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Abstract

Assessment of measurable residual disease (MRD) has emerged as a powerful prognostic tool in
pediatric and adult acute lymphoblastic leukemia (ALL). In this single-centre retrospective study,
we evaluated the prognostic relevance of MRD based on BCR-ABL 1 copy numbers in Ph + ALL
patients between 2006 and 2018. Molecular responses were evaluated at 3, 6, 9 and 12 months
after the initiation of treatment. Patients who had their MRD assessed at three or more time points
were categorized into MRD good risk or poor risk based on BCR-ABL 1/ABL 1 copy number ratio.
MRD positive patients consistently showed a trend toward poor survival and on multivariate
analysis, MRD poor risk patients had adverse outcomes when compared to MRD good risk
patients in terms of overall (OS; p=.031) and event-free (EFS; p<.001) survival. In conclusion,
molecular MRD based on BCR-ABL 1 copy number ratio is an ideal prognostic indicator in Ph +
ALL patients undergoing treatment.

Keywords
Ph + ALL; BCR-ABLL1; minimal residual disease; RQ-PCR

Introduction

The Philadelphia (Ph) chromosome resulting from the balanced chromosomal translocation
t(9;22)(q34;q11.2), is the most frequent recurrent cytogenetic abnormality observed in adult
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acute lymphoblastic leukemia (ALL) patients [1]. The resulting BCR-ABL 1 fusion gene
encodes an oncoprotein with constitutive tyrosine kinase activity [2]. Unlike in the pediatric
ALL, where it is rare, nearly one-third of adult ALL patients have the Ph + chromosome
[3,4]. Prior to the incorporation of tyrosine kinase inhibitors (TKI) into the treatment
regimen, the outcome of patients with Ph-positive ALL (Ph + ALL) was very poor with
long-term survival rates of 20% in most studies [5-7]. The addition of TKIs has substantially
improved outcomes in both pediatric and adult Ph + ALL patients and also increased the
percentage of patients who are eligible for allogeneic stem cell transplantation (alloHSCT)

in first complete remission [5,8-11].

Various studies have shown that the presence of measurable residual disease (MRD) is a
strong and independent prognostic factor in ALL, including Ph + ALL treated with
conventional chemotherapy or alloHSCT [12-14]. While molecular responses in ALL are
commonly measured with real-time quantitative Polymerase Chain Reaction (RQ-PCR)
targeting the immunoglobulin/T cell receptor (Ig/TCR) rearrangements, estimating the BCR-
ABL 1 copy numbers is an equally sensitive method to quantify the residual disease burden
in Ph + ALL patients [15,16]. While the importance of MRD in identifying patients who are
likely to benefit from alloHSCT in Ph- ALL is well established, the therapeutic and
prognostic utility of MRD in Ph + ALL is not as well defined [5].

Herein, we report the prognostic value of molecular MRD monitoring based on BCR/ABL 1
fusion transcripts in the adult, adolescent and young adult (AYA) Ph + ALL patients.

Patients and methods

Patients

Adolescent and young adult (AYA) and adult patients who were diagnosed with Ph + ALL
from 2006 to 2018 and had BCR-ABL 1 copy numbers evaluated by RQ-PCR at least once
before the maintenance phase (1= 94) were included in the study. The BCR-ABL1
translocation was detected by standard karyotype and/or fluorescence /n situ hybridization
analysis and the fusion transcript type [ela2 or e13a2 (b2a2) or e14a2 (b3a2)] was
characterized by nested Reverse Transcriptase PCR (RT-PCR) [17]. Patients with karyotype
abnormalities other than t(9, 22) were further stratified into cytogenetic good risk, poor risk
or others as defined earlier [18]. The clinical details including age, WBC count, bone
marrow (BM) blast percentage, transcript type, treatment and transplant status, CNS
involvement and staging, steroid response, baseline karyotype and immunophenotype were
collected from the patients’ records. Molecular responses were evaluated at 3 monthly
intervals at 3 (TP1), 6 (TP2), 9 (TP3) and 12 (TP4) months after the initiation of treatment
irrespective of the transplant status.

MRD assessment by RQ-PCR

Total cellular RNA was extracted from the leucocytes using the QlAamp RNA blood mini
kit (Qiagen GmbH, Hilden, Germany) using the manufacturer’s instructions. The
concentration (ng/uL) and purity of RNA were measured by spectrophotometric
determination of the A260/A280 ratio. Complementary DNA (cDNA) was synthesized using
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random hexamers (Invitrogen, Carlsbad, CA, USA) and Superscript Il reverse transcriptase
(Superscript 11 first strand cDNA synthesis system, Invitrogen, CA, USA). BCR-ABL1
fusion transcript characterization was done by nested RT-PCR to identify the major (e13a2
or e14a2), minor (ela2) and micro (e19a2) types of BCR-ABL 1 fusion transcripts as
reported previously [17]. BCR-ABL 1 transcript copy numbers were assessed by quantitative
Real-Time PCR using Applied Biosystems® 7500 Real-Time PCR Systems as per the
established protocol using both commercial (for e13a2 and el4a2 fusion transcripts) and in-
house plasmid (for ela2 fusion transcripts) standards along with TagMan probes and PCR
master mix (Applied Biosystems, Foster City, CA, USA) [19]. Copy numbers of ABL1and
BCR-ABL 1 fusion transcripts were derived by extrapolating the data from the standard
curve from which the normalized BCR-ABL1/ABL 1 copy number (NCN) ratio was
calculated [20].

Treatment strategies

Majority of the patients received the hyper CVAD regimen or BFM based regimen as the
frontline chemotherapy along with a TKI [16,21]. BFM based regimen was largely used in
adolescents and young adults as reported in our earlier studies [22]. Studies have shown
comparable results with both the treatment regimens with no significant difference in the
outcomes [21]. Few patients were managed with the standard risk modified GMALL
regimen as described earlier by us, owing to their financial constraints [22,23]. The TKI was
administered during the entire maintenance phase and continued indefinitely after that in
these patients. A myeloablative alloHSCT was offered to all the patients at CR1 taking into
consideration the patient’s financial resources and the availability of a suitable donor.

Response and outcome definitions

Complete response/remission (CR) was defined as the presence of less than 5% blasts in the
BM with more than 1 x 10%/L neutrophils and 100 x 10%/L platelets in the peripheral blood
(PB) without any extramedullary disease [24]. Relapse was defined by the reappearance of
more than 5% blasts in a BM aspirate irrespective of the neutrophil and platelet counts or by
the presence of extramedullary disease after achieving CR [24]. Overall survival (OS) was
calculated from the time of initiation of treatment until death or the last follow up [25].
Relapse-free survival (RFS) was calculated from the time of achieving a response until
relapse as defined above [25]. Event-free survival (EFS) was calculated from the beginning
of treatment until an event which includes relapse, death in CR, pre and post-transplant [25].
Major molecular response (MMR) was defined as a BCR-ABL1/ABL transcript copy
number ratio of <0.1% in the BM, and molecular CR/Complete molecular response (CMR)
or negative MRD was defined by the absence of fusion transcripts with a sensitivity of at
least 0.01% (ABL1 copy numbers >10%) or BCR-ABL1/ABL 1 copy number ratio <0.01%
[26]. Patients who had their MRD assessed at three different time points were categorized
into MRD good risk and poor risk groups based on the BCR-ABL 1 copy number ratio
[MRD good risk — persistent MRD negativity or decreasing BCR-ABL1/ABL 1 copy number
ratio and attaining MRD negativity by the third measured time point or earlier. MRD poor
risk — persistent MRD positivity at all the three measured time points or increasing BCR-
ABL1/ABL 1 copy number ratio becoming MRD positive by the third measured time point
or earlier].
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Statistical analysis

Results

Patient characteristics and laboratory indices were expressed as median with range for
numerical variables (age, WBC count, blast percentage) and frequencies (percentages) for
categorical variables (transcript type, immunophenotype antigen expression, secondary
karyotype abnormalities). Statistical significance for the above was derived from the Mann
—Whitney U test and Fischer’s exact test respectively. OS, EFS and RFS were calculated
using Kaplan—Meier analysis and survival estimates were compared by using the log-rank
test [27]. Univariate Cox proportional hazards regression models were used to assess the
association between patient characteristics and survival [28]. Clinically relevant variables
including patient characteristics with p < .10 in the univariate analysis were included in the
multivariate analysis. For all the tests, a 2-sided p value < .05 was considered to be
statistically significant. The analysis was done using IBM SPSS statistics version 24.0
software (SPSS, Chicago, IL).

Patient characteristics

The baseline characteristics of the study cohort are summarized in Table 1. The study cohort
included 94 patients with a median age of 33 years [range: 14—70years]. The median WBC
count, platelet count and BM blast percentage are shown in Table 1. Pre-transfusion
hemoglobin levels (g/dL) were not available for most of the patients and hence hemoglobin
levels were not included in the analysis. The BCR-ABL 1 fusion transcript type ela2 was
seen in 70% of patients while e13a2 or e14a?2 transcripts, which corresponds to p210 fusion
protein was seen in 23.5% of patients. The remaining patients had ela2 fusion transcript co-
existing with either e13a2 or e14a2 fusion transcripts. CD10 (96%), CD34 (95%), and HLA-
DR (99%) expression were seen in most of the patients while CD20, CD13 and CD33
expression were seen in 42%, 48% and 44% of patients respectively. Conventional
karyotyping failed to identify the translocation in 7 patients and the diagnosis was based on
RT-PCR or FISH which showed the fusion signals in varying percentages of cells ranging
from 27% to 95%. Karyotype results were available for 75 patients and apart from t(9, 22),
secondary karyotype abnormalities were seen in 2 or more metaphases in 47 patients. This
includes 9 patients with high hyperdiploidy (good risk) and 20 patients with complex
karyotype or other established poor risk karyotypes. Among the 94 patients, end induction
bone marrow morphology results were available for 88 patients of whom 75 (85.2%) had
achieved CR. MRD results by RQ-PCR were available for 94, 70, 37 and 31 patients at TP1,
TP2, TP3 and TP4 respectively. Among the 94 and 70 patients who had MRD assessed at
TP1 and TP2 respectively, 61 (64.9%) and 39 (55.71%) had a copy number ratio greater than
0.01%. Similarly, among the 37 and 31 patients who had their MRD assessed at TP3 and
TP4, 21 (56.75%) and 11 (35.5%) had a copy number ratio greater than 0.01% respectively.
Eleven (18.03%) out of the 61 patients who were MRD positive at TP1 became MRD
negative at TP2. A total of 62 patients had copy number ratio assessed at three or more time
points and were categorized as MRD good risk (7= 31) and MRD poor risk (/7= 31) as
defined earlier.
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MRD and transplant outcomes

A total of 33 patients underwent transplantation in CR1. The timing of alloHSCT after
achieving CR1 varied depending on the donor availability and patient-related factors with a
median of 6 months from the time of diagnosis [range: 3—14 months]. Sixteen patients
underwent alloHSCT after MRD assessment at TP1 including 11 patients who were MRD
positive. Among the 11 pre-transplant MRD positive patients, 7 became MRD negative post-
transplant (TP2), while all the 5 patients who were MRD negative prior to the transplant,
continued to remain MRD negative at TP2. Four patients from the MRD positive group
relapsed with a median time of 11.5 months from the transplant to relapse (range: 4-22
months) while among the 5 patients who were MRD negative, one patient relapsed 16
months after the transplant. There were 5 deaths in the MRD positive group including 2 non-
relapse mortality (NRM) and 2 deaths in the MRD negative group (1 NRM). Likewise,
among the 15 patients who underwent alloHSCT after MRD assessment at TP2, 12 were
MRD positive pre-transplant. There were two relapses and 7 deaths (6 NRM) in this group
while among the 3 patients who were MRD negative pre-transplant, no relapse was reported
and there were 2 deaths. The remaining 2 patients were transplanted 12 and 14 months
respectively from the date of diagnosis.

Kaplan Meier survival statistics

Hyper CVAD regimen was used in 55 patients while 23 AYA patients received the BFM
based regimen (Table 1). A total of 27 patients relapsed, including 7 patients who relapsed
after alloHSCT and the median time to relapse from the date of diagnosis was 18 months
(range: 2-127 months). There was a total of 38 deaths in the entire cohort. The 5-year OS
and EFS of the cohort was 45.2% (+7.1%) and 35.2% (+6.5%) respectively and the median
OS and median EFS were 46 months and 28 months respectively (Figure 1). The difference
in survival at different levels of copy number ratio at TP1 and TP2 are shown in
Supplementary Figure 1. The 5-year OS and EFS in patients with high MRD levels (BCR-
ABL1/ABL1 copy number ratio >1%) at TP1 were only 25.7% (£11.8%) and 25.3%
(£10.7%) respectively whereas at TP2 the 5-year OS and EFS were 16.7% (£14.2%) and
11.4% (+10.7%) respectively when the copy number ratio was >1%. When the patients were
segregated into two groups — MRD positive and MRD negative with 0.01% as the cutoff as
described earlier, MRD negative patients consistently showed a near significant trend toward
improved survival (OS and EFS) when compared to MRD positive patients at TP1 (Table 2).
Among the 61 patients who were MRD positive at TP1, 47 had the MRD assessed at TP2.
When we compared the kinetics of MRD at successive time points (TP1 and TP2) by
including 32 patients who were MRD negative at TP1 (one patient who was MRD negative
at TP1 had no follow up after 4 months and was excluded) and the 47 patients who were
MRD positive at TP1 and had their MRD assessed at TP2, patients who achieved early MRD
negativity (TP1) had the best prognosis while patients who were persistently MRD positive
at both the time points had the worst survival (Figure 2 and Table 3).

Univariate and multivariate analysis of OS and EFS using cox models

The study variables with a significant (p < .05) or near significant (p < .1) association with
OS and EFS were selected for multivariate analysis (Table 2). Although parameters like
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older age at diagnosis (>40 years), high WBC count (>30,000/uL), high blast percentage
(>90%) and low platelet count (<1,00,000/uL) showed a trend toward poor OS and/or EFS,
no statistically significant correlation could be achieved. Presence of additional poor risk
karyotypes was associated with shorter OS [Hazards Ratio (HR) = 2.5; 95% Confidence
Interval (CI) = 1.25-4.99; p=.009] while failure to achieve CR at the end of induction had a
near significant association with EFS [HR = 2.1; 95% CI = 0.99-4.69; p = .054]. Persistent/
positive MRD (copy number ratio >0.01%) had a significant/near significant association
with OS and EFS at TP1 (3 months) and TP3 (9 months)] as shown in Table 2. No definitive
conclusion could be drawn from the MRD data at time points TP3 and TP4 due to the small
number of patients. Patients categorized as MRD poor risk had a significantly shorter OS,
RFS and EFS compared to the MRD good risk patients [OS: (HR = 4.2; Cl = 1.94-9.33; p
<.0001), RFS: (HR =5.5; Cl = 2.00-15.21; p < .001) and EFS: (HR = 5.1; Cl - 2.39-10.91;
p <.0001)] (Figure 3, Table 2). Upon multivariate analysis, only the MRD risk stratification
was statistically significant for both OS (HR =2.9; Cl = 1.10-7.84; p =.031) and EFS (HR =
5.4; Cl = 2.23-13.23; p < .001) while presence of additional poor risk karyotype
abnormalities showed a trend toward poor OS (HR = 2.2; Cl = 0.89-5.45; p = .086).

Discussion

The potential role of MRD in predicting the treatment outcomes is well established in both
pediatric and adult ALL patients [13,29]. Various studies have shown that MRD measured
by flow cytometry or PCR based methods has a significant role in predicting the risk of
relapse and hence can be used for the refinement of treatment stratification [30,31].

The 5-year OS (45%) and EFS (35%) of our cohort are comparable to various published
studies on adult Ph + ALL in the post TKI era [32]. The treatment studies have shown
comparable results with both hyper CVAD regimen and the BFM based regimen with no
significant difference in the outcomes between the two regimens [33,34]. The molecular
responses and the survival rates appear to improve with each successive generation of TKIs
[1,29,35,36]. Unlike in CML where the transcript type has a strong impact on the survival
outcomes, we did not find any difference in OS or EFS between ela2 and other fusion
transcripts [37]. A subset of Ph + ALL patients (6% in our cohort) may have more than one
fusion transcript identified at diagnosis (usually ela2 in concurrence with either e13a2 or
el4a2). The second transcript is usually a result of alternative splicing and in such patients,
it is important to identify the dominant transcript for follow up. When the t(9, 22) is not
detected by karyotype and/or FISH, it is important to determine the BCR-ABL 1/ABL 1 copy
number ratio by RQ-PCR at diagnosis. In this study, there were 2 patients with normal
karyotype who had fusion signals in less than 50% of the cells when analyzed by FISH.
Although rare, the possibility of additional clonal events contributing to the leukemogenesis
cannot be ruled out in such patients. Flow cytometry could be a better option for MRD
detection when compared to stand-alone molecular MRD targeting the fusion transcripts in
cases where there is evidence of bi-clonal leukemia.

Although study parameters like older age at diagnosis, high WBC counts, high BM blast
percentage and low platelet counts showed a trend toward poor survival (OS and/or EFS),
there was no statistical significance for the same unlike our earlier studies in adult ALL
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patients [23]. This could be because of the sample size limitation and the fact that the current
study includes only a poor cytogenetic risk ALL subgroup, defined by BCR-ABL1
translocation, which probably attenuates the impact of the above-mentioned parameters on
survival. Interestingly, the presence of additional poor risk karyotypes like near haploidy or
complex karyotypes further worsened the overall survival in these patients.

Studies have shown conflicting results regarding the association between rapid molecular
clearance (End induction BCR-ABL 1 copy numbers <0.01%) OS or EFS in Ph + ALL
patients treated with imatinib + chemotherapy or alloHSCT [16,26,38]. The discrepancy
could be attributed to the fact that longer time is required to reach a transcript/RNA based
BCR-ABL 1 response as compared to the DNA-based 1g/TCR response [32]. We did not
have the end induction copy number levels for many of our patients and hence it was not
included in the analysis. Earlier studies have shown that molecular responses at 3 months
had the maximum impact on survival and long term outcomes in Ph + ALL patients [26]. In
our study, MRD positivity at TP1 (3 months) showed a trend toward poor outcomes in terms
of both OS and EFS (Table 2). When we looked at the MRD Kinetics, patients who
persistently had BCR-ABL 1 copy number ratio >0.01% at both TP1 and TP2 had very poor
outcomes when compared to patients who achieved MRD negative status at TP1 or at TP2
(Figure 2 and Table 3). This clearly shows that even in a subgroup of poor risk ALL patients,
MRD is an ideal tool to identify patients who will have a better survival outcome with the
same line of management.

Conclusion

Quantifying MRD by BCR-ABL 1 copy numbers is an ideal tool to monitor treatment
responses in Ph + ALL patients and persistent MRD positivity is associated with inferior
survival in patients treated with chemotherapy + TKI and/or alloHSCT. Large, prospective
trials using MRD-based risk stratification is required to elucidate whether MRD can be used
as a tool to decide the ideal management for an individual patient and the need for post-
remission alloHSCT in Ph + ALL patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Kaplan Meier estimate of the overall survival (OS) and event-free survival (EFS) of the

entire cohort. The median OS and EFS were 46 months and 28 months respectively.

Leuk Lymphoma. Author manuscript; available in PMC 2021 July 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Arunachalam et al.

p=0.088

Page 12
1.
== MRD-at TP1 4 == MRD-atTP1 s MRD- at TP1
m==  MRD+at TP1 & MRD- at TP2 w==  MRD+ at TP1 & MRD- at TP2 " me  MRD+ at TP1 & MRD- at TP2
== MRD+at TP1 & TP2 08 == MRD+at TP1 & TP2 ' == MRD+at TP1 & TP2

p=0.097 p=0.055

0 24 48

n % 120 144 0 2 48 7 9 120 144 0 2 P 7 % 120 144

Time(months) Time(months) Time(months)

Figure 2.
Kaplan Meier survival estimate comparing the kinetics of MRD across TP1 and TP2. (Cutoff

for MRD positivity is = 0.01%). Patients who were persistently MRD positive at TP1 and
TP2 had a poor OS, RFS and EFS when compared to the patients who achieved MRD
negativity either at TP1 or at TP2. (p value for the entire cohort is shown here while p value
between the individual subgroups in this comparison is shown in Table 3).

Leuk Lymphoma. Author manuscript; available in PMC 2021 July 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Arunachalam et al. Page 13

101 107
1,01
wees MRD poor risk w—= MRD poor risk w=  MRD poor risk
081 === MRD good risk 081 === MRD good risk === MRD good risk
081

061

061 il
g o 2
0 e w

041
0.4] o

02]
021 02

<0.0001
p p=0.001 p<0.0001

0.0 " " T " - - 00

. : ‘ s : . z 0 y - - - - "
0 % 8 72 9% 120 144 0 2% 48 7 % 120 144 s > 75 e pe 7 7
Tstomontbs} Time(months) Time(months)
Figure 3.

Kaplan Meier survival estimates showing the difference in OS (a), RFS (b) and EFS (c)
between MRD good risk and MRD poor risk patients.
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Table 1
Baseline demogr aphic characteristics, treatment protocols used and response to ther apy
(n=94).
Parameters Statistics
Age (years) Median: 33 Range: 14-70
Male/Female 48/46
BCR-ABL Fusion transcript type -
ela2 66 (70%)
others 28 (30%)
WBC count (per uL) Median: 34,200
Range: 1400-477,000
Blast percentage (%) Median: 90
Range: 28-100
Platelet count (per pL) Median: 39,000
Range: 4000-413,000
CD20 expression -
Positive 28
Negative 29
Not available 37
Additional chromosomal abnormalities 47 (50%)
Good risk 9 (9.5%)
Poor risk 20 (21.3%)
Others 18 (19.1%)
CNS Staging [I/11/I11/NA] 71/3/4/16
Treatment regimens -
Hyper CVAD 55 (58%)
Modified GMALL 16 (17%)
BFM based protocol 23 (25%)
End Induction marrow -
Complete remission (CR) 75 (80%)
No CR 13 (14%)
Not available 6 (6%)

Time from diagnosis to transplant (months)  Median: 6
Range: 3-14 months

WBC: white blood cells; CD: cluster of differentiation; CNS: central nervous system; CVAD: cyclophosphamide, vincristine, doxorubicin
(adriamycin), and dexamethasone; GMALL: German multicentre acute lymphoblastic leukemia; BFM: Berlin Frankfurt Munich.
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Table 2
Study variableswith a significant/near significant association with poor overall survival
(OS) and event free survival (EFS) on univariate analysis.

Survival Characteristics p-value Hazardsratio 95% Confidenceinterval
oS Additional poor risk karyotype .009 25 1.25-4.99

MRD at TP1 (n=94) .089 2.2 0.83-3.46

MRD at TP3 (n = 37) .026 4.9 1.08-10.48

High risk MRD <.0001 4.2 1.94-9.33
EFS End induction (marrow): No CR .054 2.1 0.99-4.69

MRD at TP1 (n = 94) .069 2.9 0.91-3.32

MRD at TP3 (n = 37) .010 6.6 1.26-11.66

High risk MRD <.0001 5.1 2.39-10.91

MRD: measurable residual disease; TP1: time point 1; TP3: time point 3; CR: complete remission
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Table 3
Survival outcomes based on the kinetics of MRD at TP1 and TP2.

Survival MRD kinetics p-value HazardsRatio 95% Confidence Interval
oS MRD -veat TP1vs MRD -ve at TP2 .615 13 0.45-3.79
MRD -veat TP1vs MRD + ve at TP1 & TP2 .037 2.2 1.05-4.83
EFS MRD -ve at TP1vs MRD -ve at TP2 470 14 0.54-3.77
MRD -veat TP1vs MRD + ve at TP1 & TP2 .021 2.2 1.13-4.46
RFS MRD -ve at TP1vs MRD -ve at TP2 .626 14 0.36-5.43
MRD -ve at TP1vs MRD + ve at TP1 & TP2 .042 2.6 1.03-6.71

Page 16

OS: overall survival; EFS: event free survival; RFS: relapse free survival; MRD: measurable residual disease; TP1: time point 1; TP2: time point 2.
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