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1. INTRODUCTION

Acute lymphoblastic leukemia (ALL) is a clonally heterogeneous 
malignancy, defined by abnormal differentiation and prolifer-
ation of lymphoid precursors. In adults, approximately three 
quarters of cases develop from precursors of the B-cell lineage 
(B-ALL), with the remainder of cases consisting of malignant 
T-cell precursors (T-ALL). Significant strides in the biological 
understanding have led to cure rates exceeding 90% in the pedi-
atric ALL cohort [1]. The adult setting continues to lag behind: 
while 70–90% of patients attain a complete remission (CR), 
relapse occurs in 40–50% of cases. Disease relapse remains a 
highly difficult clinical challenge, and the survival in this patient 
group remains poor [2].

In the era of development of new therapeutic options, the use of 
measurable residual disease (MRD) has never been more impera-
tive. ALL was the first disease entity where MRD assessment was 
proven to be a fundamental tool to assess the efficacy of induction 
chemotherapy, to guide therapeutic options and to predict out-
comes. MRD is now an established key factor for risk stratification 
and risk orientated therapy in both the setting of haemopoietic 
cell transplantation (HCT) and patients treated with chemother-
apy alone. MRD allows the identification and quantification of 
sub-microscopic leukemic levels, and it serves as a predictor of 
potential relapse, which has been validated in a number of pro-
spective studies.

2. METHODOLOGIES OF MRD DETECTION

Measurable Residual Disease encompasses a broad spectrum of 
methodologies (Figure 1), with the ultimate aim being to detect 
and quantify residual leukemic cells with increased sensitivity, 
beyond what can be achieved by other available techniques such as 
morphology. The tissue source of choice for assessment is usually 
bone marrow (BM) for both B-ALL and T-ALL, despite reports in 
T-ALL that blood provides a representative population, as opposed 
to B-ALL where MRD levels in blood are known to markedly 
underestimate tumor burden [3].

For the purpose of this review, we will discuss polymerase chain 
reaction (PCR) for immunoglobulin (Ig) and T-cell receptor 
(TCR) gene rearrangements, PCR for fusion genes and transcripts, 
multiparameter flow cytometry (MPFC) and, next generation 
sequencing (NGS). A small single-center study claims that MRD 
data obtained with different techniques has negligible variation: 
whether by flow cytometry or quantitative PCR of patient-specific 
Ig/TCR gene rearrangements, the two methods are largely com-
parable, with 70–80% of samples with MRD levels >10−3 (≤3-fold 
difference) [4].

2.1. PCR for Ig and TCR Rearrangements

The European Study Group on MRD detection in ALL was estab-
lished in 2001, and consists of 65 MRD–PCR laboratories across 
25 countries. Their main aims were to develop and appraise new 
MRD strategies, and to develop robust guidelines for molecular 
analysis, frequency of testing and data interpretation of real-time 
quantitative PCR (qRT-PCR) MRD data with precise cut-offs to 
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define both sensitivity of the assay and positivity or negativity of 
follow-up samples.

This is the most frequently used technique to assess MRD in west-
ern Europe. Ig or TCR rearrangements are physiological events 
that occur as a consequence of the somatic rearrangement process, 
during which a unique receptor sequence is derived through the 
random insertion and deletion of nucleotides at the junctional 
sites of V (variable) – D (Diversity) – J (Junction) gene segments. 
Consequently, during malignant lymphoid proliferation, all leuke-
mic cells will express the same clonal receptor pattern, as they are 
specific to each patient, providing precise patient specific PCR tar-
gets for MRD monitoring [5]. Sensitivities of 10−5 can be achieved 
using this modality. Although Ig rearrangements are mostly found 
in B-cells and TCR rearrangements in T-lymphocytes, both B- and 
T-lineage leukemic cells can display cross-lineage rearrangements, 
which can be used for MRD evaluation [6].

The process involves identification of molecular markers from 
genomic DNA at diagnosis, via PCR amplification. These PCR 
products are usually subjected to heteroduplex analysis to distin-
guish between polyclonal and clonal leukemic-specific arrange-
ments. By DNA sequencing of the clonal PCR fragments junctional 
regions are identified and defined. Also, more importantly, the 
latter allows to develop allele-specific oligonucleotide (ASO) prim-
ers used for qRT-PCR in MRD monitoring. MRD quantification of 
a follow up sample is derived from comparison of measured fluo-
rescence to serial dilutions of diagnostic material in mononuclear 
cells derived from a pool of healthy donors, from which a stan-
dard curve was created. This technology can generate at least one 
single sensitive molecular probe suitable for MRD analysis in over 
90% of pediatric and adult patients. The MRD result is expressed 

as the logarithmic reduction compared to diagnosis. To ensure the 
monitoring of possible multiple leukemic clones, at least two ASO 
primers are usually developed for each patient with a desirable 
sensitivity of 10−4 or 10−5, allowing sensitivities of 10−4 to 10−6 to 
be routinely achieved. This method has been standardized by the 
EuroMRD Consortium [7].

While Ig–TCR rearrangement monitoring is often considered the 
gold standard of molecular monitoring, there are some known lim-
itations. The first is the quality and quantity of DNA obtained at 
diagnosis, as this is needed for each subsequent follow-up MRD 
experiment. The MRD result is documented as the quantification 
related to the diagnostic tumor load. In addition, the quality has to 
be adequate to create standard curves for each follow up evaluation. 
However, clonal evolution of the Ig–TCR rearrangement patterns 
[8] can occur throughout the disease course, due to secondary rear-
rangement processes. This can result in loss of PCR targets, mainly 
in IGH genes and, thus, false negative MRD results.

For approximately 5–10% adult ALL patients, it is not possible to 
perform MRD assessments, as they do not have leukemic-specific 
probes, either because of no Ig–TCR rearrangement detected at 
diagnosis or because the unique VDJ portion or the designed primer 
is not sufficiently specific or sensitive. Also, of note, some immature 
cells do not harbor Ig–TCR rearrangements making them unsuit-
able for analysis. Quantification categories for MRD monitoring 
include ‘positive outside the limit of quantification’ (PQOR). The 
latter would lead to clinical scenarios where treatment decisions 
may be made without a definitive quantification result as the precise 
tumor burden has not been quantified. In addition, there is much 
difficulty in precisely defining the amount of residual disease in sit-
uations where the disease burden is rather low.

Figure 1 | Key features of MRD detection diagnostics in ALL, including PCR methodologies, multiparameter flow cytometry and next generation sequencing.
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2.2. PCR for Fusion Genes and Transcripts

Between 30% and 40% of ALL patients present with chromosomal 
translocations derived from fusion genes. Due to their nature as 
main driver events, present in all leukemic cells, they are ideal 
targets for fusion transcript analysis, providing excellent markers 
for MRD monitoring [9]. Unlike the Ig–TCR, this is a leukemia 
specific approach. Due in part to the fact that a large portion of 
DNA is involved in the translocation breakpoint, a patient specific 
approach would not be indicated in this scenario. The repertoire of 
chromosomal translocations which occurs in the pediatric cohort 
versus that of the adult population differs significantly. While 
ETV6-RUNX1 remains the most common fusion gene found in 
childhood ALL, BCR-ABL is the most common in adults, increas-
ing with older age and occurring at a rate of 25–30% of cases per 
year [10,11].

Although DNA-based techniques have been developed [12], most 
laboratories use RNA to assess BCR-ABL transcript analysis, as it 
requires a small number of quantitative reverse transcriptase PCR 
assays, which are able to achieve high sensitivities of one in 105. The 
same primers can be used for all patients who have the same trans-
location, at diagnosis and during treatment monitoring, allowing 
efficient and rapid analysis. Accuracy can be an issue as there is 
marked patient variability in the number of RNA transcripts per 
leukemic cell and across different cell types within the leukemic 
clone. Thereafter, fusion gene levels detected are compared against 
a standard curve of plasmid DNA containing chimeric transcripts 
at fixed concentrations. While this technique is not standardized 
by EuroMRD, there are clear guidelines for quantification of fusion 
gene transcripts [13].

There are a range of qRT-PCR techniques used by an array of lab-
oratories to determine BCR–ABL levels. Therefore, it is inevitable 
that there will be marked variation in the reported values. While 
this variation is not necessarily an issue when managing an indi-
vidual, in a single center, it does limit the accuracy and makes the 
comparison of BCR-ABL values between laboratories difficult. An 
international reporting scale (IS) was established which removes 
the requirement to determine a baseline value. The IS expresses 
detectable disease as a percentage and is modelled on the scale used 
in the seminal IRIS trial [14]. The International BCR-ABL stan-
dardization group aims to improve the quality and comparability 
of BCR-ABL qRT-PCR testing.

2.3.  Multiparameter Flow  
Cytometry Analysis

Globally this is the most accessible technique of MRD detection. 
Flow cytometry relies on differential antigen expression by B and 
T lymphoblasts. Immunophenotypic profile is determined through 
quantification of fluorescence emission by fluorochrome conjuga-
tion to specific monoclonal antibodies. This approach for MRD 
uses a panel of monoclonal antibodies that bind specifically to 
either surface, cytoplasmic or nuclear antigens to distinguish the 
clonal leukemic population, which can also be referred to as the 
leukemia-associated immunophenotype (LAIP). This method 
requires the initial identification of LAIP at diagnosis. Thereafter, 
the cell marker profile is then compared to a reference BM sample. 

There are other MPFC approaches which do not require knowledge 
of the prior diagnostic immunophenotype [15].

Despite efficient turnaround times, historically this was at a 
cost of reduced sensitivity in comparison to molecular tech-
niques. However, significant developments and advances in 
signal processing and software have led to the increased capa-
bility of MPFC [16,17], which subsequently had a positive effect 
on increased sensitivity [18]. Limitations include the need for 
these samples to be assessed promptly, due to rapid cell death 
after collection. In addition, regeneration of hematopoiesis can 
lead to clinical conundrums as immature lymphoid cells can 
co-express ALL-associated antigens, which can, in fact, lead to 
false positives [19].

Standardization of MRD techniques form the basis for risk strat-
ification of patients and for assessment of whether MRD-based 
treatment intervention is associated with improved outcomes. 
Within Europe, this standardization is supported by the European 
Commission via the EuroFlow Consortium [20].

2.4. Next Generation Sequencing

Although currently used in very few large centers, NGS may become 
the methodology of the future. It uses genomic DNA, which under-
goes fragmentation, after which oligonucleotides are ligated to the 
fragment ends to complete the library preparation step. Thereafter, 
PCR amplification is undertaken, and the produced fragments are 
sequenced.

To balance for cost and complexity of processing, NGS must be 
able to exceed current thresholds of sensitivity, and routinely be 
able to deliver quantification at sensitivities of greater than 10−5, 
which qRT-PCR can reproducibly do. It provides an excellent 
platform for clinical cases with low levels of tumor burden. It is 
estimated that NGS MRD can quantify leukemic burden to a sensi-
tivity level of 10−6 [21]; however, this is dependent on the quantity 
and quality of DNA available. This increase in sensitivity should 
theoretically have a positive impact on patient outcomes, given that 
detection of disease reoccurrence occurs at an earlier time interval. 
However, whether this will translate into a direct clinical impact, 
remains to be seen.

Several studies have highlighted the benefits of NGS in the MRD 
setting. A major one is its ability to re-detect and quantify clonal 
Ig–TCR sequences initially identified at diagnosis, at subsequent 
relapses. Most importantly, NGS provides an extensive insight into 
the residual leukemia burden via all Ig–TCR rearrangements, but 
also allows examination of entire immune repertoire [22]. In addi-
tion, there appears to be a role for MRD–NGS in the context of 
monitoring post HCT, as a predictor of relapse, due to the marked 
specificity of this technique [23]. A number of comparative anal-
yses between qRT-PCR and NGS have shown MRD–NGS to be 
superior at precise prediction of relapse [24].

While at present this is not a routinely used methodology and there 
are currently no standardized protocols, and it may be some time 
before it is established as routine in mainstream clinical settings, 
it not only provides a precise modality to quantify MRD in cases 
where qRT-PCR is unable to do so, but also serves as an accurate 
predictor of disease relapse.
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3.  USE OF MRD IN CLINICAL  
MANAGEMENT

We discuss the use of MRD in three representative case studies. The 
first case is a T-ALL; the other two are patients with B-ALL one 
with Philadelphia negative (Ph−ve) and with the other Philadelphia 
positive (Ph+ve) disease.

3.1.  Case 1: A Patient MRD Negative  
after Phase 2 Induction

A 33-year-old male with no notable past medical history was 
diagnosed with T-ALL. The white blood cell (WBC) count at pre-
sentation was 143 × 109/L. The patient was commenced on com-
bination chemotherapy as per the UKALL-14 protocol (Figure 2). 
Hematopoietic cell donor search was initiated, and his sibling was 
found to be a human leukocyte antigen (HLA) match. The patient 
achieved CR following phase 1, with no major complications 
during the treatment course. Thereafter, he completed standard 
phase-2 induction therapy uneventfully and, while awaiting results 
of MRD analysis determined by Ig–TCR monitoring, proceeded 
to high-dose methotrexate intensification. Subsequently, MRD 
negativity was reported with adequate sensitivity and acceptable 
quantitative range. The clinical decision was made to continue 
maintenance chemotherapy on the UKALL-14 protocol, undergo-
ing three monthly MRD assessments.

T-cell acute lymphoblastic leukemia represents approximately 25% 
of ALL cases and, although it has historically been associated with 
poorer outcomes, more recent studies have shown that this par-
adigm is shifting. The UKALL12/ECOG2993 trial data showed 
the estimated survival data was comparable for both T-ALL and 
B-ALL (48% versus 42% respectively, p = 0.07) [25]. Interestingly, 
the non-transplanted cohort also had similar overall survival (OS) 
at 5 years between both subtypes (40% versus 40%, p = 1.0).

Allogeneic HCT remains a fundamental component in the man-
agement of adult ALL. The UKALL12/ECOG2993 trial, which is 
the largest to date investigating the role of HCT in T-ALL, com-
pared outcomes of patients with HLA-matched donors who were 
assigned to allograft versus patients who did not have a suitable 
donor and were randomized to either continue onto maintenance 
chemotherapy or an autologous stem cell transplant. The estimated 
5-year survival in the T-ALL cohort was reported as 46% for the 
non-transplanted group and 61% for the transplanted group (p = 
0.02), the difference being due to the reduced rate of relapse (51% 
versus 25%, respectively, p < 0.001) [25]. Furthermore, the reported 
relapse risk following HCT was similar between T-ALL and B-ALL. 
The integral value of allogeneic HCT as a part of first line therapy 
in young and fit patients using unrelated matched, cord blood and 
haploidentical donors is well described [26–33].

Despite the clear benefits of allogeneic HCT in this setting, the 
increased rates of non-relapse related mortality (NRM) must be 
taken into close consideration. Of note, NRM in the T-ALL sibling 
matched transplanted group from the UKALL12/ECOG2993 trial 
data was 22% at 5 years, which is in keeping with more recently 
published series [25,34]. The European Society for Blood and 
Marrow Transplantation (EBMT) devised a scoring system predict-
ing survival and NRM in patients with chronic myeloid leukemia 

(CML) in 2011. This was later modified and applied to other hema-
tologic malignancies including ALL [35]. Ultimately, these NRM 
estimations need to be complemented with clinical expertise and 
acumen and carefully balanced against the potential relapse risk.

Certain prognostic factors were identified as being integral to the 
risk stratification of ALL, prior to introduction of MRD moni-
toring. These included age, WBC at diagnosis, and the presence 

Figure 2 | Schema of UKALL14 treatment protocol.
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of characteristic cytogenetic markers [36–40]. For patients with 
T-ALL, treated on the UKALL12/ECOG2993 trial, there was no 
significant correlation between diagnostic WBC and survival. 
However, 96 of 356 patients (27%) with a WBC above 100 × 109/L 
did have a poorer survival at 5 years than patients with a WBC 
of less than 100 × 109/L (p = 0.03). Reduced 5-year survival rates 
were also seen in patients over the age of 35 years and in females 
(p = 0.004 and 0.05, respectively). Immunophenotypic markers 
associated with poorer survival included CD1a and CD13 positiv-
ity. Key cytogenetic findings such as a complex karyotype, t(11;14) 
and del(17p) were also associated with a reduced 5-year survival. 
Mutations in the NOTCH (NOTCH1/FBXW7) pathway in com-
bination with other genetic aberrations have also been associated 
with improved outcomes in T-ALL [25]. The Group for Research 
on Adult ALL (GRAALL) reported significantly improved relapse 
rates and survival in those with NOTCH pathway mutations [41] 
and, although other groups have confirmed this association, the 
lack of statistical significance has limited its use in everyday clinical 
practice thus far [25,42].

The introduction of MRD monitoring has changed risk stratifica-
tion significantly. The technique was initially introduced in pedi-
atric ALL, and early prospective studies demonstrated its role in 
guiding treatment decisions [43–45]. These techniques were sub-
sequently applied to adult ALL with promising results in small 
patient cohorts [46,47]. There have been comparatively fewer stud-
ies investigating the role of MRD specifically in T-ALL, likely due 
to its rarity in comparison to B-ALL. Krampera et al were the first 
to demonstrate the prognostic value of MRD monitoring in T-ALL. 
They used flow cytometric identification of a LAIP at fixed time 
points during the first year of therapy in 53 patients and found it 
to be a useful predictor of relapse at all measured time points [48]. 
Patel et al. [49] provided the first large-scale study investigating the 
role of MRD monitoring in Philadephia-negative adult B-ALL, in 
the setting of HCT [49]. Bassan et al. [50] were the first to attempt 
to utilize MRD status to guide treatment decisions in ALL. MRD 
was evaluated at weeks 10, 16 and 22 using PCR methodologies, 
achieving a sensitivity of 10−4. Thereafter, those failing to achieve 
MRD negativity were allografted, whereas MRD-negative patients 
received maintenance therapy, regardless of any other risk factors. 
Of note, only 112 of the initial 280 patients were MRD evaluable, 
of which a small proportion were T-ALL (n = 22). The 5-year dis-
ease free survival was significantly higher in MRD negative patients 
(72% versus 14%), and MRD positivity was reported as the most 
significant risk factor associated with disease relapse.

The German Multicenter Study Group for Adult ALL (GMALL) 
study risk-stratified patients. High-risk features included WBC  
>30 × 109/L in early or mature T-ALL, MLL-AF41 translocation 
or lack of cytological remission following induction therapy [51]. 
MRD monitoring was conducted at weeks 10 and 16 by Ig–TCR 
rearrangement methods. This showed that MRD negativity con-
ferred a significantly higher probability of continuous complete 
remission (CCR, 74% versus 35%) and survival (80% versus 42%), 
regardless of risk subtype. This excluded the transplanted patient 
cohort. MRD-negative patients had a significantly increased chance 
of CCR and survival compared to MRD positive (70% versus 12%, 
p = 0.0001 and 81% versus 33%, p = 0.0001, respectively). They 
concluded that MRD was the only significant predictive factor for 
both relapse duration and survival, thus demonstrating that alloge-
neic HCT may be avoided in patients who achieve MRD negativity.

Group for Research on Adult ALL retrospectively evaluated 522 
high-risk patients from the GRAALL-2003 and GRAALL-2005 
trials, who either received allogeneic HCT, or maintenance therapy, 
and evaluated their outcomes based on MRD status during first CR 
[34]. Overall, they found no difference in relapse-free survival and 
overall survival between the HCT and non-HCT cohort. A sub-
group analysis based on MRD status showed that MRD-positive 
patients had an increased likelihood of relapse-free survival if 
treatment was consolidated with a HCT (HR 0.4, p = 0.001). These 
outcomes were mirrored in the analysis of T-ALL patients, but did 
not achieve statistical significance. Thus, in conclusion, the MRD 
status was the most important tool to guide treatment decisions in 
first CR, and allografting should be reserved for those who fail to 
achieve MRD negativity.

Based on these data, we considered that the risk of relapse was rel-
atively low in our patient who achieved a MRD-negative remission 
despite a high WBC at presentation. Furthermore, the risk of his 
NRM was not insignificant as his EBMT score was 2 (age above 
20, female donor for male recipient). Therefore, we decided not to 
proceed to allogeneic HCT. The question remained as to whether 
he should be managed with chemotherapy alone or with an autol-
ogous HCT. Although the UKALL12/ECOG2993 trial showed 
superior outcomes with chemotherapy in patients with ALL in 
the intention to treat analysis, this was not observed in the subset 
of T-ALL patients [25]. This was possibly due to a relatively small 
number of patients (n = 99) with T-ALL who were randomized. 
Although the role of autologous transplantation in ALL might be 
reconsidered with the introduction of maintenance chemother-
apy after autologous HCT [52] or in patients with a MRD nega-
tive remission [53], we recommended the chemotherapy option. 
We continue to monitor MRD after each cycle of chemotherapy, 
three-monthly during the maintenance phase and for 12 months 
post completion of treatment.

3.2.  Case 2: A Patient with MRD Positivity 
after Phase 2 Induction

A 46-year-old female was diagnosed with B-ALL with a present-
ing WBC of 25 × 109/L, and was started on UKALL-14 treatment. 
She achieved CR after phase-1 induction with no significant issues 
during therapy. Phase-2 induction was complicated by septicemia 
caused by a fully sensitive Escherichia coli. BM after recovery showed 
complete morphological remission. The patient commenced inten-
sification therapy but, subsequently, the MRD result was reported 
as positive by Ig–TCR monitoring, amid the intensification (meth-
otrexate and asparaginase) course. She was found to have a fully 
HLA-matched unrelated donor. She received two cycles of blinatu-
momab, and achieved MRD negativity after the first cycle, which 
was reconfirmed after the second. She then proceeded to total body 
irradiation (TBI)-based myeloablative matched unrelated donor 
allograft. Three years after the transplantation she remains in CR 
with an undetectable MRD.

It is well established that MRD positivity at the end of the second 
phase of induction chemotherapy is the strongest independent 
prognostic indicator for disease relapse and poor survival, for 
which allogenic HCT in ALL patients under this predicament is 
recommended [34,54]. As in this patient’s case, MRD unfortunately 
remains detectable in approximately 30–50% of adult ALL patients 
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in CR post-induction chemotherapy [2]. In the UKALL-12 trial, 
patients with B-ALL who were MRD positive post phase-2 induc-
tion had a relative risk of relapse of 8.95 (2.85–28.09)-fold higher 
than that of MRD negative patients. The 5-year relapse-free sur-
vival of MRD positive patients was also shown to be significantly 
lower; 15% [95% confidence interval (CI) 0–40%] compared to 
71% (56–85%) in MRD‐negative patients (p = 0.0002) [49]. The 
largest study to confirm poor prognosis associated with MRD pos-
itivity after initial chemotherapy was performed by GMALL and 
discussed in the previous case [51]. This patient therefore had a 
very high risk of relapse and needed allogeneic transplantation as 
supported by multiple studies previously discussed.

However, the MRD status prior to allogeneic HCT is also of great 
significance, as it correlates with overall patient outcomes and 
risk of relapse post transplantation. This has been reported in 
both small retrospective and prospective studies of children and 
adolescents and, subsequently, in the adult population [55–58]. 
This finding was further confirmed in a large meta-analysis by 
Shen et al and on a large registry analysis study performed by 
the EBMT [59,60]. The latter comprised 2780 patients (median 
age 38 years, range 18–72), who underwent a first myeloablative 
allograft in CR between 2000 and 2017. This confirmed that MRD 
positivity was a significant independent factor for lower overall 
survival, leukemia-free survival and for higher relapse incidence. 
This study also concluded that ALL patients, irrespective of their 
MRD status, benefited from TBI-based conditioning compared to 
chemotherapy conditioning [60]. Reduction of the risk of relapse 
is important, as treatment options for post-transplantation relapse 
are limited. A retrospective registry study which focused on the 
outcome of ALL patients who relapsed post-HCT, showed the 
median post-relapse survival was only 5.5 months and the esti-
mated 5-year post relapse survival was 8% [61].

In an attempt to achieve remission prior to subsequent transplan-
tation, we decided to administer blinatumomab to this patient. A 
phase-2 study investigated the efficacy of this bispecific (CD19/
CD3) T-cell engager in MRD-positive B-ALL patients who were 
either molecularly refractory or had a molecular relapse after 
intensive chemotherapy. Of the total 21 patients who were treated, 
16 (80%) achieved MRD negativity. Of these, 12 originally had 
refractory disease despite receiving multi-drug induction regimens 
and high dose consolidation chemotherapy. Therefore, in these 
patients who expressed molecular resistance to chemotherapy, bli-
natumomab was the first agent to induce molecular remission [62]. 
Similarly, a more recent multicenter phase-2 study, which included 
patients with MRD positivity after at least three cycles of intensive 
chemotherapy who then achieved a CR, showed high response 
rates of MRD to blinatumomab. Among the 113 evaluable cases out 
of the potential 116 enrolled patients who received blinatumomab, 
78% were found to have a negative MRD result after just the first 
cycle of blinatumomab. Two additional patients achieved a com-
plete MRD response after cycle 2; no additional patients achieved 
a complete MRD response after cycle 3 or cycle 4. MRD-negative 
patients achieved better survival (38.9 versus 12.5 months; p = 
0.002) and relapse free survival (23.6 versus 5.7 months; p = 0.002) 
compared to those MRD positive [63].

Allogeneic HCT is still necessary after achieving MRD-negative 
remission in these patients. A large proportion (40–65%) of 
patients in studies of blinatumomab proceeded to allografting 

[62,63]. Of those who did not, only a small subset achieved dura-
ble long-time responses without transplantation. It was reported 
that, of the eleven patients in the initial Topp et al. [64] study, who 
had not received an allogeneic HCT, six remained in continued 
CR at a median follow-up of 31 months. Similarly, in the larger 
phase-2 trial, nine (25%) of 36 patients without HCT or chemo-
therapy after blinatumomab remained in continuous CR, with 
a median follow-up of 24.0 months (range, 2.8–41.6 months), 
whereas 36 (49%) of 74 patients with HCT remained in remission 
[63]. Despite its efficacy in eliminating MRD, global use of blina-
tumomab remains limited in this indication due to its cost, almost 
equating to full transplant costs in some countries. It is also not 
entirely clear if achieving MRD with blinatumomab reduces the 
relapse risk to that of patients who achieved MRD negativity with 
chemotherapy alone.

Our patient proceeded to transplantation when in MRD-negative 
remission and recovered well from the procedure. Although all 
was done to reduce the risk of recurrence, this risk still remained. 
Therefore, we monitored her MRD at day +100, and then at three-
monthly intervals for 12 months. Although the value of post trans-
plantation monitoring was first demonstrated in 1998 in children, 
there is little evidence for our schedule. Very early MRD results 
may not be helpful as they do not allow therapy adjustments, or 
there can be false positives due to amplification of comparable 
sequences in regenerated lymphocytes [65]. Investigators in Genoa 
performed a study of post allogeneic HCT MRD monitoring in 23 
adults [46]. Four patients who were negative before transplantation 
remained so long term. Of the 19 pre-HCT MRD-positive patients, 
two died before transplantation, three became PCR-negative at 
first determination within 3 months of HCT and maintained 
their remission, and 16 were PCR-positive at first determination. 
Five of them became PCR-negative later (four with chronic graft- 
versus-host disease and two after donor lymphocyte infusions). 
Nine patients remained PCR-positive (four remained in remission, 
and six relapsed). Subsequently, large pediatric studies confirmed 
the prognostic value of MRD monitoring from day +60 onward 
[66]. Ideally, MRD monitoring should be accompanied by moni-
toring of donor chimerisms to guide immunological interventions 
such as earlier withdrawal of immunosuppression or administra-
tion of donor lymphocyte infusions [67]. Administration of blina-
tumomab maintenance after allogeneic HCT seems to be relatively 
well tolerated, but it is too early to conclude if this approach would 
prevent future relapses [68].

3.3.  Case 3: A Patient MRD Positive  
after Allogeneic Transplantation

A 26-year-old female presented with fevers, dyspnea and bony 
pain. Her full blood count showed a WBC 110 × 109/L and the 
blood film confirmed the presence of lymphoblasts. Further tests 
led to diagnosis of Philadelphia positive (Ph+) ALL. She was started 
on UKALL14 phase-1 induction along with imatinib and achieved 
a complete morphological remission. She received phase-2 induc-
tion and MRD point was undetectable both on MPFC and qRT-
PCR for BCR-ABL-1, at the end of this second cycle. She then 
received a high-dose methotrexate intensification phase. She 
underwent T-cell replete allogeneic HCT after myeloablative TBI-
based conditioning using her HLA identical mother’s cells. She 
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received imatinib maintenance after this with regular MRD mon-
itoring. Twelve months after transplantation her BM qRT-PCR 
for BCR-ABL-1 became positive (0.035% IS) while on 400 mg of  
imatinib. No MRD was detectable by BM MPFC, but her qRT-PCR 
for BCR-ABL-1 was also positive in the blood (0.015% IS). The 
molecular positivity was confirmed on a second sample, and muta-
tion analysis detected a T315I mutation. Ponatinib was started 
and she received a donor lymphocyte infusion. Four weeks later, 
she developed mucocutaneous graft versus host disease, coincid-
ing with her PCR becoming negative. Her GvHD responded to a 
short course of prednisolone and ciclosporin. Ponatinib was dis-
continued after 6 months on her request and the ciclosporin dose 
tapered off over the same duration. Six years after transplantation 
she remains in molecular remission with limited chronic GvHD 
for which she uses topical corticosteroids.
As in other subtypes of ALL, the UKALL12/ECOG2993 trial showed 
superiority of allografting Ph+ patients compared to chemother-
apy alone [69]. Addition of imatinib to the treatment regimen 
in the later stages of the trial improved outcomes and confirmed 
the superior results achieved with allografting [70]. A number of 
other studies have shown similar data, reiterating the benefit of 
allografting, particularly in young and fit adults [71,72]. With the 
addition of imatinib or other tyrosine kinase inhibitors (TKI), a 
large proportion of patients achieved a CR and could proceed to 
allogenic HCT. Introduction of TKIs have also seen a significant 
proportion of patients achieving MRD negativity prior to trans-
plantation. Foa et al reported that MRD negativity after induction 
with dasatinib and corticosteroids correlated with disease-free sur-
vival [73]. Similar observation was made for patients treated with 
imatinib and chemotherapy in Japan [74,75]. Investigators in Korea 
showed that patients who achieved a molecular response after the 
first cycle of imatinib-based chemotherapy had lower relapse and 
higher disease-free survival rates after transplantation [76]. Failure 
to achieve MRD negativity prior to transplantation was associated 
with an increased risk of relapse in recipients of umbilical cord-
blood grafts [77]. Therefore, in patients with detectable MRD, we 
advocate change to another TKI based on ABL kinase domain 
mutation analysis and/or addition of blinatumomab [63,78,79]. 
Allogenic HCT is a potent, long-established strategy, but limited by 
treatment-related morbidity and mortality, as well as donor avail-
ability. Therefore, in older, frail, or unwell patients, and in those 
who do not wish to undergo an allograft, other strategies should 
be considered. Investigators in Houston reported a 3-year event-
free survival of 70% (95% CI 56–80) in 76 patients with median 
age of 47 years who had newly diagnosed Ph+ ALL, treated with a 
combination of ponatinib and intensive chemotherapy. This treat-
ment was not without risk, three patients died from infection, one 
from a hemorrhage, and two from myocardial infarctions while on 
treatment [80]. Achieving MRD negativity is prognostically very 
important in this context; Short et al reported that 51 of 85 patients 
(60%) who became MRD negative at 3 months into intensive che-
motherapy and TKI combination achieved a median survival of 127 
months versus 38 months (p = 0.009) and relapse-free survival of 
126 months versus 8 months (p = 0.007) compared to patients with 
detectable MRD. None of these patients received an allograft at first 
remission and their probability of survival at 4-years was 66% [81].
Patients with Ph+ ALL who achieve MRD negativity may benefit 
from autologous transplantation. A prospective trial by Chalandon 
et al. compared the outcome of 134 MRD-negative patients who 

received allogeneic HCT (n = 90) versus autologous transplanta-
tion (n = 29). Their relapse free survival and overall survival did 
not differ significantly [71]. An EBMT registry retrospective study 
compared outcomes of 502 patients who underwent myeloablative 
allografts with 67 who had autologous transplantation after achiev-
ing a MRD-negative remission. Probabilities of overall survival 
and leukemia-free survival after autologous, matched-related and 
matched-unrelated transplantation were 70% and 70%, 69% and 
52%, and, 55% and 60%, respectively. The respective incidence of 
relapse at 2 years was 47%, 28% and 19% (p = 0.0002) [82].

Although this young patient with high-risk ALL achieved a MRD-
negative CR and underwent a relatively uncomplicated allogenic 
HCT, her risk of relapse remained significant. MRD monitoring 
using qRT-PCR for BCR-ABL-1 has been routinely used after allo-
genic HCT transplantation for CML since the 1990s [83]. Using 
the same techniques, investigators in Seattle showed that detection 
of MRD after transplantation in patients with Ph+ ALL also iden-
tified those destined to have a hematological relapse [84]. As seen 
in CML, early administration of imatinib upon detection of MRD 
could prevent relapse in patients who are TKI responsive [85]. 
Due to reported relative safety of post-transplant administration 
of imatinib, investigators commonly use imatinib prophylaxis after 
transplantation in high-risk Ph+ leukemia [86,87]. Subsequent ret-
rospective and prospective studies confirmed effectiveness of pro-
phylactic imatinib in reducing the incidence of positive MRD [88].

Pfeifer et al. published a randomized comparison of prophylactic 
and MRD-triggered imatinib after allogeneic HCT on behalf of 
the German study group for ALL. Relapses occurred in two of 26 
(8%) patients in the prophylactic arm and in five of 29 (17%) in the 
MRD-triggered imatinib group. These differences were not signifi-
cant in this small study, and the probabilities of survival and event‐
free survival also did not differ significantly. Only 22% of patients 
received the intended imatinib dose of 600 mg daily, whereas the 
majority received 400 mg per day, and over 60% of patients in both 
groups discontinued imatinib prematurely [89]. Our patient did 
not tolerate imatinib doses higher than 400 mg. In keeping with 
the EBMT acute leukemia working party recommendations [88], 
upon detection of MRD we looked for the presence of ABL kinase 
domain mutations and identified a T315I mutation. Early treat-
ment with ponatinib, a TKI known to be effective in patients with 
this mutation, was therefore started together with donor lympho-
cyte infusions.

We observed a discrepancy in the MRD monitoring results 
between MPFC, which was negative, and qRT-PCR for BCR-
ABL-1, which was positive. To investigate this further, we requested 
an Ig–TCR-based MRD test on this patient, as the relevant primers 
were obtained at diagnosis. MRD was then reported as negative. 
Investigators in Prague [12] reported discordance between MRD 
monitoring using standard Ig–TCR gene rearrangements and 
detection of genomic breakpoint between BCR and ABL1 genes 
by DNA-based monitoring. Eight of 32 children with minor BCR-
ABL-1 variants and one out of eight with major BCR-ABL-1 vari-
ants in different cohorts had >1 log higher levels of BCR-ABL-1 
fusion than Ig–TCR rearrangements. This finding may indicate 
the presence of BCR-ABL-1 in cells other than lymphoblasts, sug-
gesting that these patients may have CML presenting in lymphoid 
blast crisis. Similar discrepancies between BCR-ABL1 and Ig–TCR 
MRD monitoring was noted in adult patients [90].
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4.  MRD AND CHIMERIC ANTIGEN  
RECEPTOR T-CELLS

Relapse rate is high in adults with ALL. Fortunately, there have 
been marked developments in therapeutic options for relapsed 
B-ALL over the past decade, including the use of monoclonal anti-
bodies, bispecific T-cell engagers, and chimeric antigen receptor 
T-cells (CAR-T). While these options lend themselves to MRD 
monitoring, the prognostic interpretation of MRD in this set-
ting is not fully understood. CAR-T cells can be either patient- or 
donor-derived. In the latter case, donor T-cells are manipulated 
to express a T-cell receptor which exerts an anti-CD19 cytotoxic 
affect. Clinical studies in both the pediatric and adult setting have 
shown sustained MRD negativity up to 24 months using multipa-
rameter flow cytometry [91]. Yet, conversely, disease relapse is also 
reported in MRD-negative patients, primarily due the mechanism 
of CD19 escape. Hence, while MRD monitoring in this setting is 
highly informative, its definitive role in this scenario is yet to be 
clearly defined. It is well evidenced that pre-transplant MRD status 
strongly correlates with clinical outcomes [55–58]. Therefore, cer-
tainly among high-risk stratified patients, subsequent allogenic 
HCT post CAR-T therapy may provide a promising approach.

5. CONCLUSION

Measurable residual disease assessment has been instrumental in 
evolving the landscape of ALL management, and has made a strik-
ing clinical impact, not only in becoming a key tool in prognosti-
cation and risk stratification, but moreover, imperative to clinical 
treatment decisions. MRD negativity is consistently associated with 
superior survival outcomes as compared to those of patients with 
MRD-positive status, and this trend is universally evident across 
ALL subtypes.

While molecular methods of detecting MRD are well established, 
and many clinicians regard this methodology as being the gold 
standard, the use of MPFC due to ease of accessibility and time 
efficiency is also becoming a more frequently used modality. NGS, 
which is not currently standardised, may however represent the 
future of MRD monitoring, given its ability to overcome certain 
limitations of current standard approaches.

As potential treatment paradigm shift in ALL, in the dawn of avail-
able immunotherapeutic options which undoubtedly will further 
improve MRD negativity rates, the role of MRD is yet to be fully 
understood in these particular clinical settings. However, it is clear 
that MRD assessment will certainly play a fundamental role in trial 
design, moving forward, given its ability to provide early evidence 
of treatment benefit.
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