Droplet digital polymerase chain reaction for
DNMT3A and IDH1/2 mutations to improve early
detection of acute myeloid leukemia relapse after
allogeneic hematopoietic stem cell transplantation

Over the last decades, allogeneic hematopoietic stem
cell transplantation (allo-HSCT) has considerably
improved the outcome of acute myeloid leukemia (AML).
Unfortunately, disease relapse remains a frequent occur-
rence, and a major cause of post-transplant mortality.'
Most salvage treatments do not provide encouraging
results when given in morphological relapse. This means
that efforts are aimed at anticipating relapse detection
and treatment to the minimal residual disease (MRD)
stage, and, as a consequence, to identify the optimal
markers and techniques for post-transplantation follow-
up disease monitoring.>

In the present study, we considered three genes that
have recently been identified as recurrently mutated in
AML, sharing a common involvement in the regulation of
DNA methylation: DNMT3A, IDH1, and IDH2.**
Mutations in these genes, and in DNMT3A in particular,
have been reported to occur very early during the step-
wise process of leukemogenesis. These possibly repre-
sent disease founder mutations,® shared by all disease
subclones and stably maintained throughout the patient
longitudinal history until the time of relapse,’® features
which would make them interesting candidate molecular
markers. However, it should also be considered that
these mutations are not specific hallmarks of transformed
cells, and have frequently been detected in the peripheral
blood (PB) of healthy individuals where they are consid-
ered to represent pre-leukemic alterations, acting as a fer-
tile soil for subsequent development of hematologic
malignancies.”™ In line with this model, patients achiev-
ing hematologic complete remission (CR) after sole
chemotherapy have been reported to frequently recover
a hematopoiesis verging on DNMT3A-mutated, but oth-
erwise healthy, progenitors.'""” This suggests that a cau-
tionary approach should be adopted in the use of these
mutations as MRD markers in the post-chemotherapy
setting.

Based on these considerations, we focused our atten-
tion on myeloablative allo-HSCT, a clinical context in
which persistence of a host-derived hematopoiesis, either
normal or pre-leukemic, is not warranted.

An innovative technology, droplet digital polymerase
chain reaction (ddPCR), was used to track mutations of
interest over time. Features of this approach are ultra-
high sensitivity (up to the 0.001% mutated allele fre-
quency) and higher precision than conventional quantita-
tive PCR (qPCR) assays,” which can achieve similar
results only through the use of multiple replicates.”

To select our study population, conventional sequenc-
ing techniques were used to characterize the exonic
regions of interest of DNMT3A, IDH1 and IDH2 in bone
marrow (BM) samples harvested at diagnosis or pre-
transplant active disease from 89 patients who had
received myeloablative allo-HSCT for high-risk myeloid
malignancies at the San Raffaele Scientific Institute,
Milan, between January 2009 and November 2014.
Details of patients’ and transplant characteristics are
summarized in Table 1 (see also Ounline Supplementary
Appendix). Primer sequences and sequencing conditions
are provided in the Online Supplementary Appendix.

Of the 89 patients screened, 30 (33.7%) resulted posi-
tive for at least one mutation in the three genes of inter-
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est, 16 (18%) carrying DNMT3A mutations, 5 (5.6%)
IDH1 mutations, and 13 (14.6%) IDH2 mutations (Table
1 and Figure 1A). The lower frequency of DNMT3A and
IDH mutations in our cohort compared to other studies’
might be explained, at least in part, by the fact that our
cohort included not only cases of de novo AML, but also
secondary and complex cytogenetics AMLs, in which
these mutations are less frequent.”

In particular, 27 patients carried at least one mutation
for which commercial or custom-designed ddPCR assays
were available (DNMT3A R882H and R882C, IDH1
R132H and R132C, IDH2 R140Q and R172K); of these, 5
patients were studied only before transplant (either at
time of diagnosis or at pre-transplant relapse), one only at
post-transplant relapse, 4 both before transplant and at
post-transplantation relapse, and 17 at serial time points
during follow up, including at relapse in the 9 cases in
which it occurred.

ddPCR assays were performed using as template
genomic DNA extracted from patient BM and employing
the Bio-Rad QX100 system with 6 different assays, each
designed to simultaneously quantify the mutation of
interest and its wild-type counterpart in the same sample.
The mutant allele frequency was then calculated using a
Poisson distribution model as the fraction of positive
droplets divided by total droplets containing a target.
Technical validation of these assays set the sensitivity
threshold at 0.1% mutated allele frequency, which also
corresponded to the maximal background positivity
detected in mutation-negative controls (details on ddPCR
assays and validation experiments are provided in the
Online Supplementary Appendix).

All the 26 pre-transplant leukemia samples that typed
positive for the mutations of interest by sequencing also
resulted positive for the corresponding ddPCR assays
(median mutated allele frequency 43.2%, range 0.124%-
48.9%). In the 4 cases with mutations in more than one
gene, the allelic frequencies of the two alterations
showed impressive similarity (r’=0.9964; P=0.0018), sug-
gesting that both were present in the same leukemic
clones.

Interestingly, when we employed the mutated allele
frequency to estimate the percentage of BM cells carrying
the corresponding genomic alteration, in 23 of 26 cases
(88.5%) the population carrying the mutant allele, esti-
mated by ddPCR, consistently exceeded the morphologi-
cal count of leukemic blasts (Figure 1B), implying pres-
ence of the mutations also in morphologically normal BM
cells. This observation suggests either the presence at dis-
ease diagnosis of apparently healthy progeny of mutated
pre-leukemic cells, or a conserved, although limited, abil-
ity of leukemic blasts to differentiate into mature off-
spring. However, since at post-transplantation relapse the
percentage of leukemic blasts and the estimated percent-
age of mutated cells were highly correlated (’=0.4251;
P=0.0115) (Figure 1C), the first explanation appears more
likely.

Notably, all 14 post-transplantation relapses tested still
carried the DNMT3A and IDH1/2 mutations present at
diagnosis, except for one case originally carrying both
DNMT3A and IDH2 mutations and typing negative for
the latter at relapse. This observation further suggests
that DNMT3A mutations represent an earlier event in
leukemogenesis than IDH mutations, and thus, when
present, could represent more stable markers. Of interest,
in the same patient series, stability of NPM1 and FLT3
mutations were 86% and 75%, respectively. Next, we
analyzed ddPCR samples collected longitudinally over
time during the clinical follow up of 17 transplanted
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patients who carried the mutations of interest and for
whom samples harvested at post-transplant hematologic
remission were available. We evaluated the potential use-
fulness of monitoring this eventual persistence over time.
All the patients had achieved hematologic complete

Table 1. Patients' and transplant characteristics.

remission at the BM evaluation performed one month
after the transplant, and underwent morphological and
molecular BM evaluation monthly in the first three
months, then once every three months for the first year,
and yearly after that.

DNMT3A- or Studied longitudinally during follow up (n=17)
All transplants IDH1/2-mutated Relapsed Non-relapsed
(n=89) (n=30) (n=9) (n=8)
) % N. %
Age at transplant, years
Median 52 56 54 56
Range 19-78 25-T7 37-65 46-66
Sex ratio, male/female 1.2 1 0.5 1
Disease diagnosis
De novo acute myeloid leukemia 58 65.2 21 70.0 9 100 4 50
Secondary acute myeloid leukemia 29 32.6 8 26.7 - - 4 50
Myelodysplastic syndrome 2 22 1 3.3 - - - -
Cytogenetics
Favorable 2 2.2 1 3.3 1 1.1 - -
Intermediate 58 65.2 24 80.0 6 66.7 6 75
Adverse 25 28.1 4 13.4 2 22.2 1 12.5
Not available 4 45 1 3.3 - - 1 12.5
Molecular alterations®
FLT3-ITD 21 21.6 8 30.8 4 50 2 29
NPM1 20 29 13 8.1 6 66.7 2 25
DNMT3A 16 18 16 53.3 7 7738 2 25
IDHI 5 5.6 5 16.7 - - 1 12.5
IDH2 13 14.6 13 433 2 22.2 7 87.5
WT1 overexpression 80 93 27 93.1 8 88.9 7 100
Status at transplant
Complete remission, MRD neg 19 213 1 23.3 1 11.1 4 50
Complete remission, MRD pos 17 19.1 6 20 2 222 1 12.5
Active disease 53 59.6 17 56.7 6 66.7 3 375
Donor
HLA-identical sibling 21 23.6 6 20.0 1 111 2 25
Unrelated 18 202 4 13.3 - - 1 12.5
Mismatched related 50 56.2 20 66.7 8 88.9 5 62.5
Conditioning regimens®
Treosulfan-based 75 84.3 23 83.3 8 88.9 8 100
Busulfan-based 12 13.5 5 16.7 1 111 - -
Other 2 2.2 2 6.7 - - - -
Graft source
Unmanipulated PBSCs 76 85.3 25 93.3 8 88.9 7 87.5
Bone marrow 7 79 2 6.7 - - - -
CD34-purified PBSCs 5 5.6 3 10.0 1 11.1 1 12.5
Umbilical cord blood 1 1.1 - - - - - -
Post-transplantation immunosuppression
Sirolimus/MMF 56 62.9 18 60.0 6 66.7 5 62.5
CsA/MTX 20 22.5 6 20.0 1 11.1 2 25
Cs&A/MMF 6 6.7 2 6.7 1 11.1 - -
None 5 5.6 3 10.0 1 11.1 1 12.5
Other 2 22 1 ) - - - -
Relapses
Number of patients 53 59.5 15 50.0 9 100 - -
Time to relapse (days), median (range) 112 (15-995) 86 (17-551) 184 (53-551) -
Transplant-related deaths
Number of patients 12 13.5 4 13.3 - - - -
Time to TRD (days), median (range) 124 (14-542) 87 (48-161) - -
Living non-relapsed patients
Number of patients 24 21 11 36.7 - - 8 100

Follow up (days), median (range) 842 (416-1329)

849 (599-1182) -

879 (606-1061)
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Last follow up referred to 31 March 2015. “Information regarding FLT3 and NPMI mutations and WTI overexpression were available for 76, 69 and 86 patients, respectively.
"All conditioning regimens were performed with myeloablative purpose, employing full-dose alkylating agents or total-body irradiation. PBSCs: peripheral blood stem cells;
MMEF: mycophenolate mofetil; CsA: cyclosporin A; MTX: methotrexate; TRD: transplant-related death.
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Figure 1. Longitudinal ddPCR evaluation of DNMT3A and IDH1/2 after allogeneic hematopoietic stem cell transplantation (HSCT). (A) The dendrogram sum-
marizes presence and association of mutations in DNMT3A, IDH1/2, FLT3 and NPM1 in the study cohort (n=89), clustered based on disease diagnosis and
cytogenetics. Red boxes indicate presence of the mutations, dashed boxes indicate data not available. AML: acute myeloid leukemia; MDS: myelodysplastic syn-
drome. (B) Correlation between the leukemic blast percentage assessed by morphological BM evaluation (on the X axis) and the percentage of mutated cells in
the same sample inferred from ddPCR results (on the Y axis) in samples harvested at disease diagnosis or pre-transplant disease persistence (n=26). The red
dashed line indicates the expected 1:1 linear correlation, dots above the line indicate samples for which the mutated frequency of mutated cells exceeds the
percentage of leukemic blasts. (C) Correlation between the leukemic blast percentage assessed by morphological BM evaluation (on the X axis) and the per-
centage of mutated cells in the same sample inferred from ddPCR results (on the Y axis) in samples harvested at disease relapse (n=14). The red dashed line
indicates the expected 1:1 linear correlation, dots above the line indicate samples for which the mutated frequency of mutated cells exceeds the percentage of
leukemic blasts. (D) ddPCR monitoring of DNMT3A and IDH1/2 mutations in patients who experienced post-transplantation relapse (n=9). Red diamonds indi-
cate time points in which BM morphological evaluation evidenced disease remission, but mutation-specific ddPCR resulted positive. The dashed red line indi-
cates the 0.1% mutant allele frequency positivity threshold. (E) ddPCR monitoring of DNMT3A and IDH1/2 mutations in patients who did not experience post-
transplantation relapse (n=8). Green diamonds indicate time points in which mutation-specific ddPCR resulted positive. The dashed red line indicates the 0.1%
mutant allele frequency positivity threshold.
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Figure 2. Post-transplantation minimal residual disease (MRD) monitoring using different molecular assays. Shown are results obtained during the longitudinal
follow up of 2 representative relapsed patients (left panels) and of 2 representative non-relapsed patients (right panels) employing ddPCR assays specific for
mutations in DNMT3A and IDH1/2 (in black) or qPCR assays specific for the WT1 gene transcript (in green), for host-specific chimerism markers (in cyan), or
for NPM1 mutation A (in purple). The dashed red line indicates the positivity threshold for all four assays. Time of relapse is boxed in red. Results from longitu-
dinal monitoring of an additional 7 relapsed patients and 6 non-relapsed patients are provided in the Online Supplementary Appendix.

Nine of the 17 patients (53%) eventually experienced
post-transplantation relapse (median time to relapse 184
days, range 53-551 days). Seven of these 9 patients were
positive by ddPCR at at least one pre-relapse time point
(78% sensitivity for these assays in relapse prediction)
(Figure 1D). The BM evaluation immediately preceding
relapse resulted positive by ddPCR in 6 of these cases,
and median time from first positivity to relapse was 60
days (range 20-491 days); this could represent a feasible
time frame in which to attempt a pre-emptive treatment.

When we analyzed BM samples harvested from the 8
patients who remained disease-free over the entire
course of their follow up (median follow up 29 months,
range 20-35 months), 6 resulted negative for the muta-
tions of interest at all time points tested (an overall 75%
specificity for ddPCR assays in relapse prediction) (Figure
1E). A total of 4 false positive determinations were seen;
3 of these were accounted for by the early post-trans-
plant time points of a single patient (UPN#68).
Interestingly, when the clinical history of that patient
was retrospectively reviewed, the time point in which
mutations became negative coincided with immunosup-
pressive therapy tapering (Figure 2).

Results from DNMT3A and IDH1/2 ddPCR monitoring
were compared with those obtained from the same BM
samples employing quantitative PCR for NPM1 muta-
tions, for Wilms Tumor gene 1 (WT1) transcript, and for
host-specific hematopoietic chimerism (see Ounline
Supplementary Appendix for details). Longitudinal kinetics
of the different markers appeared to be largely concor-
dant, with mutation-specific assays (qPCR for NPM1
mutations and ddPCR for DNMT3A and IDH1/2) provid-
ing the most reliable results in detecting disease persist-

ence and predicting relapse (Figure 2 and Online
Supplementary Figures S3 and S4). On the other hand, it
should be remembered that mutation-specific assays are
informative in only a fraction of patients, and their tar-
gets might be lost upon disease clonal evolution. In this
context, a multi-gene panel based on each specific muta-
tion of each patient, including leukemia founder events,
might represent the optimal tool to monitor MRD and
provide a clinically meaningful estimate of the risk of
relapse. Moreover, with the highly sensitive techniques
now available, MRD monitoring in PB rather than BM
samples appears worthy of future investigation.

Taken together, our results show that ddPCR monitor-
ing of DNMTB3A and IDH1/2 mutations during clinical
follow up was feasible and enhanced routine gPCR-based
MRD techniques in tracing leukemia dynamics after allo-
HSCT. In conclusion, our findings suggest that longitudi-
nal monitoring of these mutations can be extremely use-
ful in the allotransplantation setting, a context in which
these alterations can be considered markers of undesired
residual pre-leukemic host hematopoiesis. They further
support the pivotal role of DNMT3A and IDH1/2 muta-
tions in AML biology.
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