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Abstract

The criteria to evaluate response to treatment in acute myeloid leukemia (AML) have changed
little in the past sixty years. It is now possible to use higher sensitivity tools to measure residual
disease burden in AML. Such minimal or measurable residual disease (MRD) measurements
provide a deeper understanding of current patient status and allow stratification for risk of
subsequent clinical relapse. Despite these obvious advantages, and after over a decade of
laboratory investigation and pre-clinical validation, MRD measurements are not currently
routinely used for clinical decision-making or drug development in non-APL AML. We review
here some potential constraints that may have delayed adoption including a natural hesitancy of
end users, economic impact concerns, misperceptions regarding the meaning of and need for assay
sensitivity, the lack of one single MRD solution for all AML patients and finally the need to
involve patients in decision making based on such correlates. It is our opinion that none of these
issues represent insurmountable barriers and our hope is that by providing potential solutions we
can help map a path forward to a future where our patients will be offered personalized treatment
plans based on the amount of AML they have left remaining to treat.

After nearly 15 years of methodological validation and fine-tuning, the concept of minimal
or measurable residual disease (MRD) is reaching the point where the collective amount of
data accumulated is now almost sufficient to support integration into overall clinical strategy
and for individualized patient decision-making. This is perhaps best evidenced by the series
of seminars held under the auspices of the FDA in early 2013, where this concept was
debated in different diseases, including AML [1]. The purpose was to evaluate whether this
approach to the extent of remaining disease in our patients should supersede the traditional —
and arguably by and large obsolete — morphological evaluation.
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Given that the literature is replete with reviews on the methodological features and potential
prognostic implications of MRD in AML [2-10] we instead here attempt to distill the data
from the current clinically oriented literature to assemble a picture of how this concept
might be most efficiently integrated into the routine care of our AML patients. Rather than
argue the strong points favoring the use of MRD we instead briefly summarize the problems
facing its clinical integration and suggest ways to speed up this process.

There is no single MRD assay in AML

AML is the prototype of a heterogeneous cancer, the complexity of which is amply covered
in the current literature [11-16]. Consequently, the potential MRD targets in AML are
nearly as diverse ranging from fusion transcripts [17, 18], somatic mutations [19] to
individual [20, 21] or, more recently, combinations [22, 23] of overexpressed genes. With
the emerging NGS option and the increasing use of flow cytometry you should theoretically
be spoiled for choice. This however masks a situation in which the tradition of diagnostic
procedures in a given center often dictates the choice of methodology, be it molecular
biology or flow cytometry. What should be imperative, however, is that whatever method is
applied, it is validated not only per se, but also in terms of continuous proficiency testing in
a multicenter setting.

Next generation sequencing (NGS) is rapidly emerging as a third way of performing MRD
in the hematological malignancies [24-36]. While ideal for identification of clone specific
rearranged immune receptors as found in the lymphoid malignancies NGS faces several
limitations to immediate application in myeloid malignancies. Firstly, identification of
single nucleotide variant mutations present at variant allele frequencies less than 2% is
currently challenging due to the intrinsic error rate associated with this technology although
innovative approaches to overcome this limitation are being developed [37-39]. Secondly,
there is increasing appreciation that somatic mutations recurrently observed in patients with
MDS/AML are not in themselves disease defining and may also be found in such patients
enjoying very long term remissions consistent with cure [40] and even in apparently
clinically healthy older adults [41-44]. The clinical significance of detection of such
mutations as a consequence of clonal hematopoiesis from a potentially pre-leukemic
hematopoietic stem cell pool [16, 45, 46] in otherwise healthy individuals remains to be
fully established. Thirdly, NGS is a rapidly evolving scientific field and the stability and
regulation of “locked down” reagent, technical and bioinformatics pipelines required for
clinical biomarker development is not yet complete [47—-49]. This problem may be
exacerbated by the lack of dominant commercial or academic suppliers of NGS testing for
AML MRD. Despite these limitations, and the fact it currently lacks the validation which
has been afforded gPCR and flow cytometry, we do foresee that NGS will be a major tool in
the management of AML diagnosis and monitoring in the future, given high throughput
capacity and the ability to delineate inter- and intrapatient heterogeneities.

Present status of clinical evaluation of MRD

The value of MRD determination in the clinical setting in AML is at the present time based
predominantly on retrospective data. The clinical value of such high sensitivity
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measurement of remaining disease burden appears to be uniformly positive with the caveat
that the typical approach was not to intervene with additional malignant cytoreduction, but
rather correlate the ultimate course of the disease to an MRD value at a given time, usually
at first CR evaluation or prior to transplantation. Irrespective of the time point chosen MRD
has invariably been shown able to stratify patients in complete remission into distinct
cohorts with different risk of hematological relapse. It is important to realize that this has
been true not only for the 15t CR evaluation setting, but to an equal extent for later ones e.g.
end of consolidation. Importantly this information on the amount of leukemia | eft after
treatment (MRD) can, in some cases, supersede pre-treatment prognostic risk stratification
based on surrogates of disease biology (ie: the biology of the leukemia that was present
before treatment) [50].

What are the constraints that impact AML MRD and its adoption into the

clinical setting?

We realize that incorporation of MRD into routine clinical practice faces several challenges.
Shortly after introduction, the major challenge was the mere fact that it involved new
technologies, mainly the quantitative real-time PCR (qPCR) hardware. As with all other
technological advances, this has been not only made less expensive, but also simplified. The
same concept only partially applies to flow cytometry, where the identification of leukemia-
associated phenotypes (LAIPs) is still a basic scientific challenge despite advances in
hardware similar to those seen for QPCR. Nevertheless, other variables are to our minds of
major concern.

1) Overcoming the natural hesitancy of the end-users

Undoubtedly, the most important hindrance in adopting MRD as a gold standard for
following leukemia patients is a psychological one. Thus, it has been a continuous struggle
throughout the 2000s to convince hematologist colleagues that a conversion to MRD
positivity invariably signals an impending clinical relapse [51-59]. We strongly feel that the
fear of false positivity and overtreatment of potentially already cured patients is over-
emphasized given the above abundant literature with the single caveat that a confirmatory
second positive MRD test taken within 2—4 weeks of the first is necessary to make a
diagnosis of molecular relapse [4].

Support for MRD as “actionable” evidence of persistent disease should come from the
eagerly anticipated results of ongoing clinical trials where MRD is incorporated
prospectively either in a monitor/not monitor setting (e.g. the MRC AML17 trial,
ISRCTN55675535) or in post treatment, risk based, selection of transplant type [60]. In the
meantime data presentation of MRD results remains a challenge, but we have found that the
software package we recently published and which is being used in UK AML trials, has had
a significant impact in explaining MRD data to both clinicians and patients [61].

2) Economics

A second qualm raised about the application of MRD assays concerns the expenditure
entailed. There is a clear incremental cost to performing molecular or flow cytometric
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assessments of post-treatment disease burden in addition to the historical standard of
morphological evaluation. These expenses must be framed however in reference to the cost
of treatment itself; initial induction-related hospitalization costs have been estimated at
around 60,000-80,000 USD [62-64] and the costs of allogeneic hematopoietic stem cell
transplantation have been estimated to be on average approximately 90,000 USD for the
procedure alone (range 26,580 to $200,000 USD) [65-67]. These costs are likely to increase,
for example a course of a single newly developed immune checkpoint inhibitor drug (not
approved for AML but currently in clinical trials) typically exceeds $100,000, with optimal
therapy likely to involve combinations of these agents [68].

In contrast the cost of MRD assessment by molecular and NGS methods is likely to fall with
increasing automation [69] together with increased capacity and decreased hardware costs
[70]. Accurately determining treatment response and triaging to appropriate therapy or
continued surveillance, a clear clinical and ethical imperative, is likely to cost at least one
and perhaps two orders of magnitude less than any therapy given. The “number needed to
test” for cost-neutrality would likely be highly favorable given the considerable economic
consequences of preventing an inappropriate transplant for example. Furthermore, given the
rising costs of drug development and efficiency in the conduct of clinical trials required for
drug approval [71] and increased focus on targeted relapse prevention with maintenance
therapy [72] having quantifiable evidence of efficacy for interventions performed in the
remission setting is likely to have benefit.

3) Assay sensitivity

We are therefore left with more technical issues relating to e.g. sensitivity and data
presentation as constraints for integrating MRD into clinical practice as a routine measure
and not only a tool in treatment protocols. As we have argued elsewhere, the sensitivity
issue is context dependent [3]. Thus, in the vast majority of clinical scenarios the sensitivity
afforded by all assays, be they QPCR or flow cytometry based, will exceed the current
standard of care. Importantly in the low residual disease setting the accuracy of MRD testing
will be limited not by assay sensitivity but rather sampling constraints and threshold setting
[73]. A strictly technical focus on finding “the best MRD assay” most “ready for primetime”
defined by artificial estimates of sensitivity may obscure the clinical reality that most
responses to therapy in AML patients, both in clinical practice and in investigational trials,
are currently measured using criteria not substantially modified since their initial
introduction in 1956[74]. The initial objective should therefore not be to find the
unquestionably one perfect AML MRD assay, but instead adopt standardized easily
comparable response criteria better than that most currently used based only on blast
counting by morphology. Even a one or two log increased sensitivity of disease detection
beyond the current 5% threshold (Figure 1) would likely offer real clinical benefit.

The various ways of describing assay sensitivity for MRD has resulted in some confusion
that is unhelpful to the goals of adoption and standardization. Sensitivity for fusion
transcripts were initially calculated as the ability of a given assay to distinguish a leukemic
cell diluted in either water or a non-leukemia background, for example T-cells. Sensitivity
however should only be defined in the context of thresholds for positivity set based on the
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background target expression levels in real world healthy or regenerating hematopoiesis.
These normal thresholds will vary according to sample source [75] and by MRD target
selected [41-44]. A final additional weakness in claims of sensitivity particularly prominent
in flow cytometry is the practice of not applying any correction to account for the fraction of
total leukemia burden represented by the marker or immunophenotype used to track MRD.
LAIP’s often encompass no more than 5-10% of the original diagnostic sample, with
multiple LAIPs typically reported per patient at presentation [76]. The reporting of the
ability to detect for example 0.1% LAIP positive cells in a remission sample will therefore
lead to a leukemia detection sensitivity of not 1 in 1000, but rather as low as 1 in 50, if the
original LAIP encompassed only 5% percent of the malignant population.

4) Patient heterogeneity and antigenic drift

Acute myeloid leukemia is a broad diagnosis that encompasses a genetically and
phenotypically diverse set of myeloid malignancies [11]. In addition to this inter-patient
variation there is also significant intra-patient variability with the potential multiple
malignant clones to be present within any individual patient at initial diagnosis [16, 75] with
the observation that the predominant clone at presentation is not necessarily the one
ultimately responsible for post treatment relapse and death [15]. While both of these factors
increase the difficulty associated with the adoption of MRD for AML in clinic, neither is
insurmountable.

AML is not a single entity. It is therefore clear that a search for one single universal marker
for MRD assessment in AML is likely to be a suboptimal strategy. An extensive program by
a consortium of 26 European university laboratories was required to standardize QPCR
detection of fusion gene transcripts [17] and by 11 laboratories within the European
Leukemia Network to validate WT1, the lead overexpressed gene candidate for residual
AML detection [76]. More recently MRD assays involving detection of somatic mutations
[27, 54, 59, 77, 78] and QPCR array panels incorporating multiple targets have been
reported in both pediatric [22] and adult [23] AML. While there is no one molecular MRD
assay suitable for all cases of AML, every AML patient has at least one assay that can be
used. Similarly, in the right hands flow cytometry can identify an informative
immunophenotype at diagnosis in the vast majority (95%) of AML patients [79, 80].

There is a justifiable fear that any MRD monitoring target or immunophenotype selected at
diagnosis may be lost at relapse. For molecular targets those mutations occurring later in the
evolutionary development of an AML [16, 81], for example FLT3-1TD [82-84], may be
either gained or lost at relapse. Initiating driver mutations such as the balanced chromosomal
translocations seen in core binding factor leukemia [85, 86] or acute promyelocytic leukemia
[87, 88] and those seen in the epigenetic regulators DNMT3A, TET2 and ASXL1 are more
stable but, as previously stated, may also be found at some level in patients in long-term
remissions [40] and in pre-leukemic cells in otherwise healthy leukemia-free individuals
[16, 41-46]. NPM1-mutation appears to represent a useful and stable marker of AML MRD
[27, 55, 59, 77, 89-91] frequently seen in those with normal cytogenetics [92].
Discrepancies in those leukemia associated aberrant immunophenotypes detectable by flow
cytometry in a patient between presentation and ultimate relapse are very well documented
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[75, 93-96]. While analysis strategies have been developed to mitigate the impact of this
“antigenic shift” they require investment of considerable expertise and effort. There is no
way of denying that flow cytometry of malignant myelopoiesis is far more complicated than
that of e.g. early B-cell development in pre-B ALL or that of detecting the remaining mature
B-cell compartment in patients with multiple myeloma. In our view any universally
acceptable and widely used test of MRD in AML is ultimately likely to be molecular (QPCR
or NGS) rather than flow cytometry based.

5) Involving the patient

Last, but not least, an important component is the patient experience and understanding of
the results of any MRD testing. Remission is defined as the absence of detectable disease,
which is dependent on the sensitivity of the modality used for disease detection (Figure 1).
Traditional response criteria thresholds are based not on any underlying biological reality
but rather on the technical sensitivity of tests used for disease detection, creating a
comfortable but artificial dichotomy between clinical remission and clinical relapse, with the
consequence that two AML patients achieving a “complete remission” may have markedly
different risks of subsequent clinical relapse. Communicating, in a balanced way, the
advantages and limitations of the tools used to track low levels of residual disease requires
deep understanding on the part of the physician and a significant investment of time. Here
the graphic depiction as mentioned above [61] can be of great help (“we have a handle on
your disease™) and it is our experience that once the patient has grasped the concept, much
time can be spared in later out-patient consultations.

It may be possible for a patient in CR to have peripheral blood samples for surveillance
monitoring taken at her/his primary care physician or the referring department. This would
require extra care in ensuring correct tubes are at hand and that the delivery to the lab is
speedy, and inclusion of the internal quality controls for QPCR (inclusion of household
genes as controls) and flow cytometry (inclusion of same tube viability markers) to identify
samples of inferior quality. While sensitivity from bone marrow (BM) samples is superior
for most, BM aspiration is only necessary for a fraction of the MRD assays presently being
used in clinical trials [3, 4]. The time schedule for the interval between each such monitoring
test could be set based on the knowledge of AML subtype relapse kinetics [3, 4, 54, 56, 58].
When an MRD sample turns positive, the procedure adopted by many centers is to test
another PB sample taken in at least two, but no more than four, weeks time. If this shows
unaltered or increasing positivity, the patient should be called in for a BM aspiration, which
will invariably confirm the relapse detected in the PB. The consistent inclusion of MRD in
AML in a setting like the one described will ultimately result in a smoother and more
evidence-based methodology for following these patients. The impact of such an
individualized monitoring strategy on patient anxiety and post-treatment health-related
quality of life (HRQOL) should be studied [97].

How to move forward?

The transitional phase MRD is going through at the present time should be as brief as
possible. In order to accomplish that, it is, however, necessary to realize some issues and
focus on other ones.
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Firstly, the hematology community needs to abandon the antiquated reliance on “blast
counting.” While perfectly appropriate based on the technology available at the time when
first proposed as a measure of residual disease burden in 1956 [74], this is not a biologically
relevant approach on which to make important treatment decisions in the 215 century [6,
98]. Acknowledging that we can no longer reasonably base recommendations to our patients
regarding potentially fatal intervention e.g. allogeneic transplantation (where molecular
biology has advanced our knowledge considerably) solely upon the counting of a few
hundred cells in a stained histology smear is an important first step on the path to change.

Taking the next steps towards incorporating higher sensitivity measurements of residual
disease burden in our routine clinical assessment will, on the other hand, require a
considerable amount of stringency and international cooperation. In this respect, the initial
efforts from the U.S Food and Drug Administration (FDA) to raise in 2013 the possibility of
using minimal residual disease as a surrogate endpoint in acute myeloid leukemia clinical
trials [1, 99] were highly commendable and we await with interest the upcoming written
guidance from this agency on this matter. In Table 1 we outline a few key points, which we
feel are of importance for the hematological community to deal with, preferably in a
coordinated manner internationally. We believe that these goals — while not belonging to the
low-hanging fruit category — are reachable within a few years and that this part of the
process is clearly manageable. What is called for is, however, that steering committees are
established to act as advisors and proponents for those designing new treatment protocols
with MRD endpoints integral to the trial design. Hopefully, such groups will be able to
secure a degree of standardization in applying MRD assays. We propose holding an
international working group meeting on “high sensitivity measurement of acute myeloid
leukemia as clinical endpoints” in 2017 on the fourth anniversary of the FDA workshop to
review progress and reach consensus on what assays can be considered sufficiently robust
and validated to be adopted clinically and which should remain in a developmental research
stage.

Finally, having accomplished that, we will look forward to the day when the MRD
abbreviations can be abandoned. AML disease burden after treatment has been artificially
dichotomized into either “complete” remission or not on the basis of the historical artifact of
the low sensitivity tools used to quantify AML sixty years ago [74]. In reality AML patients
in complete remission have a high diverse clinical status ranging from those definitively
cured to those patients with a huge residual leukemia burden only just less than clinically
obvious relapse (Figure 1) [6]. Therefore while the recent suggestion that the MRD
abbreviation should be retained but renamed not minimal but “measurable” residual disease
[100] is an improvement it would be most honest to also classify any residual leukemia
detected by traditional low sensitivity methods in this same category, acknowledging that
any distinctions between high levels of “MRD” and low levels of clinically evident relapse
are arbitrary and without biological meaning. We would suggest therefore that rather than
try to preserve the acronym it may be more helpful if we simply instead adopted the term
RD (for residual disease) for measurements consistent with the presence of residual
leukemia when found by any methodology including traditional morphology, cytogenetics,
chimerism, gPCR, MFC or NGS. This term may be modified by descriptors of the method(s)
used and estimates of the quantity remaining, but would more honestly reflect our biological
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understanding of tumor burden, better reflect our appreciation that our ability to detect
residual disease is based on the sensitivity of the tools we use to do so, and better signal our

co

nfidence to determine the extent to which our therapeutic ventures have succeeded or not.
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Figure 1. High sensitivity measurements of residual disease burden allows for a more complete
understanding of AML treatment response and clinical “relapse”

A: Standard clinical response criteria mean that most (50-75%) of patients treated with
chemotherapy achieve an initial “complete remission” but many will subsequently relapse.
B: Use of measurable residual disease (MRD) techniques with higher sensitivity than
morphological examination (>5% blasts) for example FISH/chimerism (orange bar, ~1072
sensitivity), flow cytometry or gene expression RQ-PCR (purple bar, ~1074 sensitivity) or
PCR for re-arranged or mutated sequence/next generation sequencing (blue bar, ~1078
sensitivity) allows for better understanding of response to treatment and greater ability to
predict subsequent clinical relapse. Adapted from [6].
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Table 1

Outstanding issues for implementing MRD in clinical decision-making in AML

Issue

Present Problems

Moving forward

Acceptance by clinicians

Understandable reluctance

Awaiting more clinical trials, e.g. AML17

Different platforms

Confusion, particularly for flow

Formalized proficiency testing

Expressing sensitivity

Different approaches

Agreement between working groups of common standard

MRD based decision-making | Scantily applied

Upfront incorporation, e.g. whether to transplant

What method to employ?

Lack of consistency

Initiate prospective comparisons between flow and RQ-PCR

Data reporting

Difficulties in interpretation

Common reporting packages incorporating graphics

Semin Hematol. Author manuscript; available in PMC 2016 July 01.

Page 15



