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Abstract

Purpose—Robust preclinical models of pediatric acute lymphoblastic leukemia (ALL) are 

essential in prioritizing promising therapies for clinical assessment in high-risk patients. Patient-

derived xenograft (PDX) models of ALL provide a clinically relevant platform for assessing novel 

drugs, with efficacy generally assessed by enumerating circulating human lymphoblasts in mouse 

peripheral blood (PB) as an indicator of disease burden. While allowing indirect measurement of 

disease burden in real-time, this technique cannot assess treatment effects on internal reservoirs of 

disease. We explore benefits of bioluminescence imaging (BLI) to evaluate drug responses in ALL 

PDXs, compared to PB monitoring. BLI-based thresholds of drug response are also explored.

Experimental Design—ALL PDXs were lentivirally transduced to stably express luciferase and 

green fluorescent protein. In vivo PDX responses to an induction-type regimen of vincristine, 

dexamethasone and L-asparaginase were assessed by BLI and PB. Residual disease at Day 28 

post-treatment initiation was assessed by flow cytometric analysis of major organs. BLI and PB 

were subsequently used to evaluate efficacy of the Bcl-2 inhibitor venetoclax.

Results—BLI considerably accelerated and enhanced detection of leukemia burden compared to 

PB and identified sites of residual disease during treatment in a quantitative manner, highlighting 

limitations in current PB-based scoring criteria. Using BLI alongside enumeration of human 

lymphoblasts in PB and bone marrow, we were able to redefine response criteria analogous to the 

clinical setting.

Conclusions—BLI substantially improves the stringency of preclinical drug testing in pediatric 

ALL PDXs, which will likely be important in prioritizing effective agents for clinical assessment.

Corresponding author: Richard B Lock, Children’s Cancer Institute, Lowy Cancer Research Centre, UNSW, PO BOX 81, Randwick 
NSW 2031, Australia, rlock@ccia.unsw.edu.au, Phone: +61 2 9385 2513, Fax: + 61 2 9662 6583. 

Conflicts of Interest
The authors have declared that no conflict of interest exists.

HHS Public Access
Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2018 July 15.

Published in final edited form as:
Clin Cancer Res. 2017 July 15; 23(14): 3744–3755. doi:10.1158/1078-0432.CCR-16-2392.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Leukemia; pediatric; bioluminescence; preclinical; venetoclax

Introduction

Continuing improvements to treatment strategies for childhood ALL have led to 5-year 

survival rates of approximately 90% (1). However, 10–20% of patients will relapse from or 

prove refractory to current treatments, with the majority succumbing to their disease (2–5). 

Large scale genomic profiling of childhood ALL cases has provided important insights into 

genetic lesions implicated in high-risk ALL, proffering novel targeting strategies for this 

disease (6–8). However despite ongoing identification of targetable aberrations within 

pediatric ALL, and the availability of a large number of potentially efficacious drugs 

developed for adult malignancies, the rarity of cases representing distinct ‘high-risk’ 

pediatric ALL subtypes restricts patient availability for clinical assessment of novel 

therapies.

Using immune-deficient mice as hosts for ALL patient-derived xenografts (PDXs) has the 

potential to accurately predict clinical efficacy of investigational drugs to prioritize them for 

clinical assessment. These PDXs accurately recapitulate fundamental characteristics of the 

original disease including immunophenotype, chromosomal translocations, gene mutations, 

gene expression profiles, DNA methylation patterns and drug sensitivity (9–13). Pediatric 

ALL PDXs used as part of the NCI-funded Pediatric Preclinical Testing Program (PPTP) 

have shown concordance between preclinical results and corresponding available clinical 

data for established and novel drugs (14).

Treatment response in the ALL PDX model is routinely assessed by flow cytometric 

enumeration of the proportion of circulating human lymphocytes (huCD45+ or huCD19+) in 

mouse peripheral blood (PB). However, disease monitoring in these models may benefit 

significantly from in vivo imaging techniques. Multiple groups have successfully introduced 

a bioluminescence imaging (BLI) capability into patient-derived ALL cells, using protocols 

including cell sorting and in vivo expansion of lentivirally transduced cells (15–17). These 

studies reported that BLI revealed engraftment considerably earlier than PB monitoring, 

suggesting migration of leukemic blasts to PB occurs relatively late during disease 

development. Drug efficacy experiments have highlighted enhanced sensitivity of BLI in 

measuring treatment response compared to PB monitoring, suggesting ablation of huCD45+ 

cells from PB may not equate to elimination of residual leukemia within sanctuary sites such 

as bone marrow (BM) (15, 16, 18, 19).

The sensitivity of BLI, alongside its ability to longitudinally monitor individual mice, may 

also provide a preclinical measure of minimal residual disease (MRD), a critical prognostic 

indicator in pediatric ALL (4, 20). MRD is assessed clinically by determining the percentage 

of blasts within a BM aspirate, by either flow cytometry or qPCR-based approaches (21–23), 

at multiple stages within the first 4–6 weeks of treatment (24). Equivalent BM sampling 

from mice, while possible (25), is technically challenging and may compromise the integrity 

of the bone sampled. Moreover, time-point harvesting of mice is ethically challenging and 
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resource draining, and assumes that individuals represent the entire treatment group (26). 

BLI-based measurements of MRD may provide an alternative to these methods, facilitating 

real-time monitoring of residual disease in discrete anatomical sites (15).

Despite the potential benefits, significant limitations exist in establishing luciferase-

expressing sub-lines of ALL PDXs. These include the inefficiency of transduction of 

continuous xenograft and primary cells, multiple rounds of expansion of cell numbers by 

passaging in mice, and sorting of transduced cells. Moreover, some ALL PDXs are 

refractory to lentiviral transduction, limiting the number and choice of samples of specific 

subtypes for testing targeted agents. Therefore, a detailed comparison of BLI and PB-based 

assessment of leukemic burden is warranted, to develop BLI-based criteria of response and 

to utilize BLI to inform improvements to existing PB-based criteria.

The present study used representative BLI-enabled ALL PDXs to evaluate potential benefits 

of BLI in enhancing the sensitivity of disease detection compared to PB monitoring. To 

assess drug efficacy over a range of responses, titrated doses of an established, induction-

type drug regimen of vincristine, dexamethasone and L-asparaginase (VXL) were used (27). 

Responses were monitored via PB and BLI in parallel and subsequently scored using 

clinically relevant PPTP criteria (28). MRD was assessed 28 days post-treatment initiation to 

determine the ability of BLI to reflect flow cytometry results, and consequently the potential 

of BLI to measure MRD. Results from VXL treatments were used to inform testing of the 

Bcl-2 inhibitor venetoclax. Both venetoclax and its predecessor navitoclax have shown 

promise against chronic lymphocytic leukemia (CLL) (29), and although positive results 

have been reported against ALL PDXs (30), venetoclax is yet to be evaluated in the clinic 

against pediatric ALL.

Overall this study aimed to compare BLI and PB monitoring in preclinical drug testing for 

pediatric ALL. In doing so we were able to highlight the additional sensitivity of BLI in 

measuring drug response compared to PB monitoring, while using BLI to allow 

development of parameters to increase the stringency of testing in the existing ALL PDX 

model to ensure that only agents with the greatest likelihood of success will be advanced to 

clinical trials.

METHODS

Development of BLI-enabled PDXs

All experimental work was performed with approvals from the Human Research Ethics 

Committee and the Animal Care and Ethics Committee of UNSW Australia (Sydney, 

Australia). Experiments used continuous PDXs established previously in 20–25 g female 

non-obese diabetic/severe combined immuno-deficient (NOD.CB17-Prkdcscid/SzJ, NOD/

SCID) or NOD/SCID/interleukin-2 receptor γ–negative (NOD.Cg-Prkdcscid Il2rgtm1Wjl/

SzJ, NSG) mice, as described elsewhere (31, 32). PDXs were propagated in mice through 

collection of human leukemia cells from spleen or BM of engrafted mice and re-inoculation 

into secondary recipient mice. The PDX lentiviral transduction protocol has been described 

elsewhere (33). ALL-11 and ALL-57 B-cell precursor ALL cells were transduced at a 

multiplicity of infection of 30. Following transduction for 24 h in virus containing medium 
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cells were washed twice with PBS and inoculated into NSG mice for expansion. At high 

levels of leukemia burden, cells were harvested from spleens of engrafted mice and sorted to 

>99% purity based on GFP expression (FACSJazz or BD Influx, BD Biosciences, San Jose, 

CA). Pure GFP+ (>99%+) cell populations were then inoculated into secondary recipient 

NSG mice for expansion. The spleen-derived cells from this second expansion, named 

ALL-11-GL and ALL-57-GL denoting GFP and luciferase expression, were then used in all 

experiments described in this study.

PDX samples used were at tertiary passage for the initial transduction, therefore due to the 

additional expansion steps described, the samples used herein have undergone 5 in vivo 
passages at the beginning of the experiments described. Transduced cells were then 

validated against parental PDXs using single nucleotide polymorphism (SNP) validation as 

described elsewhere (34).

Bioluminescence imaging

Imaging data were acquired using the IVIS® SpectrumCT Preclinical In Vivo Imaging 

System (PerkinElmer). Groups of 2–5 mice at a time were administered D-luciferin (150 

mg/kg) via intraperitoneal (IP) injection and anesthetized with isoflurane (2.5–3% induction, 

1–1.5% maintenance). Previous experiments indicated peak photon emission at between 8–

12 mins post-luciferin injection, therefore all images were acquired within this timeframe. 

Data were collected between 600–60,000 counts (photons/second, p/s) as per manufacturer’s 

instructions, then converted to photons/second/cm2/steradian (p/s/cm2/sr) to normalize 

variable parameters (exposure time, f-stop, binning) used between groups and weeks. Signal 

intensity was determined by drawing regions of interest (ROIs) around the whole animal, as 

well as areas encompassing the hind-legs (representing femoral/tibial BM), spleen, liver, 

spine and brain.

Assessment of in vivo drug efficacy

All in vivo treatment groups (6–10 mice/group) were monitored using PB sampling, as 

described elsewhere (31), as well as BLI, measured on the same day to allow comparison. To 

standardize bioluminescence measurements between PDXs, treatment response was 

measured by log10 fold change, calculated using the ratio of values from the group median 

of the lowest BLI output in response to treatment (p/s/cm2/sr) or signal at the end of the 

treatment period divided by the cohort’s median Day 0 value. Treatment initiation, endpoint 

and overall response were measured using PPTP criteria (28). Briefly, treatment began when 

the median of the groups reached >1% huCD45+ cells in PB, with event considered as 25% 

huCD45+ cells in PB. Response to treatment was evaluated using two methods: (1) leukemia 

growth delay (LGD), representing the difference between the median event-free survival 

(EFS) of the drug-treated cohort and that of the vehicle-treated control cohort (T-C); and, (2) 

objective response measures (ORMs) developed by the PPTP to mimic stringent clinical 

criteria, assessed at Day 42 post-treatment initiation as described elsewhere (28) and in 

Supplementary Fig. S1. For VXL treatments all drugs were purchased from Clifford Hallam 

Healthcare (NSW, Australia) and administered by IP injection. Dexamethasone (X, 5 mg/kg) 

and L-asparaginase (L, 1000 U/kg) were administered once daily, 5 days on, 2 days off, with 

the addition of vincristine (V, 0.15 mg/kg) on the first day of treatment each week. VXL 
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treatments were for 2 or 4 weeks, and at 1x, 0.5x, 0.25x and 0.125x the above doses. 

Venetoclax (obtained from AbbVie under a standard Material Transfer Agreement) was 

administered daily for 21 days via oral gavage at 100 mg/kg.

Statistical analysis

The exact log-rank test, implemented using Proc StatXact for SAS®, was used to compare 

event-free survival distributions between treatment and control groups (two-tailed; P ≤ 0.05 

considered significant). Correlations were analyzed using Pearson correlation analysis. 

Group analysis with >2 groups and a normal distribution were analyzed using a one-way 

ANOVA, while multiple comparisons applied Tukey’s multiple comparisons test.

RESULTS

BLI augments assessment of drug response by PB monitoring

To comprehensively compare PB and BLI in measuring leukemia burden in response to 

chemotherapy, a treatment strategy to achieve a spectrum of responses was chosen, allowing 

comparison to response categories established by the PPTP (Supplementary Fig. S1) (28). 

Consequently, the VXL combination was used against two BLI-enabled BCP-ALL PDXs, 

ALL-11-GL and ALL-57-GL, and administered at the dose established previously (27) (1x), 

as well as attenuated doses of half (0.5x), a quarter (0.25x) and an eighth (0.125x) of the full 

dose for 2 weeks, with the exception of the ALL-11-GL 1x group, which was for 4 weeks.

The titrated VXL doses successfully separated the responses of treatment groups in both 

PDXs. For ALL-11-GL, the 1x, 0.5x, 0.25x and 0.125x doses elicited LGDs of 75, 25.4, 

16.6 and 10.2 days, respectively (Fig. 1A and Supplementary Table S1). Similarly, in 

ALL-57-GL the 1x, 0.5x, 0.25x and 0.125x doses achieved LGDs of 47.7, 30.5, 19.2 and 8.8 

days, respectively (Fig. 1B and Supplementary Table S1). When scored using PPTP criteria, 

the 1x and 0.5x groups achieved objective responses against ALL-11-GL, scoring a 

maintained complete response (MCR) and a complete response (CR) respectively (Fig. 1A 

and Supplementary Table S1). Against ALL-57-GL, the 1x group achieved an MCR, while 

the 0.5x and 0.25x groups scored CRs (Fig. 1B and Supplementary Table S1).

Corresponding whole-animal imaging data showed a similar dose response to PB 

measurements for all cohorts (Fig. 2A–B). However imaging showed a considerably greater 

range and sensitivity of detection compared to PB, highlighting persistent disease at time-

points where circulating lymphocytes were undetectable in PB (Fig. 1 and Fig. 2A–D). To 

assess differences in the dynamic range of both techniques, median Day 0 values 

(%huCD45+ for PB, p/s/cm2/sr for BLI) for the 1x treatment groups for both PDXs were 

compared to their respective values at the lowest measurable level of leukemia burden. A 

lower threshold of reliability of 0.1% (10 events in 10,000 acquired) was used for PB values, 

as below this detection of huCD45+ cells in PB becomes unreliable. ALL-11-GL and 

ALL-57-GL exhibited a 9-fold and a 36-fold decrease from Day 0 values of 0.9% and 3.6%, 

respectively, before leukemia became undetectable. In comparison, ALL-11-GL and 

ALL-57-GL exhibited a 2,260-fold and a 243-fold decrease in bioluminescence, 

respectively.
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To standardize BLI values between PDXs, a log10 fold change value was calculated for each 

treatment group, comparing Day 0 values with the lowest BLI output after drug treatment 

(Supplementary Table S2). The ALL-11-GL 1x VXL group achieved a log10 fold change of 

−3.35, while the 0.5x group showed a more marginal decrease of −0.88, despite scoring a 

CR. The 0.25x and 0.125x groups failed to achieve remission in ALL-11-GL, as observed by 

PB (Fig. 1A) and BLI (Fig. 2A), and therefore scored a positive log10 fold change 

(Supplementary Table S2). Leukemia regression was observed for all ALL-57-GL VXL 

treatment groups, with log10 fold changes of −2.39, −1.57, −0.99 and −0.35 for the 1x, 0.5x, 

0.25x and 0.125x groups, respectively (Fig. 2B and Supplementary Table S2).

Quantification of bioluminescence and log10 fold change was also calculated for individual 

sites of leukemia infiltration (Fig. 2A–B, Supplementary Table S2). A similar dose response 

to whole animal data was observed for individual organ measurements for both PDXs across 

regions representative of BM, spine and brain (Supplementary Table S2). Interestingly, BLI 

data representing spine burden in ALL-11-GL 1x treated mice identified relapse during the 

last week of treatment while for all other sites relapse occurred post-treatment cessation 

(Fig. 2A). The ALL-57-GL 0.125x treatment group showed an increase in BM signal during 

treatment, indicating leukemia re-growth following initial regression (Fig. 2B).

In order to test the sensitivity of BLI in identifying low levels of leukemia in discrete sites, 

previously determined values of total flux/cell were used to estimate the number of leukemia 

cells present in the femurs of representative ALL-11-GL mice following 4 weeks of 1x VXL 

treatment. Using an algorithm provided in the LivingImage analysis software, based on 3D 

reconstruction of BLI and computed tomography images, treated mice exhibited a median of 

5.5 × 104 cells in femoral BM (data not shown). To provide a reference for highly engrafted 

BM, this calculation was also performed on control mice, which exhibited a median of 3.1 × 

107 cells in femoral BM (data not shown). These values strongly reflect cell counts 

performed using trypan blue exclusion following femoral BM harvest of highly engrafted 

ALL-11-GL mice (median = 2.2 × 107, data not shown), as well as cell numbers observed 

via isolation of murine femoral BM by Mahajan et al. (2016) (35).

While BLI enhanced the sensitivity of disease monitoring compared to PB, there was a 

strong concordance between these techniques in determining overall treatment response. 

BLI values were plotted against PB values where engraftment was measurable in PB, 

showing a significant correlation for both ALL-11-GL (R2 = 0.792, P < 0.0001) and 

ALL-57-GL (R2 = 0.866, P < 0.0001) (Fig. 2E).

BLI allows longitudinal measurement of residual disease during and post-treatment

Given the prognostic importance of early treatment response in ALL (24, 36), the utility of a 

BLI-based MRD measurement was assessed. First, BLI and flow cytometry were compared 

in measuring organ infiltration following treatment. At Day 28 post-treatment initiation, 

representative mice from each treatment group were imaged and immediately humanely 

killed, with blood, BM, spleen and liver harvested to measure %huCD45+ cells. Consistent 

with treatment response observed for the ALL-11-GL 1x VXL-treated group, these mice 

showed low levels of leukemia in all compartments, with a median 0.8% and 0.3% huCD45+ 

cells in BM and spleen, respectively (Fig. 3A). Also consistent with PB responses, the 0.25x, 
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0.125x and vehicle-treated ALL-11-GL groups showed high levels of engraftment in all 

organs (Fig. 3A).

Interestingly, the 0.5x group, which scored a CR by PPTP response criteria, exhibited high 

leukemic burden in BM (median 40.5%) and spleen (median 46.9%), despite a median 1.4% 

huCD45+ cells in PB. Supporting the flow cytometry data, BLI BM values for the 0.5x 

group (median = 2.29 × 109 p/s/cm2/sr) resembled more those of control mice (median = 

2.65 × 109 p/s/cm2/sr) than the 1x group (median = 7.51 × 105 p/s/cm2/sr) (Fig. 3B). This 

was reflected in a one-way ANOVA of BM values, including a multiple comparisons 

analysis, whereby no significant difference in either %huCD45+ or BLI values were 

observed between the 0.5x, 0.25x, 0.125x and control groups (P < 0.05). Applying a clinical 

criteria of complete response (<5% blasts in the BM following 2–4 weeks of treatment) (37) 

to this dataset highlights that only the 1x treatment was sufficiently effective to reflect a 

clinical CR. While brain and spine data were not measured by flow cytometry, BLI data 

indicated persistent disease in regions representative of CNS disease in all groups, albeit 

significantly less so in the 1x cohort. These data suggest that a CR by PB measurements, 

according to PPTP criteria, does not reflect the clinical definition of a CR for ALL-11-GL.

Unlike ALL-11-GL, flow cytometry values for BM burden in ALL-57-GL reflected PB 

values. Median BM values of 0.2%, 2.5%, 6.9%, and 24.8% for the 1x, 0.5x, 0.25x and 

0.125x groups were similar to their median PB percentages of 0.2%, 4%, 7.3% and 15%, 

respectively (Fig. 3C). A similar dose-response was observed in BLI BM values, however 

BLI data showed a >60-fold difference between the 0.5x group (median = 5.97 × 108 

p/s/cm2/sr) and the 1x group (median = 9.89 × 106 p/s/cm2/sr), compared to the 12.5-fold 

difference observed by %huCD45+ values (Fig. 3D).

In contrast, ALL-57-GL spleen samples exhibited >80% huCD45+ cells for all but the 1x 

cohort, which showed a median of 8.9% huCD45+ cells (Fig. 3C). A one-way ANOVA 

comparison of %huCD45+ values showed that the means of all groups were statistically 

different (P = <0.0001), however a multiple comparisons test showed that while the 1x group 

was significantly different to all other groups, and the 0.5x group was significantly different 

from the 0.125x and control groups, there was no significant difference between all other 

comparisons (P = >0.05). This suggests that spleen infiltration at Day 28 for the 0.25x and 

0.125x resembled that of control mice, while the 0.5x group was more similar to the 0.25x 

group than the 1x group.

Median liver infiltration values for all groups except the 1x cohort were >50% huCD45+ 

(Fig. 3C), reflecting the comparably high bioluminescent output observed in these groups 

(Fig. 3D). Despite lower liver engraftment by both flow cytometry and BLI when compared 

to other groups, persistent disease remained in the livers of the 1x VXL treated mice (Fig. 

3C–D). Residual disease in the CNS, measured by BLI, was also present in all groups (Fig. 

3D). These data suggest that relapse in these mice was driven primarily by residual disease 

in hematolymphoid organs, and that Day 28 BM measurements may not be a significant 

enough improvement to existing scoring criteria.
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BLI evaluation of the efficacy of the novel Bcl-2 inhibitor venetoclax

The ability of BLI to increase the stringency of novel drug testing was assessed using the 

Bcl-2 inhibitor venetoclax. This drug was chosen based on previous testing of venetoclax 

and its predecessor navitoclax against a large number of ALL PDXs, with both drugs 

eliciting a broad range of responses (30, 32).

Venetoclax elicited significant regression of ALL-11-GL using PB measures, achieving a 

CR and an LGD of 14.5 days (Fig. 4A and Supplementary Table S1). However, despite 

treatment maintaining <1% huCD45+ cells in the PB for 2 consecutive weeks, the median 

%huCD45+ value increased almost two-fold from Day 7 (0.4%) to Day 14 (0.7%), and 

continued to increase thereafter. Whole animal BLI showed a similar profile to PB 

measurements, highlighting regression in the first week of treatment (log10 fold change = 

−0.26), before the signal began to increase at Day 14 (log10 fold change = −0.23), and 

continued to increase throughout the treatment and monitoring periods (Fig. 4B).

Interestingly, BLI values for BM, brain and liver of treated mice were more characteristic of 

disease stabilization following the initial regression at Day 7, while spine burden continued 

to decrease until Day 21 (log10 fold change = −0.85) (Fig. 4B). The pattern of relapse 

following transient regression observed in whole animal imaging was strongly reflected by 

BLI values from the spleen, suggesting its role in persistent disease through treatment (Fig. 

4B). This was also observed in representative raw bioluminescence images (Fig. 4C). 

Representative mice were humanely killed at weekly intervals throughout treatment to assess 

disease burden in organs using flow cytometry. These results support imaging data, showing 

stabilization of leukemia in the BM and a steady increase in %huCD45+ cells in the spleen 

(Fig. 4D).

Venetoclax showed minimal efficacy against ALL-57-GL, eliciting a score of progressive 

disease 1 (PD1) and an LGD of 6.8 days (Fig. 5A and Supplementary Table S1). While 

median PB values showed regression at Day 14 compared to Day 7, this was not as clear 

based on values for individual mice. Imaging data showed disease regression at Day 7 by 

whole animal imaging (log10 fold decrease of −0.12). This was reflected in imaging values 

for individual organs (Fig. 5B). Persistent disease was also observed throughout treatment in 

raw images of representative mice (Fig. 5C). Importantly, bioluminescent signal from the 

liver appeared to plateau from Day 0 to Day 7 (log10 fold change = 0.01), and thereafter 

increase similarly to controls, suggesting this organ as a reservoir of persistent disease (Fig. 

5B).

Development of novel BLI-based criteria for assessment of drug efficacy

The spectrum of responses achieved using VXL and venetoclax allowed investigation of 

BLI-based criteria to increase the sensitivity and predictive power of drug efficacy testing in 

the ALL PDX model. First, establishment of a BLI surrogate for a clinical CR measurement 

(<5% blasts in BM at Day 28) was investigated, using a BLI-based threshold representative 

of 5% huCD45+ cells in the BM. Imaging values and %huCD45+ data for BM samples 

compiled from VXL experiments were used to model a standard curve, from which a BLI 
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value at 5% huCD45+ cells in the BM was obtained (2.67 × 108 p/s/cm2/sr for ALL-11-GL 

and 1.33 × 109 p/s/cm2/sr for ALL-57-GL) (Fig. 6A–D).

The 1x VXL cohorts for both PDXs were considerably below the cut-off, confirming their 

score of MCR (Fig. 6C–D). For ALL-11-GL, all other VXL treatment groups failed to meet 

this criterion (Fig. 6C), thus the 0.5x group did not achieve the clinical definition of CR, 

despite having scored a CR by PPTP criteria. This distinction is less clear for ALL-57-GL 

samples, as while the cut-off excluded the 0.25x (CR) and 0.125x (PD1) groups, the 0.5x 

group met the criteria despite showing considerably higher BM signal compared to the 1x 

group (Fig. 6D) and persistent disease in the spleen and liver at Day 28 (Fig. 3B).

The BLI-based CR threshold was also applied to venetoclax data, with BM values recorded 

at Day 28 for ALL-11-GL or Day 21 for ALL-57-GL (due to morbidity prior to Day 28). 

Venetoclax treated ALL-57-GL mice showed similar BM signals to the 0.125x VXL group 

(Fig. 6D), consistent with both treatments scoring a PD (PD2 and PD1, respectively) 

(Supplementary Table S1). Interestingly, despite scoring a CR by PB measures, the BM 

values for ALL-11-GL failed to meet the cut-off, with values approaching those of the 0.5x 

VXL group (Fig. 6C). Therefore the application of this additional threshold would preclude 

venetoclax from achieving a CR against ALL-11-GL.

In addition to BLI-based criteria, this study aimed to reassess PB-based criteria to increase 

the stringency of drug testing where BLI is not available. The median log10 fold change 

value for each group was therefore compared to parameters measurable by PB; LGD, time to 

1% huCD45+ in PB (TT1%) and an approximation of log cell kill (log cell kill equivalent, 

LCKe). First, comparison of log10 fold change and LGD showed significant correlations for 

ALL-11-GL (R2 = 0.98, P = 0.001) and ALL-57-GL (R2 = 0.99, P = <0.001) 

(Supplementary Fig. S2A–B) and both PDXs together (R2 = 0.92, P = <0.001) (Fig. 6E). No 

correlation was evident when median %huCD45+ values were plotted against LGD values 

for each treatment group (R2 = 0.29, P = 0.164) (Supplementary Fig. S2E). Second, log10 

fold change data were plotted against each group’s TT1% values, as Day 28 data suggested 

values >1% huCD45+ cells in PB were indicative of considerable leukemia burden in other 

sites. A strong inverse correlation was observed for ALL-11-GL (R2 = 0.99, P = 0.0005) and 

ALL-57-GL (R2 = 0.95, P = 0.026) separately (Supplementary Fig. S2C–D), as well as 

together (R2 = 0.90, P = <0.0001) (Fig. 6F), indicating that the depth of response by BLI is 

predictive of reappearance of leukemia in the PB.

Determination of LCKe values used the equation LCKe = T-C/(3.32 × TVDT) (38), where T-

C is equivalent to LGD (Supplementary Table S1) and TVDT represents tumor volume 

doubling time. TVDT values were determined via interpolation of a standard curve created 

using PB values of control mice (Supplementary Fig. S3A–B). LCKe values ranged from 

0.8–8.8 (Supplementary Table S3), with the values for each treatment group correlating 

strongly with respective log10 fold change values for ALL-11-GL (R2 = 0.98, P = 0.0012) 

and ALL-57-GL (R2 = 0.99, P = 0.0003) (Supplementary Fig. S3C–D), as well as for both 

PDXs combined (R2 = 0.93, P = <0.0001) (Fig. 6G). Combining these data with previous 

clinical CR classifications, each of the three groups scoring a clinical CR achieved a log10 

fold change >1.5, an LGD of >30 days, a TT1% of >30 days and an LCKe of >3.5. These 
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parameters may therefore be used alongside existing scoring criteria to indirectly assess a 

drug’s ability to induce a clinical CR.

DISCUSSION

In this study we report that BLI enhances the sensitivity of treatment monitoring in pediatric 

ALL PDXs, allowing more robust assessment of drug efficacy compared to PB monitoring. 

These data support reports outlining BLI’s ability to sensitively monitor the treatment 

response of leukemia models (15, 16, 39). However, treatments used in those studies were 

relatively ineffective, achieving a maximum reduction of one order of magnitude by BLI, 

and no direct comparisons between BLI data and %huCD45+ values in PB or individual 

organs were provided (15, 16).

In monitoring the efficacy of the VXL regimen, BLI was able to monitor leukemia 

regression over a range of >3 orders of magnitude, while PB measures were restricted by the 

threshold of detection for flow cytometry and the reliance on measuring only circulating 

lymphocytes. This discrepancy was epitomized by BLI enabling measurement of changes in 

disease burden in the ALL-11-GL 1x VXL group during 10 weeks where leukemia was 

undetectable by PB. Moreover, BLI enabled real-time visualization of residual disease, 

allowing determination of timing and anatomical location of relapse.

While identification of sites of residual disease using BLI has been reported previously (15, 

16, 39), there have been no attempts to correlate organ burden measured by BLI with 

traditional methods, such as flow cytometry, across diverse treatment responses. Real-time 

measurements of organ burden by BLI will allow for more comprehensive predictions of 

clinical efficacy, as assessing MRD levels during early treatment is one of the primary 

clinical indicators of outcome for pediatric ALL (4, 20). The significant correlation between 

BLI and flow cytometry allowed the establishment of a BLI-based measurement of 5% 

blasts in the BM, approximating a clinical measurement of CR (37). When applied to VXL 

treatments, the number of objective responses evaluated through PB was reduced from 5 to 

3. Moreover, the threshold also excluded the venetoclax-treated ALL-11-GL group, which 

achieved a CR by PB measurements. It is notable that 3 of 4 groups scoring a CR by PB 

measurements did not meet the 5% cut-off. The venetoclax-treated ALL-11-GL group 

failing to meet BLI-based criteria highlights the benefits of BLI in assessing the efficacy of 

novel agents, and the need for additional stringency in drug efficacy scoring criteria.

It is important to note that novel response criteria such as the threshold of 5% huCD45+ cells 

in the BM of treated mice should be used in concert with other parameters measuring the 

extent of treatment response. The approximation of a clinical CR in the PDX model provides 

a strong indication of drug activity, however the clinical measurement is both an assessment 

of leukemia reduction as well as the regeneration of normal hematopoiesis, which is 

impossible to reflect in PDX models. Future studies may benefit from the adoption of a more 

directly clinically applicable measurement, such as MRD analysis by flow cytometry or 

PCR methods, which may be used to increase the clinical relevance of the Day 28 

measurement.
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The use of BLI also has the potential to allow investigators to test novel compounds in a 

more clinically relevant setting - against residual disease following eradication of bulk 

disease by an induction-type regimen. The use of targeted agents against a lower disease 

burden during this remission period may assist in ensuring that an appropriate amount of 

drug reaches and eradicates all leukemia cells, thereby reducing the chance of cells surviving 

drug exposure and developing drug resistance. Further, BLI may also enable sensitive testing 

of drugs targeting leukemia stem cell (LSC) populations, however these experiments would 

require thorough characterization of such cells with respect to stem cell properties and the 

inherent differences between the proposed LSCs and the bulk leukemia cells.

In addition to enabling quantitation of residual disease, BLI also highlighted differential 

efficacy of venetoclax in different anatomical compartments. Interestingly, disease 

stabilization in the brain and regression in the spine for ALL-11-GL-bearing mice in 

response to venetoclax is consistent with reports this drug is able to infiltrate the CNS (40). 

Spleen involvement observed during treatment is contrary to clinical findings in CLL, where 

venetoclax significantly reduced splenomegaly (41). However, CLL is largely a Bcl-2 

dependent disease and is therefore likely to be more sensitive to Bcl-2 inhibitors compared 

to ALL (42, 43). The ability of BLI to longitudinally monitor organ-specific disease burden 

may prove crucial for testing agents targeting leukemic niches and leukemic stem cells, as 

well as identifying novel drug combinations based on a drug’s ability to target specific 

leukemic niches (44–46). Site-specific drug efficacy has been observed previously against an 

ALL PDX using VXL combined with a CD19-directed antibody drug conjugate, SAR3419. 

Despite clearance of leukemia from PB, BM and spleen, mice succumbed to disease 

harbored within the CNS, purportedly due to the inability of the ADC to cross the blood-

brain barrier (47). CNS-borne leukemia can be monitored using BLI, as shown herein and 

elsewhere (48).

While BLI would ideally become routine in preclinical efficacy testing for pediatric ALL, 

considerable limitations exist with this technique. Lentiviral transduction of PDX cells is 

inefficient, requiring the time consuming protocols used herein and elsewhere (15, 16), 

while some PDXs remain completely refractory to transduction. Developing PDX panels 

representing defined ALL subtypes is therefore limited, as is using BLI for personalized 

medicine approaches whereby mice are used as avatars for a patient’s cancer to inform 

treatment decisions in a clinically relevant time-frame (49, 50). Potential changes to PDXs 

introduced by transduction procedures are also an important consideration. However, a 

number of groups have now reported the development of GFP/Luciferase+ leukemia PDXs 

without significant alterations, as measured by various techniques including targeted 

sequencing of common leukemia-associated mutations, short tandem repeat (STR) and SNP 

analyses and comparative drug sensitivity (15, 16, 18).

In establishing the GFP/Luciferase+ PDXs used herein, ALL-11-GL and ALL-57-GL cells 

were engrafted concomitantly with their respective parental PDXs as passage-matched 

controls, with no significant difference in engraftment rates observed between the 

transduced and parental cells (Supplementary Fig. S4). Further, comparison of gene 

expression profiles between ALL-11-GL cells and ALL-11 cells showed no significantly 

differentially expressed genes using a false discovery rate of 0.1 (L Jones, unpublished data). 
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A comparison of the mean expression values between ALL-11-GL and ALL-11 across all 

34,602 genes assessed by the array was also performed, with no significant differences 

observed (R2 = 0.99, P = <0.0001) (Supplementary Fig. S5). While not performed for 

ALL-57, this comparison was performed for another GFP/luciferase+ PDX, ALL-4-GL, also 

showing no significant differences between transduced and non-transduced cells (R2 = 0.99, 

P = <0.0001) (L Jones, unpublished data).

Additionally, the sensitivity of ALL-11-GL to VXL treatment strongly reflected historical 

data of VXL response for ALL-11 (LGD = 99.7 days) (27). Though it is important to note 

that the comparison using VXL response was for a non-targeted treatment regimen, and it 

has been reported that the production of eGFP may influence, either positively or negatively, 

response to certain targeted therapies (51). The use of targeted agents using these BLI-

enabled PDXs should therefore include either direct comparison to non-transduced cells or 

to historical data of the parental PDX where available.

The limitations in developing BLI-enabled ALL PDXs supports development of stringent 

response criteria based on the BLI data and organ infiltration measurements herein, which 

can be indirectly evaluated using PB measurements. Importantly, determination of a clinical 

CR in this study could be translated to four additional parameters; a log10 BLI fold change 

>-1.5, an LGD >30 days, an LCKe >3.5 and TT1% >30 days, three of which are evaluable 

without BLI. Interestingly, the LCKe threshold is potentially relatable to clinical MRD 

measurements, as a >3.5 log reduction in leukemia burden approximates an MRD value of ≤ 

0.01%, which is indicative of positive outcome (52). Of the criteria proposed herein, 

however, TT1% was perhaps the most important parameter in grouping the ALL-57-GL 0.5x 

group (CR) with the two MCRs, as this measure highlighted that %huCD45+ levels in the 

PB were maintained below 1% for two consecutive weeks following treatment cessation. 

Existing CR criteria require two consecutive weeks <1% huCD45+ cells in PB, however this 

is highly likely to include the treatment period and therefore may not reflect a durable 

response. Therefore the stringency of existing objective response criteria could be 

significantly improved by incorporating the measurement of a clinical CR, requiring a log10 

fold change >-1.5 (where BLI is possible), an LGD >30 days, an LCKe of >3.5 and <1% 

huCD45+ cells in PB for two consecutive weeks following treatment cessation. The 

definition of a CR would then become similar to that of an MCR, which requires PB levels 

<1% huCD45+ cells for the last 3 weeks of the 42-day monitoring period. This additional 

stringency will likely discount the majority of novel agents as, using previous scores of 

MCR for comparison, only 4/57 drugs tested against the PPTP ALL PDX panel have 

achieved an MCR in >50% of PDXs (14). However this may be improved with more 

biomarker-driven testing, as 16/57 drugs induced at least one MCR (14). It is noteworthy 

that the ALL-57-GL 0.5x VXL group achieved a clinical CR despite the presence of 

considerable extramedullary disease, however clinically the prognosis of BM relapse is 

significantly poorer than that of extramedullary relapse (53, 54), supporting the use of the 

BM-based threshold in this study.

In summary, the present study highlights that BLI-enabled PDX models of pediatric ALL 

can significantly enhance the predictive capacity of preclinical assessment of novel drugs, 

and can be used to re-define stringent response criteria based on measurements of leukemic 
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burden in the BM and PB. The more widespread adoption of a minimum log10 fold change 

by BLI (>-1.5), a minimum LGD (>30 days) and LCKe (>3.5), as well as the requirement of 

<1% huCD45+ cells in PB for two consecutive weeks following treatment cessation may 

allow for more confident predictions of clinical efficacy of novel agents, thereby helping to 

ensure that only drugs with the greatest likelihood of success are advanced to clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

Childhood acute lymphoblastic leukemia (ALL) patient-derived xenografts (PDXs) are 

widely used for preclinical assessment of novel agents to inform new agent prioritization 

decisions. Despite the widespread use of these PDXs, uniform criteria for assessing drug 

responses relevant to the clinical setting are yet to be adopted. Methods of assessment 

include enumerating leukemic blasts in the murine peripheral blood over time or 

assessing leukemic infiltration of hematolymphoid organs at specific times post treatment 

initiation and, more recently, bioluminescence imaging (BLI) of lentivirally transduced 

PDXs. This article describes establishing stable luciferase expressing childhood ALL 

PDXs, and provides a detailed analysis of how assessing leukemic burden through BLI 

can enhance surrogate and traditional methods of disease monitoring. The more 

widespread application of these findings in other leukemia models will likely increase the 

stringency with which new drug candidates are evaluated in the preclinical setting for 

advancement into clinical trials.
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Figure 1. In vivo efficacy of titrated VXL doses against ALL-11-GL and ALL-57-GL as 
measured by the percentage of human CD45+ cells in mouse PB
The responses of ALL-11-GL (A) and ALL-57-GL (B) to the combination treatment VXL at 

a range of doses; 1x, 0.5x, 0.25x and 0.125x the doses of vincristine (0.15 mg/kg), 

dexamethasone (5 mg/kg) and L-asparaginase (1000 U/kg). Treatment periods are shown in 

red and blue on the individual graphs. Cohorts are labeled on the legend for each graph set 

and are colored to match the ORM score according to PPTP criteria. Response to each 

treatment is visualized as the %huCD45+ cells in mouse PB for individual mice (left panels), 

the median values for each cohort (middle panels) and the EFS for individual mice, 

represented by Kaplan-Meier plots (right panels).
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Figure 2. In vivo efficacy of titrated VXL doses against ALL-11-GL and ALL-57-GL measured 
by bioluminescence imaging (BLI)
The responses of ALL-11-GL (A, C) and ALL-57-GL (B, D) to the combination treatment 

VXL at a range of doses; 1x, 0.5x, 0.25x and 0.125x the doses of vincristine (0.15 mg/kg), 

dexamethasone (5 mg/kg) and L-asparaginase (1000 U/kg). Treatment began once a median 

of 1% huCD45+ cells in PB was reached for each cohort. Weekly imaging data representing 

whole animal and organ-specific bioluminescence are presented graphically as the median 

bioluminescence intensity for each treatment group (p/s/cm2/sr) (A, B), with treatment 

periods shown in red and blue on the individual graphs and Day 0 represented by a vertical 

dotted line. Cohorts are labeled on the legend for each graph set, with the cohorts colored to 

match the objective response measure (ORM score according to PPTP criteria). Images of 

representative mice for each cohort are shown at weekly intervals throughout the evaluation 

period of 42 days, acquired using the Spectrum CT in vivo imaging system (C, D). Images 

were analyzed using the LivingImage v4.4 software. (E) Where available (>0.1% huCD45+ 

cells), PB data were plotted against matched whole animal BLI values for ALL-11-GL (left 

panel) and ALL-57-GL (right panel) and subjected to Pearson correlation. R, Pearson 

correlation coefficient; P-value, two-tailed P-value of the Pearson correlation.
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Figure 3. Residual leukemia burden at Day 28 post-treatment initiation for ALL-11-GL- and 
ALL-57-GL-bearing mice, as measured by flow cytometry and BLI
Leukemia burden for ALL-11-GL (A, B) and ALL-57-GL (C, D) mice in all VXL treatment 

groups (1x, 0.5x, 0.25x and 0.125x) 28 days post-treatment initiation was measured first by 

BLI (B, D), then mice were humanely killed and blood, femoral BM and spleen samples 

taken for determination of %huCD45+ cells by flow cytometry (A, C). Cohorts are as 

labeled, colored to match the ORM score according to PPTP criteria. Values are shown as 

median + range.
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Figure 4. In vivo efficacy of venetoclax against ALL-11-GL
The response of ALL-11-GL to venetoclax (100 mg/kg) as measured by %huCD45+ cells in 

mouse PB (A), showing median group PB values (left), individual mouse PB values (center) 

and Kaplan-Meier survival plot (right). (B) Efficacy of venetoclax against ALL-11-GL as 

measured by BLI for the whole animal and individual organs (as labeled). Response to each 

treatment is visualized as the median bioluminescence intensity (p/s/cm2/sr) for each cohort. 

The treatment period is shown in red. (C) Images of representative mice from both 

venetoclax-treated and control cohorts are shown at weekly intervals throughout the 

evaluation period of 42 days. (D) Representative ALL-11-GL venetoclax treated mice were 

also harvested weekly throughout the treatment period to assess leukemia burden in the PB, 

BM and spleen. All imaging data were acquired using the Spectrum CT in vivo imaging 

system. Images were analyzed with the LivingImage v4.4 software. Values in (D) are shown 

as median + range.
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Figure 5. In vivo efficacy of venetoclax against ALL-57-GL
The response of ALL-57-GL to venetoclax (100 mg/kg) as measured by %huCD45+ cells in 

mouse PB (A), showing individual mouse PB values (left), median group PB values (center) 

and Kaplan-Meier survival plot (right). (B) Efficacy of venetoclax against ALL-57-GL as 

measured by BLI for the whole animal and individual organs (as labeled). Response to each 

treatment is visualized as the median bioluminescence intensity (p/s/cm2/sr) for each cohort. 

The treatment period is shown in red. (C) Images of representative mice from both 

venetoclax-treated and control cohorts are shown at weekly intervals throughout the 

evaluation period of 21 days (to event). All imaging data were acquired using the Spectrum 

CT in vivo imaging system. Images were analyzed with the LivingImage v4.4 software.
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Figure 6. Development of BLI criteria representative of a clinical complete response
The correlation between BM BLI values and respective %huCD45+ values for harvested BM 

samples was assessed for both ALL-11-GL (A, C) and ALL-57-GL (B, D). Subsequently, 

the BLI value representing 5% huCD45+ cells in the BM (dashed lines in C and D) was 

applied as a cut-off to BLI data for all treatment groups for both ALL-11-GL and ALL-57-

GL. Each data point represents an individual mouse, with the median of the group shown as 

a black line. (E) The median log10 fold change value for each cohort was plotted against 

each group’s respective leukemia growth delay (LGD) value. (F) The median log10 fold 

change value for each cohort was plotted against each group’s respective TT1% value. (G) 

The median log10 fold change value for each cohort was plotted against each group’s 

respective log cell kill equivalent value. R, Pearson correlation coefficient; P-value, two-

tailed P-value of the Pearson correlation.
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