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Philadelphia chromosome-positive (Ph+) [1] acute lymphoblastic leukemia (ALL) is characterized by the 

reciprocal translocation between chromosomes 9q34 and 22q11. The frequency of the Ph+ ALL increases 

with age (2-5% in children/adolescents, 20% among young adults and more than 50% in patients over 50 

years), representing the most common genetic subset among adults and elderly ALL [2,3]. The advent of 

tyrosine kinase inhibitors (TKIs) has markedly improved the outcome of patients with Ph+ ALL and indeed 

changed the natural history of the disease. At present, TKIs represent the gold standard treatment for patients 

with Ph+ ALL, with or without chemotherapy (reviewed in Foà & Chiaretti, 2022) [4]. While TKIs 

represented a milestone in the treatment of these patients and the more recent combination with 

immunotherapy represents a further step towards cure [5,6], the occurrence of ABL1 mutations is a relatively 

common event which occurs prevalently with first and second generation TKIs. Among the commonest, the 
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most deleterious is represented by T315I, which induces resistance to all TKIs with the exception of the third 

generation TKI ponatinib and is sustained by the substitution of threonine with isoleucine at residue 315 

(T315I) [7].

Sanger sequencing (SS) has, so far, been considered the gold standard tool for BCR::ABL1 KD mutational 

screening, but it has limited sensitivity allowing the detection of mutations only when present in ≥20% of 

cells [8]. The digital droplet PCR (ddPCR) technology, a third generation PCR, may represent a valid 

alternative to SS for the detection of BCR::ABL1 kinase domain (KD) mutations. This technique is highly 

sensitive, accurate and rapid, and given its affordable costs it allows routine testing if compared with next 

generation sequencing (NGS) [9].

In this study, we sought to evaluate if ddPCR is at least as sensitive as SS for the detection of the T315I 

mutation, and if ddPCR can detect the mutation also at very low levels of minimal residual disease (MRD) 

when SS is not applicable, ultimately helping to anticipate relapse.  

To detect the ABL1 T315I mutation on the BCR::ABL1 p190 or p210 mRNA fusion by ddPCR we used the 

20X expert designed assay (Bio-Rad, Hercules, CA). For cDNA synthesis, 1µg of RNA was reverse 

transcribed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen™, CA). Experiments were 

performed according to the manufacturer's instructions and ddPCR was performed as described (Bio-Rad 

Assay ID dHsaEXD39032815). A standard volume of 20 μl of reaction mix with 3 μl of cDNA template was 

used in ddPCR with the Quantalife QX200 ddPCR system (Bio-Rad Laboratories, CA) under the following 

conditions: 95°C for 5 min, 95°C for 30 s, 60°C for 1 min (40 cycles) with a 10 min hold at the temperature 

of 98°C, and a final hold at 4°C. Only experiments with at least 9000 droplets/replicate were considered 

acceptable, and each sample was tested in triplicate to increase sensitivity. Moreover, in each experiment we 

included negative controls, i.e. no template controls (NTCs) and a Ph+ ALL sample negative for the T315I 

mutation. The results were analyzed using the QuantaSoft software version 1.7.4 (Bio-Rad Laboratories, 

CA), according to the manufacturer’s recommendations. Furthermore, variant allele frequency (VAF) was 

calculated as the number of BCR::ABL1T315I copies/(number of BCR::ABL1wt copies + number of 

BCR::ABL1T315I copies) × 100. 

We first evaluated if the assay was adequate for the detection of the T315I BCR::ABL1 KD mutation at low 

MRD levels. To this end, we diluted the cDNA of a T315I positive Ph+ ALL patient, with a MRD value of 

139.4 expressed as BCR::ABL1/ABL1 x 100 to obtain a starting dilution of 13.94 transcript level and then we 

tested serial dilutions up to 10-4. As shown in Figure 1, this assay was capable of detecting the T315I 

mutation at a MRD value as low as 10-3 (0.1394 BCR::ABL1/ABL1 x 100), confirming the reproducible 

sensitivity of the assay. A maximum sensitivity of 10-4 (0.01394 BCR::ABL1/ABL1 x 100) was observed, but 

it did not prove reproducible in all cases. The analysis of the positive droplets (BCR::ABL1T315I) was carried 

out setting the threshold at a >6000 FAM (Carboxyfluorescein) amplitude value to avoid the detection of 

non-specific targets. 

We then evaluated samples from 16 adult patients enrolled in the phase II GIMEMA LAL2116 protocol, 

designed for newly diagnosed Ph+ ALL and based on a chemotherapy-free induction/consoldation strategy 

combining the second-generation TKI dasatinib with the bispecific monoclonal antibody blinatumomab [5]. 
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The BCR::ABL1 KD mutational screening by SS was carried out in all patients at the time of a MRD 

increase, and in 1 patient who had an overt relapse during the induction phase with dasatinib. Overall, of the 

16 patients with a MRD increase (10 during the induction phase, 6 in the consolidation phase), 8 resulted 

wild type (WT) while mutations were detected in 8 patients (7 harboring the T315I mutation and 1 the 

E255K). In the T315I positive patients, the evaluation by ddPCR of the same time-point (TP) samples indeed 

confirmed the presence of the mutation in all cases. More importantly, the analysis of the previous TPs – 

where MRD levels were low ranging from positive-not-quantifiable (PNQ) to 0.94 BCR::ABL1/ABL1 x 100 

– showed that ddPCR was capable of detecting the T315I BCR::ABL1 KD mutation in 6/7 cases; 1 PNQ case, 

proved WT. The median VAF of these patients was 15.7% (range, 4.6-32%). To determine if ddPCR could 

anticipate the detection of mutations compared to SS, the previous TPs were also evaluated by SS in 4 cases 

with available material. In 2 cases the mutation was detected also by SS, while in 2 it could not be found 

(Table 1). Thus, ddPCR proved as reliable as SS, but more sensitive in some cases where SS failed to detect 

the T315I mutation at low MRD levels.

DdPCR for T315I mutation was also performed in cases that showed a MRD increase but proved negative by 

SS, and the absence of mutations was confirmed in all patients; this is also corroborated by the clinical 

follow-up of patients (manuscript in preparation), since only 1 patient, at a median follow-up of 47 months, 

has experienced a relapse (Table 1).

DdPCR is emerging as a sensitive tool for MRD refinement both in Ph- ALL [10] and in Ph+ ALL [11], 

showing in both settings that this assay is at least as sensitive as RQ-PCR and that it can refine MRD 

quantifiability, ultimately anticipating relapse. As a step further, ddPCR can find other applications. The 

detection of ABL1 mutations before the occurrence of an overt hematologic relapse and the rapid switch to 

another TKIs is pivotal for an optimal clinical management of Ph+ ALL patients. Thus, it is fundamental to 

develop and standardize sensitive molecular methods capable of identifying mutations as soon as possible, in 

the setting of a MRD status, in order to avoid therapeutic failures. Our results suggest that the ddPCR 

BCR::ABL1 KD mutation assay shows a good sensitivity and accuracy to detect mutations in the BCR::ABL1 

KD, with a high rate of reproducibility. Furthermore, ddPCR appears useful to predict molecular relapse 

before the increase in MRD at levels for which SS is not sufficiently sensitive. 

In support of our observations, in several studies [12-14] the ddPCR assay has been used to detect a wide 

spectrum of mutations (i.e., MYD88 L265P, JAK V617F, NOTCH1) in different hematologic malignancies. 

Moreover, Soverini and colleagues [9] have shown that in chronic myeloid leukemia ddPCR was able to 

detect and quantify BCR::ABL1 fusion transcripts harboring mutations conferring resistance to second-

generation TKIs; mutations could be detected up to 0.5% and across 3-log BCR::ABL1 levels. The authors 

defined the ddPCR method as a sensitive tool for mutation analysis that provides higher sensitivity compared 

to the standard approaches [9].

While these data are preliminary and additional cases are warranted, their clinical value is extremely 

important since they will allow to change treatment in a biologically-driven manner, being more sensitive 

than conventional SS screening and also considering that, from a methodologic standpoint, ddPCR allows to 

obtain a result in a shorter time compared to NGS, thus allowing therapeutic intervention in a timely manner. 
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As such, ddPCR is being investigated in the context of the ongoing phase III GIMEMA LAL2820 trial 

(NCT04722848), designed for newly diagnosed adult Ph+ ALL, to conclusively define whether ddPCR may 

anticipate relapse, ultimately further improving the outcome of Ph+ ALL patients.
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Figure legend

Figure 1: 2D plots representative results for the T315I BCR::ABL1 KD mutation obtained with serial 

dilutions of the transcript (expressed as BCR::ABL1/ABL1 x 100) from the cDNA of a Ph+ ALL patient with 

T315I mutation. Circles in each box highlight the T315I mutation.

Page 6 of 7

URL: https://mc.manuscriptcentral.com/glal   Email:ILAL-peerreview@journals.tandf.co.uk

Leukemia and Lymphoma

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

 

Figure 1: 2D plots representative results for the T315I BCR::ABL1 KD mutation obtained with serial dilutions 
of the transcript (expressed as BCR::ABL1/ABL1 x 100) from the cDNA of a Ph+ ALL patient with T315I 

mutation. Circles in each box highlight the T315I mutation 

108x60mm (300 x 300 DPI) 

Page 7 of 7

URL: https://mc.manuscriptcentral.com/glal   Email:ILAL-peerreview@journals.tandf.co.uk

Leukemia and Lymphoma

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

  BCR::ABL1 isoform MRD values^ T315I mutation 
by SS

T315I mutation 
by ddPCR 

MRD values^ at 
previous time-point 

T315I mutation by SS 
at previous time-point

T315I mutation by 
ddPCR at previous 

time-point
Last follow-up

1  P210  0.93 WT WT 0.29 / / Alive in CCR

2 P210 11.37 WT WT 10.9 / / Alive in second CR

3 P210  4.3 WT WT 0.05 / / Transplant related death in CCR

4 P190 3.41 WT WT 1.18 / / Alive in CCR

5 P190 0.86 WT WT 0.14 / / Alive in CCR

6 P190 0.28 WT WT 0.17 / / Alive in CCR

7 P190 8.6 WT WT 3.4 / / Alive in CCR

8 P190 0.06 WT WT  PNQ* / / Alive in CCR

9 P190 73.11 T315I T315I 0.01 T315I  T315I  Death for relapse

10 P190 0.22 T315I T315I 0.02 WT T315I  Death for relapse

11 P190 7.63 T315I T315I 0.12 Not available T315I Alive in CCR

12 P190 1.6 T315I T315I 0.05 Not available T315I Death for relapse

13 P210 1.82 T315I T315I 0.11 WT T315I Death for relapse

14 P190 112.3 T315I T315I 0.94 T315I  T315I Death for relapse

15 P190 0.19 T315I T315I  PNQ* Not detected  WT Alive in second CR

*PNQ: positive-not-quantifiable; ^expressed as BCR::ABL1/ABL1 x 100

Table 1. Comparison of SS and ddPCR to detect the T315I BCR::ABL1 KD mutation at MRD increase and at a previous time-point.
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