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Background
Relapse free survival of pediatric AML remains only 60%. Current standard
myelosuppressive therapy has been maximized, so novel therapies with minimal toxicities
are needed to improve outcomes. We and others reported that the FDA-approved
antimicrobial atovaquone (AQ) suppressed oxidative phosphorylation (OXPHOS) in
cancer cells. We further showed in AML xenograft models that AQ treatment reduced
disease burden and prolonged survival. Importantly, AQ can be used for pneumocystis
jiroveci pneumonia (PJP) prevention. Clinically achievable concentrations of AQ for anti-
PJP effect are 40-80µM, but the anti-leukemia effects are observed as low as 10µM
(Stevens et al, Bld Adv, 2019). This makes AQ an ideal drug to incorporate into AML
treatment. AQ is a daily administered oral medication, and plasma levels depend on
patient compliance, absorption, and entero-hepatic recirculation, which can be
compromised due to the patient population and adverse events (AE) of chemotherapy.
Here we investigated the feasibility of incorporating AQ into standard pediatric AML
treatment and performed correlative biology studies to further expand our understanding
of AQ’s mechanism and the patients most likely to respond to this agent.

Methods/Trial Design

Patient Data Table

A total of 26 pediatric AML patients enrolled (ages 8 months - 19.7 years, mean 10.7
years); 24 patients were evaluable for this study. Patients 2 and 11 had Grade ≥ 3 GI
toxicities that prohibited enteral administration, so they were excluded from AQ PK and
ease of administration analyses. 13 of the 26 patients enrolled were classified as at high
risk of relapse by NCT04293562 definitions. In addition, patient 8 was treated as high risk
due to high disease burden at EOI1 (FISH of 35.5% at EOI1). Samples for correlative
biology studies were available for 20 patients. Definitions: M: Male, F: Female, W: White,
B: Black, A: Asian, H: Hispanic, NH: non-Hispanic, FAB: French-American-British
Classification, MRD: Minimal Residual Disease by Flow Cytometry, TRM: treatment
related mortality, DD: death from disease.

Ease of Administration/AEs Single agent AQ decreases disease 
burden and prolongs survival  

Patients with de novo AML were enrolled. Daily administration of AQ at established PJP
prophylaxis dosing was combined with standard chemotherapy for AML (Schema).
Feasibility of AQ incorporation was assessed through AEs (per NCI CTCAE v5), daily
parent/caregiver ease of administration scores (scale: 1-5, 1=very difficult, 5=very easy to
administer) and peripheral blood/bone marrow pharmacokinetics (PK) were collected
during Induction 1. All gastrointestinal (GI) AEs ≥ grade 2 were collected, in addition to
other AEs ≥ grade 4. Patients who were administered at least 85% of planned doses and
missed fewer than 2 consecutive doses of AQ were eligible for plasma level/PK analyses.
Correlative biology studies assessed AQ-induced apoptosis at 30µM, evaluation of AQ
effects on OXPHOS, and AQ effects on relevant signaling activity. Additionally, patient
derived xenografts (PDX) were established and treated with AQ. This trial is registered
with ClinicalTrials.gov (NCT03568994).

Conclusions

Target plasma concentrations for anti-leukemic effect were frequently reached.
A. Overview of plasma levels (µM) for each of the 24 patients after starting atovaquone
administrations, levels were measured on days 11, 13, 15, 18, 20, 22, and at the end of
induction (EOI). B. Maximum plasma level (µM) achieved for each patient. There were 14/24
(58%) patients who achieved plasma levels above the target anti-leukemia concentration
(10µM) by day 11. At the end of induction, 19/24 (75%) patients achieved plasma levels
above 10µM, but only 7/24 (29%) patients achieved adequate levels for PJP prophylaxis
(40µM). Only 1 patient achieved levels above 40µM throughout the first month of induction
chemotherapy.

Ease of administration scores and AE burden did not strongly correlate in feasibility
assessment of AQ treatment. A. Overview of ease of administration score distribution during
administration of atovaquone for all evaluable patients (24) on study, scoring scale: 1 = very
difficult to administer (yellow) to 5 = very easy to administer atovaquone (dark blue) (left) and
ease of administration scores distributed based on the different age groups (right). B.
Distribution of all GI-related adverse event categories evaluated on the study. C. Overview of
daily AE burden during Induction 1, higher value (red) indicates larger daily AE burden.

AQ dramatically suppresses oxygen consumption rate (OCR) and induces
apoptosis in the majority of patient samples tested. (A) 16/20 patient samples
demonstrated AQ induced apoptosis. Primary cells were supported by HS-5 stromal cells
in transwell co-culture and apoptosis was quantified by flow cytometry using annexin V-
fluorescein isothiocyanate (FITC) and propidium iodide (PI). Composite data from non-
responder and high responder subgroups are shown. (B) AQ potently suppresses OCR of
patient samples and is dose dependent (AQ exposure x 3 hours). (C) Representative data
for Patient 10 shown. (D) Across all samples there was minimal suppression of pS6 and
pY-STAT3 by AQ (30µM x 3 hours) when administered prior to stimulation with media
conditioned by HS-5 stromal cells. AQ did not alter expression of gp130, suggesting that
downregulation of gp130 is not the primary mechanism of action of AQ in these patient
samples. Representative sample shown (Patient 10).

Correlative Biology 

Plasma Levels Our data demonstrate the feasibility of combining AQ with traditional chemotherapy for
pediatric AML. Patients of all ages were able to tolerate AQ and no AEs were attributable
to AQ administration. The target anti-leukemic concentration of AQ in the plasma (>
10uM) was frequently achieved, but concentrations of > 40uM at standard dosing were
rare. Low plasma levels of AQ did not correlate with the presence of GI related AEs or
weight loss, so plasma levels should be monitored to ensure sufficient PJP prophylaxis.
Our correlative biology results support suppression of OXPHOS as the primary
mechanism of action by which AQ exerts its anti-leukemia effect, and AQ may be an
active anti-leukemia agent for pediatric AML patients.
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Single agent AQ decreases disease burden and prolongs survival in a PDX model
established from Patient 10. A. Eighteen NSGS mice were injected by tail-vein injection
with 2 x 105 cells from the diagnostic sample from patient 10. Treatment with AQ (200mg/kg
per day; n = 9[(female, n = 5; male, n = 4]) or VC (n = 9 [female, n = 5; male n = 4]) by daily
oral gavage began on the day of cell injection. B. Representative dot plots of human CD45
and CD33 at 2 time points (days 53 and 68) are shown for 1 vehicle-treated and 1 AQ-treated
mouse. Depicted mice were males from the same litter and were cohoused. C. Composite
flow cytometric data for human CD45 and CD33 for all treated mice demonstrated decreased
peripheral blood disease in AQ treated mice. Points represent means and standard errors of
the mean (P < .0001 by analysis of variance). D. Survival analysis of the mice demonstrated
improved survival in atovaquone-treated mice compared with vehicle. *P < .05 by log-rank.

Future Directions
• Determine which patients are likely to derive the most benefit from AQ. Interestingly 3 of
4 non responders had a t(8;21) translocation, whereas high responders were enriched for
KMT2A and FLT3 mutations.
• Evaluate the feasibility of dose adjustment of AQ during intensive chemotherapy blocks to
achieve anti PJP plasma concentration targets.
• Investigate the effect of AQ on leukemia stem cells in vivo.
• Collect data on AQ use and clinical outcomes as a part of the Children’s Oncology Group
Phase III trial for de novo AML (NCT04293562, PI: Cooper).

Efficacy of AQ in treating PJP based on 
plasma concentrations

Efficacy of AQ on treating PJP based on plasma concentrations. Table modified from
Hughes et al, NEJM 1993. Based on this data pediatric dosing for AQ was designed to
achieve plasma concentrations of >40µM.

Steady-State Plasma 
Atovaquone Concentration  

Therapeutic Success Rate 

Observed Predicted 
ug/mL uM # with success/# in group (%) 
0 to <5 0 to <13 0/6 1.47/6 (25) 
5 to >10 13 to >27 16/26 (62) 14.72/26 (57) 
10 to <15 27 to <41 30/38 (79) 31.90/38 (84) 
15 to <20 41 to <54 18/19 (95) 18.14/19 (95) 
20 to <25 54 to <68 18/18 (100) 17.79/18 (99) 

≥ 25 ≥ 68 6/6 (100) 5.98/6 (100) 
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Schema. Treatment 
plan incorporating AQ 
with the first month of 
standard chemotherapy 
(Induction 1) based on 
the Medical Research 
Council (MRC) 
backbone. 
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UPN Age/ Sex
Race/ 

Ethnicity
FAB

% Blasts 
BM

CNS 
Disease

Risk Stratifying or Key 
Cytogenetics/Mutations

MRD EOI1 Relapse
Clinical 

Outcome

1 18/F W/H M5 68 N normal/NPM1 neg N Alive

2 17/F W/H M1 12 N t(11;19)/ KMT2A-MLLT1 (MLL-ENL) neg Y TRM

3 1/M W/H M7 25 N t(1;21)/IDH2, MUTYH 2% Y DD 

4 13/M W/NH M5 71 Y normal/FLT3-ITD, WT1, RUNX1 neg Y Alive

5 0.8/F W/NH M5 55 (PB) Y inv(16)/CBFB-MYH11, WT1 1.50% N Alive

6 11/F A/NH M5 78 Y +8/FLT3-ITD, WT1 neg N Alive

7 0.8/M W/NH M7 51 Y CBFA2T3-GLIS2 0.02% Y Alive

8 15/M W/NH M2 20 N t(8;21)/KIT 9.70% N Alive

9 16/F W/H M2 77 Y none/WT1, IDH1 neg N Alive

10 16/M W/H M4/M5 97 Y 3' KMT2A deletion/MLL-MLLT4, PTPN11 4% Y DD 

11 7/M W/H M4 31 (PB) Y +8/FLT3-ITD, NUP98-NSD1 neg N Alive

12 15/F W/NH M1/M2 49 Y +8 /FLT3-ITD, NPM1, WT1, IDH1 neg N TRM

13 10/F B/NH M7 21 Y +8/GATA2 0.28% N Alive

14 14/F W/NH M5 79 N t(10;11)/MLL-MLLT10 2.50% Y Alive

15 11/F W/NH NA 0 N myeloid sarcoma    normal/NA neg N Alive

16 0.9/M B/NH M5 22 Y t(9;11)/MLL-MLLT3 neg Y Alive

17 13/M W/NH M2 75 N t(8;21)/KIT, SMC1A neg N Alive

18 15/M B/NH M4eo 95 Y inv(16)/NA neg N Alive

19 11/M W/NH M1 86 N ETV6 deletion/ETV6 loss, PICALM-MLLT10 50% Y Alive

20 19/F W/NH M1 89 Y normal/FLT3-ITD, NPM1, WT1 0.70% N TRM

21 2/M W/H M7 54 N +10/WT1 neg N Alive

22 16/F W/NH M1/M2 69 Y +4/CEBPA, IDH1 neg N Alive

23 10/M B/NH M1/M2 82 Y normal/NPM1 neg N Alive

24 0.6/F W/NH M5 40 Y t(9;11)/MLL-MLLT3 neg N Alive

25 6/M W/NH M2 22 N t(8;21) neg N Alive

26 12/M W/H M1/M2 92 N normal/CEBPA, FLT3-ITD, WT1 neg N Alive


