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CORRESPONDENCE

A refined approach to detect and measure minimal residual disease in
childhood acute myeloid leukemia by flow cytometry

Event-free survival for children with acute myeloid leukemia (AML) ranges between
40% and 60% [1,2]. Risk stratification of patients with AML mainly relies on cytogenetic/
genetic classification and morphological response to induction therapy. However, assess-
ment of response to chemotherapy by conventional morphology is subjective and lacks sen-
sitivity. Thus, high-resolution methods such as real-time quantitative polymerase chain
reaction (RQ-PCR) and flow cytometry (FCM) have been recently proposed to detect mini-
mal residual disease (MRD) [3]. Notwithstanding its high sensitivity, RQ-PCR can be used
only in a fraction of patients and cannot precisely calculate MRD because the amount of

PCR product does not accurately reflect cell number [3]. MRD quantification by FCM has
a significant prognostic value in predicting both risk of relapse and survival [4]. Recently,
FCM has been successfully used for the final risk assignment determining the timing and
the intensity of therapy in childhood AML [2]. The main limitation of MRD monitoring
by FCM is the requirement of highly specialized skills and experience to distinguish MRD
among the different populations arising in the bone marrow in the reconstitution phase fol-
lowing chemotherapy or transplantation [3,5,6]. Limited information is available on FCM
characterization of myeloid developmental stages during normal hematopoiesis [5,6]. This
knowledge is indispensable to discriminate MRD by FCM in AML [3,6].

Here, we describe a simple and most effective approach to detect MRD in AML,
based on the characterization and distinction of normal precursors from leukemia cells.
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Figure 1. (a) Phenotypical characterization of myeloid precursors in bone marrows from healthy child (upper panels), steroid-treated child (middle panels)
and infant with anemia (lower panels). (b) Onset phenotype (upper panels) and example of MRD detection in AML patient (middle and lower panels).
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Figure 1 illustrates a prototypical characterization of the phenotype of myeloid precur-
sors using a 6-color staining with antibodies anti-CD33, CD34, CD117, CD71, CD45, and
HLA-DR. In Fig. la, we show a healthy child bone marrow (upper panels), a steroid-treated
child with rheumatic disease (middle panels) and a 1 month-old infant with anemia associ-
ated to absence of bone marrow erythroid progenitors (lower panels). Monocyte-myeloid
precursors reside in the CD34P°°CD117"* population (blue cells, gate A) whereas committed
precursors of the granulocytes lineage and erythroid lineage are identified as
CD34MCD117P% cells (light blue cells, gate B). The CD347*CD117"® population (asterisk)
corresponds to CD19P* pro-B cells (data not shown). Using our combination of markers,
cells included in gate B can be dissected into three CD33P* myeloid precursor stages, based
on the progressively down-regulation of the HLA-DR component (dark blue, green and
pink cells). The location of these three stages within the CD45-side scatter plot (right col-
umns, dark blue, green, and pink areas), showing the increasing intracellular complexity,
confirms their maturation toward granulocytes. The pro-erythroblast (pro-e) are
CD33"®HLA-DR™® and can be easily identified by their high levels of CD71 (gate B, orange
cells).

Figure 1b shows an example of childhood AML followed from onset until relapse,
first detected 7 months after bone marrow transplantation (MRD 0.3% of live cells gate)
and confirmed 2 months later by relapse (10%). The immunophenotype of blast cells
(red cells) at onset is showed in the upper panels. Leukemia cells closely resembled nor-
mal precursors based on the expression of CD34 and CDI117 (first plot in the left col-
umn) but lacked CD33, HLA-DR, and CD71 (upper plots panel). Cells with this
phenotype do not exist during normal development (compare with examples shown in
Fig. 1a). In the middle panels, blast cells (red cells) appear among the normal precursors
in the reconstituting bone marrow 7 months after transplantation (MRD 0.3%). Leukemic
blasts increased to 10% in bone marrow taken two months later, when normal precursors
had become undetectable. Thus, our approach allows identification and precise quantifi-
cation of rare leukemia cells based on their distinction from normal precursors. This
method also allows to detect and track leukemia cells when information on leukemia-
associated phenotype (LAP) at onset is unavailable and when leukemia cells at relapse are
not identical to the previously defined LAP. Further studies are necessary to evaluate
whether our method to detecting and measuring MRD in AML can be used to improve

patient stratification and assign them to personalized treatment protocols.
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Restoration of response to ruxolitinib upon brief withdrawal in two
patients with myelofibrosis

In 2005, an activating mutation in the Janus Kinase 2 gene (JAK2 V617F) was found
in the majority of patients with primary myelofibrosis, which led to the development of
specific JAK inhibitors [1]. One of these, ruxolitinib, a selective inhibitor of JAK1 and 2,
has recently been shown to improve splenomegaly, disease symptoms, and occasionally
disease burden in myelofibrosis [2-4]. JAK2 mutant clones were found to persist in the
presence of chronic JAK2 kinase inhibition in mouse models [5]. This persistence was
shown to occur via the trans activation of JAK2 by other JAK kinases rather than the
emergence of a compensating JAK2 mutation or an activating mutation in a pathway
component downstream. Importantly, this meant that the observed persistence was
reversible upon temporary withdrawal of the JAK2 inhibitor, at least in vitro [5]. This
reversibility suggests that patients who develop resistance to JAK2 inhibitors may also
become resensitized upon temporary withdrawal of treatment [6].

Here, we describe two case studies that address this hypothesis. The first patient was
a 59-year-old female, diagnosed with primary myelofibrosis. Ruxolitinib treatment was
initiated with an oral 20 mg dose bid (Fig. 1A). At study entry, the patient had palpable
splenomegaly of 19 cm below the costal margin (cm b.c.m, Fig. 1B). After 3 weeks of
treatment, an excellent response was observed in terms of a reduction in spleen volume
to 8.5 cm b.c.m. (Fig. 1B), and the loss of all constitutional symptoms as well as a 2 kg
weight gain. After 6 weeks, the dose was reduced to 10 mg bid due to a decrease in
platelet levels to 81 X 10°/1 and an increase in transfusion frequency caused by the
presence of transfusion-dependent anemia which led to an increase of the spleen size
(Fig. 1A-C). After continuous treatment of 15 mg bid for around 15 months, the spleen
had again increased in size to 20 cm b.c.m, (Fig. 1A,B), and constitutional symptoms
started to reappear. To counteract this, the dose was raised to 20 mg bid (Fig. 1A). How-
ever the subsequent response was marginal and after monitoring over a further 16
months of treatment, the patient was eventually classified as a non-responder.

To prepare for an alternative therapeutic strategy, ruxolitinib treatment was grad-
ually withdrawn over a period of two weeks (Fig. 1A, Supporting Information
Appendix Fig. 2). However, this resulted in a dramatic reappearance of more severe
constitutional symptoms, as well as an increase in leukocyte and platelet counts, lac-
tate dehydrogenase (LDH) levels, and a spleen size of 25 cm b.c.m (Fig. 1B,C, Sup-
porting Information Appendix Fig. 2). Therefore, after 2 days without treatment,
and due to the unavailability of the alternative therapy, ruxolitinib treatment was
resumed at a reduced dose of 5 mg bid (Fig. 1A-D, Supporting Information Appen-
dix Fig. 2). Unexpectedly, even with this low dose there was an impressive response,
particularly of spleen size and LDH levels. Within 11 days, spleen size was reduced
to 14 cm b.c.m. There was also an increase in haemoglobin levels and a decrease in
transfusion dependency (Fig. 1B,D, Supporting Information Appendix Fig. 2). These
effects lasted around 8 weeks.

We also observed similar albeit less pronounced results with a second patient. This
patient, a 73-year-old female diagnosed with post-polycythemia vera myelofibrosis, had pal-
pable splenomegaly (15 cm b.c.m) and excessive constitutional symptoms. The patient was
treated with a 15 mg bid dose of ruxolitinib and after two months the spleen had reduced
to 6 cm b.c.m, and constitutional symptoms had improved. Two months later, hemoglobin
levels had decreased to 8.6 g dI”" and the spleen increased to 11 cm b.c.m. Upon a further
increase in spleen size to 16.5 cm b.c.m, the patient was classified as a non-responder and
ruxolitinib treatment was withdrawn. Again, upon reintroduction of ruxolitinib, the patient
regained response, albeit to a lesser extent than previously seen. Spleen size decreased from
16.5 to 13.0 cm b.c.m, and hemoglobin levels increased from 9.2 to 12.8 g/dl.

In conclusion, two patients who initially responded to ruxolitinib but developed resist-
ance regained response upon temporary ruxolitinib withdrawal. This supports previous
results in vitro, and demonstrates that intermittent ruxolitinib treatment, at least for
some patients, may lead to an enhanced therapeutic response.
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