-
on experiments. These experiments indicate that NAMPT inhibitors,
which target the identified metabolic pathway of central carbon
metabolism, exert cytotoxic effects in vitro in ALL cell lines and
xenograft-expanded patient samples. This study is the first to
test multiple NAMPT inhibitors in an extended panel of ALL cell
lines and patient samples, and to demonstrate the dependence of
that FK866 cytotoxicity in B-ALL patient samples on NAD+ deple-
tion. These experiments support the plausibility of altered central
carbon metabolism as an independent prognostic biomarker and
demonstrate that metabolomics may be useful in identifying drug-
gable metabolic alterations in ALL. Importantly, since these sam-
ples were collected at diagnosis, this approach could be applied to
support early introduction of novel agents.



56 J.M. Schraw, JJ. Junco and A.L. Brown et al./EBioMedicine 48 (2019) 49-57

Table 2
Demographic and clinical characteristics of the study sample ac-
cording to cluster.

Cluster 1 Cluster 2
(N=97) (N=58) p?

Sex, N(%) 0.68
Male 57 (58.8) 36 (62.1)

Female 40 (41.2) 22 (37.9)

Age [years], median (IQR) 6.5 (8.3) 6.2 (6.5)

Race-ethnicity, N(%) 0.55
NHW 31(32.0) 14 (24.1)
Hispanic 57 (58.8) 39 (67.2)

Other non-Hispanic 9 (9.3) 5(8.6)

BMI category®, N(%) 0.90
Normal weight 70 (73.7) 40 (72.7)
Overweight or obese 25 (26.3) 15 (27.3)

NCI risk status®, N(%) 0.14
Standard risk 60 (61.9) 28 (48.3)

High risk 37 (38.1) 30 (51.7)

Immunophenotype, N(%) 0.33
B-lineage 91 (93.8) 51 (87.9)
T-lineage 7 (12.1) 6 (6.2)

Cytogenetics?, N(%) 0.20
Favorable or neutral 87 (89.7) 47 (81.0)
Unfavorable 10 (10.3) 11 (19.0)

MRD status, N(%) 0.001
Negative 70 (72.2) 25 (43.1)
Positive 27 (27.8) 33 (56.9)

Early relapse®, N(%) 24 (26.1) 14 (25.5) 0.93

Abbreviations: NHW, non-Hispanic white; BMI, body mass index.
MRD, minimal residual disease.

2 All p-values for categorical values from yx? test. p-value for age
at diagnosis from Kruskal-Wallis test.

b Overweight defined as age- and sex-adjusted BMI >85th per-
centile. Obese defined as age- and sex-adjusted BMI >95th per-
centile. Not computed for children <2 years of age.

¢ High risk defined as presenting white blood cell count
>50,000 cells/uL and/or age at diagnosis >10 years.

d Unfavorable cytogenetics defined as presence of BCR-ABLI,
KMT2A rearrangement, hypodiploidy (<44 chromosomes), or
iAMP21 at diagnosis.

¢ Evaluable in 92 patients in Cluster 1 and 55 patients in Cluster
2.

This study has certain limitations. First, the study included only
diagnostic samples. Pre-treatment samples provide an important
snapshot of biological features that are important in early treat-
ment response. Future studies of longitudinal samples may pro-
vide additional insights into prognostically and therapeutically sig-
nificant metabolic changes throughout the course of ALL therapy.
Since relapse is highly multifactorial, involving both initial disease
characteristics, pharmacogenomics, adherence, and other factors,
future studies with larger sample size, long-term follow-up, and
inclusion of longitudinal samples will be required to fully eval-
uate the role of metabolomics in prediction of ALL relapse. Al-
though we did not measure malate and fumarate concentrations
in treated cells, several investigations have established that NAMPT
inhibition results in decreased concentrations of these metabo-
lites [26-28]. Furthermore, our data demonstrating that NAD+ pre-
treatment abrogates the cytotoxic effects of NAMPT inhibition are
concordant with a report from Oakey et al, who showed that
NAMPT inhibitor-mediated decreases in malate were attenuated by
treatment with nicotinamide riboside [28]. These data suggest that
NAMPT inhibitors exert their cytotoxic effects through on-target ef-
fects on central carbon metabolism.

In conclusion, we have demonstrated that metabolomic profil-
ing of diagnostic bone marrow plasma provides insights into bio-
logical pathways associated with early treatment response in pae-
diatric ALL and may improve risk prediction and identify targetable
metabolic vulnerabilities. Specifically, altered central carbon and
amino acid metabolism were associated with MRD positivity in-

dependent of clinical risk factors, and in vitro data show that
NAMPT inhibitors targeting central carbon metabolism reduce vi-
ability of ALL cells. While these findings should be independently
validated, they demonstrate the potential utility of metabolomics
for risk stratification and precision medicine in paediatric ALL. The
translational potential of these findings may be expanded by future
studies incorporating longitudinal sample collection, and validation
in peripheral blood, which could permit rapid, minimally invasive
sample collection to support clinical decision-making.
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