
Articles                                                                                            Chronic Myeloproliferative Disorders

722 haematologica | 2013; 98(5)

Introduction

BCR-ABL-negative myeloproliferative neoplasms (MPN)
are heterogeneous stem cell disorders with a variable risk of
progression to secondary acute leukemia and to bone mar-
row failure due to bone marrow fibrosis.1 Allogeneic stem cell
transplantation (SCT) is currently the only potentially cura-
tive procedure, but is still associated with significant mortali-
ty and morbidities.2-4 The curative potential of SCT relies
heavily on the graft-versus-leukemia effect.5-7 This has led over
the past decade to the adoption of reduced intensity condi-
tioning SCT and to new curative possibilities even for elderly
patients.8-11 However, following SCT 30-50% of all patients
relapse and most of them die.12,13 Immunmodulation by titra-
tion of immunosuppression or use of donor lymphocyte infu-
sions has been investigated in different diseases and may pro-
vide an option for avoiding hematologic relapse early after
SCT.14,15 Such interventions, however, are only successful dur-
ing early relapse and rely on the availability of appropriate
techniques for monitoring molecular markers of the underly-
ing disease. To date, molecular monitoring in patients with
MPN has been limited, with real-time polymerase chain reac-
tion (qPCR) being the most important tool for determining
whether there is minimal residual disease in JAK2 p.V617F
positive disease.16,17 Standardization of PCR protocols and
documentation of adequate sensitivity and specificity for
monitoring minimal residual disease in these patients have

been initiated but not yet finalized. 
We show here that both quantitative amplification refrac-

tory mutation system (ARMS) qPCR and allele-specific wild-
type-blocking (AS-WTB) qPCR are sufficiently sensitive for
monitoring minimal residual disease in patients with JAK2
p.V617F positive disease and that both methods can be per-
formed on blood samples or bone marrow trephines with
comparable results. 
Applying these techniques we were able to show that allele

burden measurement 28 days after allogeneic SCT was high-
ly predictive of relapse of JAK2 p.V617F positive neoplasia
and for overall survival. We, therefore, recommend urgent
standardization of MPN monitoring following allogeneic
SCT.

Design and Methods

Patients
In a first exploratory study, analyses were performed on

samples from 14 patients with JAK2 p.V617F positive MPN
and a median age of 61 years (range, 52-70 years) who were
transplanted between 2000 and 2008 at the Department of
Hematology and Oncology of the University of Leipzig.
Patients were selected based on the availability of blood and
bone marrow DNA for simultaneous analysis at different
time points after allogeneic SCT. Following evaluation of
these data, a second group of 16 patients with a comparable
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The risk profile and prognosis of patients with myelofibrosis is well described by the Dynamic International
Prognostic Scoring System risk categorization. Allogeneic stem cell transplantation is considered for intermediate-
2/high risk disease. However, indicators of prognosis after transplantation are still lacking. Seventy simultaneously
collected pairs of trephine and blood samples were quantified for JAK2 p.V617F allele burden to compare test sen-
sitivity. The course of 30 patients with JAK2 p.V617F-positive myeloproliferative neoplasia was correlated with
allele burden after transplantation. Monitoring can be performed on full blood samples as well as trephine biopsies,
provided that techniques with ample sensitivity (0.01% to 0.001%) are available. Measurement of allele burden
on day 28 after transplantation discriminates two prognostic groups: patients with a JAK2 p.V617F allele burden
>1% have a significantly higher risk of relapse of JAK2 p.V617F positive neoplasia (P=0.04) and a poorer overall
survival (P<0.01). In conclusion, measurement of JAK2 p.V617F allele burden early after transplantation is an
important predictive parameter in monitoring patients following this treatment. As this might provide an impor-
tant tool in early management of imminent early relapse it will be important to define consensus guidelines for
optimal monitoring.
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median age who had been transplanted over the same
period, was examined for correlation of the post-trans-
plantation disease course with JAK2 p.V617F allele burden
at day 28. The clinical profiles of the patients are shown in
Table 1, individual risk profile, MPN subtype and JAK2
p.V617F allele burden prior to SCT are presented in Table
2A/B. Applying the Dynamic International Prognostic
Scoring System (DIPSS) for risk stratification, the patients
with primary myelofibrosis (n=16) were classified into
either the intermediate-2 risk group or the high risk group.
The patients were followed for a median of 43.5 months
(range, 20.3 - 104.4 months). All patients gave written
informed consent to participation in the study in accor-
dance with the Declaration of Helsinki, and the study was
approved by the local ethics committee and the national
health authorities. Within the first cohort the JAK2
p.V617F allele burden of one patient (UPN6) never exceed-
ed 4%. This patient had an abnormal karyotype and atyp-
ical spindle-shaped mast cell aggregates were seen follow-
ing allogeneic SCT. Together with the molecular patholog-
ical finding of a KIT p.D816V mutation the disease was
identified as systemic mastocytosis associated with a
JAK2 p.V617F-positive MPN. The other 13 patients were
determined to have classical MPN which in four of them
had transformed to secondary acute myeloid leukemia
prior to the allogeneic SCT. All patients in the second
cohort (n=16) had classical MPN which in seven cases had
transformed to secondary AML prior to transplantation.
Patients were transplanted due to progression under con-
ventional treatment with at least one of the following fea-
tures: secondary AML; increased transfusion frequency;
pancytopenia or uncontrolled white blood cell counts
under therapy. 
The success of allogeneic SCT was assessed on the basis

of clinical data, cytological, histomorphological and labo-
ratory findings. Relapse was indicated by the reappear-
ance of MPN-typical changes in peripheral blood (i.e. pro-
gressive cytopenia, leukerythroblastic blood counts)
and/or by clinical symptoms (i.e. increase in
splenomegaly, constitutional symptoms) together with
characteristic changes in the bone marrow such as pro-
gressive fiber density in a trephine biopsy or an increase of
atypical blasts in the absence of uncontrolled graft-versus-
host disease, graft rejection or poor bone marrow function
and infections. Response or remission of MPN was indi-
cated by constant or decreasing spleen size and blood
count parameters as well as a return to normal histomor-
phology. 

Samples
For the initial study of 14 patients a total of 70 peripheral

blood samples were immediately frozen at -80°C. At the
same time as the blood sampling, 76 bone marrow biop-
sies were obtained from the posterior iliac crest. The biop-
sies were fixed in phosphate-buffered formaldehyde solu-
tion (4%) for 12 h. Further processing included decalcifica-
tion in 10% buffered ethylene-diamine tetra-acetic acid
(EDTA), pH 7.2 for 6 h and embedding in paraffin. Early
sampling was carried out at standardized intervals (1
month, 2 months, 3 months) and/ or in response to clinical
features. Decisions regarding sampling at later time points
were based on clinicopathological findings. Overall, from
146 total samples, 142 were analyzed by both molecular
assays (see below). 
For the subsequent analysis of the 16 patients, JAK2

p.V617F allele burden was tested either in bone marrow
biopsies (n=29) or in frozen peripheral blood probes (n=3)
prior to and at day 28 after allogeneic SCT.
Reproducibility was demonstrated by performing the

assay in quadruplicate at different time points. Concerning
the cut-off of 1% JAK2 p.V617F allele burden, the initial
classification could be confirmed in every case. 

DNA extraction 
Total DNA was extracted from peripheral blood cells

that had been frozen at -80°C using the DNeasy Micro Kit
(Qiagen, Hilden, Germany) according to the manufactur-
er’s recommendations.
Genomic DNA was isolated from bone marrow biop-

sies by cutting one to three 8 μm paraffin wax-embedded
sections and processing the sections using a DNeasy
Micro Kit and QIAcube (Qiagen) according to the manu-
facturer’s instructions.

Amplification refractory mutation system – real-time
polymerase chain reaction analysis
This quantitative, allele-specific oligonucleotide PCR

assay, established on the principles of the ARMS.qPCR for
JAK2 p.V617F mutated allele, was performed on 144
probes (in quadruplicate) as previously described14 with
minor modifications but without the reported additional
third-to-last-3´ point mutation which resulted in our
hands in a cross reactivity to JAK2 p.V617F wild type allele
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Table 1. Characteristics of the patients (cohort 1 and cohort 2), stem
cell transplants and outcomes.
Patients and disease characteristics 

Male, n. (%)                                                                                           20 (66)
Age median, years (range)                                                              59 (35-70)
JAK2 p.V617F+ disease: PV/ PMF/ MPN unclassified, n. (%)       7 (23)/ 
                                                                                                             20 (67)/ 3(10)
Disease duration to SCT, median, months (range)                   25 (3-132)
Prior chemotherapy other than HU, n. (%)                                   14 (47)
Transformed to AML, n. (%)                                                              11 (37)
AML disease status prior to SCT CR/ PR, n. (%)                     8 (27)/ 3 (10)
Stem cell transplant characteristics (n=30):
Reduced intensity conditioning*, n. (%)                                        26 (86) 
Conventional intensity conditioning**, n. (%)                               4(13)
Donor: related/ unrelated, n. (%)                                             11 (37)/ 19 (63)
Graft rejection, n. (%)                                                                          4 (13)

Outcome of patients

Relapse, n. (%)                                                                                    12+ (40)
Non-relapse mortality, n. (%)                                                             6 (20) 
Relapse mortality, n. (%)                                                                  10+ (33)
Acute GvHD: grade 1-2/ 3-4, n. (%)                                           16 (53): 9 (30)/ 
                                                                                                                    6 (20)

JAK2: Janus kinase 2 gene; PV: polycythemia vera; PMF: primary idiopathic myelofibo-
sis; MPN: myeloproliferative neoplasia; HU: hydroxyurea; AML: acute myeloid leukemia;
SCT: stem cell transplantation; CR: complete remission; PR: partial remission; GvHD:
graft-versus-host disease. *200 cGy total body irradiation and 3x30 mg/m2 fludarabine
followed by cyclosporine A and mycophenolate mofetil after SCT in all patients. **1200
cGy total body irradiation (n=3) or oral busulfan 4x 4 mg/kg body weight (n=1) and
2x60 mg/kg body weight cyclophosphamide (n=4) followed by cyclosporine A and
methotrexate after SCT. +Three patients relapsed with JAK2 p.V617F negative AML with-
out any evidence of MPN and all died.



(data not shown). The level of JAK2 p.V617F mutated allele
was normalized to that of the HCK gene and expressed as
JAK2 p.V617F mutated alleles per HCK allele to enable
quantification. In all JAK2 p.V617F negative samples the
HCK allele burden was noted separately.  

Allele-specific wild-type blocking quantitative 
real-time polymerase chain reaction
As previously reported18 the combination of wild-type

blocking PCR (employing locked nucleic acid-substituted
oligonucleotides and the Taq polymerase Stoffel fragment)
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Table 2A. Individual outcomes as a function of JAK2 status, observation period and age. Patients with JAK2 p.V617F allele burden >1%.
UPN Age MPN Pretreatment JAK2 allele sAML DIPSS Cytogenetics Time point Overall Status at end of

subtype prior to burden prior to prior to score 0 – normal karyotype incident survival observation period
allo-SCT allo-SCT allo-SCT HR – high risk 1 – multiaberrant (years) (years) 0 - remission 0 - alive

0 – no pretreatment 0 - <5% 0 –no sAML IM2 –intermediate 2 karyotype 1 - TRM 1 - dead
1 – pretreatment 1 – 5-49% 1 – JAK2+ sAML 2 –JAK2+ MPN relapse

2 –>49% 2 – JAK2-sAML 3 - JAK2- AML-relapse 

1 58 PV 1 2 0 na 0 0.621 0.679 2 1
2 73 PV 1 2 2 na 0 0.706 0.986 2 1
4 74 PMF 0 1 0 IM2 0 0.643 0.643 1 1
5 69 PMF 0 1 0 IM2 0 0.181 2.311 2 1
7 70 PMF 0 2 1 HR 0 0.077 0.164 2 1
9 62 PMF 1 1 0 IM2 1 0.490 1.473 2 1
13 67 PMF 0 1 2 HR 1 3.140 3.140 0 0
17 63 PMF 1 1 1 HR 0 3.633 3.633 0 0
19 67 MPN NOS 1 2 0 na 0 8.739 8.739 0 0
20 74 MPN NOS 1 1 1 na 0 0.578 0.578 1 1
21 62 PMF 0 1 0 IM2 0 0.214 0.589 2 1
23 71 PMF 0 1 0 IM2 0 0.271 0.271 1 1
25 72 PMF 1 1 1 HR 0 0.266 0.266 1 1
26 38 PMF 1 1 2 HR 1 0.233 0.528 3 1
27 41 PMF 0 1 0 HR 1 0.246 1.068 2 1

JAK2: Janus kinase 2 gene; PV: polycythemia vera; PMF: primary idiopathic myelofibosis; MPN NOS: myeloproliferative neoplasia not otherwise specified; sAML: secondary acute myeloid
leukemia; SCT: stem cell transplantation; DIPSS score: Dynamic International Prognostic Scoring System for primary myelofibrosis; IM2: intermediate risk 2, HR: high risk; na: not available;
allo-SCT: allogeneic stem cell transplantation.

Table 2B. Individual outcomes as a function of JAK2 status, observation period and age. Patients with JAK2 p.V617F allele burden ≤1%.
Upn Age MPN Pretreatment JAK2 allele sAML prior DIPSS Cytogenetics Time point Overall Status at end of

subtype prior to burden prior to to allo-SCT score 0 – normal karyotype incident survival observation period
allo-SCT allo-SCT 0 –no sAML HR – high risk 1 – multiaberrant (years) (years) 0 - remission 0 - alive

0 – no pretreatment 0 - <5% 1 – JAK2+ sAML IM2 –intermediate 2 karyotype 1 - TRM 1 - dead
1 – pretreatment 1 – 5-49% 2 – JAK2-sAML 2 –JAK2+ MPN relapse

2 –>49% 3 - JAK2- AML-relapse 

3 63 PMF 0 1 0 HR 0 3.129 3.129 0 0
6 60 MPN NOS 0 0 0 na 1 0.353 1.024 2 1
8 78 PV 1 2 2 na 0 0.156 0.156 1 1
10 67 PMF 1 2 0 IM2 1 4.802 4.802 0 0
11 67 PMF 0 1 0 IM2 0 0.148 0.148 1 1
12 72 PMF 0 1 0 IM2 0 3.745 3.745 0 0
14 74 PV 1 1 2 na 0 1.057 1.175 3 1
15 51 PV 0 2 0 na 0 3.737 3.737 0 0
16 60 MPN NOS 1 2 0 na 0 5.585 5.585 0 0
18 70 PMF 0 1 0 na 0 8.041 8.041 0 0
22 62 PMF 0 1 0 na 0 1.265 1.265 0 0
24 64 PV 1 2 0 na 0 3.206 3.206 2 0
28 63 PV 1 2 1 na 0 1.188 1.188 0 0
29 68 PMF 1 1 0 IM2 0 0.517 1.802 3 1
30 60 PV 1 1 2 na 1 1.749 1.749 0 0

JAK2: Janus kinase 2 gene; PV: polycythemia vera; PMF: primary idiopathic myelofibosis; MPN NOS: myeloproliferative neoplasia not otherwise specified; sAML: secondary acute myeloid
leukemia; SCT: stem cell transplantation; DIPSS score: Dynamic International Prognostic Scoring System for primary myelofibrosis; IM2: intermediate risk 2, HR: high risk, na: not available;
allo-SCT: allogeneic stem cell transplantation.



with allele-specific qPCR results in a two-step procedure
combining high sensitivity with robustness. While the
sensitivity of the AS-qPCR approach is around 1%, that of
AS-WTB qPCR achieves a sensitivity of at least 0.001%.
This assay can, therefore, be used to determine values
around the cut-off of 1% very accurately. A total of 144
samples from the first cohort and a further 32 samples
from the second cohort were analyzed with this method
(in quadruplicate).

Statistical analysis
Endpoints were overall survival and incidence of JAK2

p.V617F-positive relapse. The characteristics of patients
were expressed as median and range for continuous vari-
ables and frequencies for categorical variables. Categorical
data were compared by Fisher’s exact test or the χ² test.
Survival curves were estimated by the Kaplan-Meier
method and were compared using the log-rank test. The
Gray test was used to compare cumulative incidence
curves. JAK2 p.V617F allele burden on day 28 after allo-
geneic SCT was included in univariate analysis. The calcu-
lations were performed with SPSS version 20 and with the
statistical software environment R, version 2.13.1, using
the R package cmprsk.

Results

Comparison of two allele-specific polymerase chain
reaction amplification methods

The two allele-specific assays described above were
tested together in 70 peripheral blood and 72 bone mar-
row biopsy samples. All investigations were performed in
quadruplicate at different time points.
The results revealed a high degree of consistency. When

the categories negative, positive with JAK2 p.V617F ≤1%,
and JAK2 p.V617F >1% were considered separately, 73%
of all values showed a complete match in both assays. In
6% of the samples, the differences were due to inconsis-
tent discrimination of the categories ≤ and >1% by the
two assays and in these cases the higher value was count-
ed. In 19% of the samples JAK2 p.V617F was detected
only by AS-WTB qPCR and in 2% of the samples only by
ARMS-qPCR indicating a slightly higher sensitivity for the
AS-WTB qPCR. 

Comparison of JAK2 p.V617F allele burden in simultane-
ously taken peripheral blood and bone marrow samples
In order to select the optimal haematopoietic compart-

ment for minimal residual disease analysis, molecular
monitoring was carried out using bone marrow biopsies

and peripheral blood samples taken at the same time
point. Importantly, there was absolute agreement
between the samples (100%) in the category JAK2
p.V617F allele burden >1%. Further results are shown in
Table 3. We conclude that both peripheral blood and bone
marrow biopsy are appropriate for minimal residual dis-
ease monitoring after allogeneic SCT as the prognostically
important differentiation into high (>1%) and low (≤1%)
allele burden was possible in every case.

Patients’ clinical outcome 
Following allogeneic SCT 12 of 30 patients were still

alive without hematologic neoplasia at the end of the
observation period. Four patients experienced primary
graft failure, defined as <10% donor T-cell chimerism at
day 28 post-transplantation. Two of them had a hemato-
logic relapse and two died of transplant-related causes 2 to
7 months after the allogenic transplant. Two patients died
of graft-versus-host disease, related infection and sudden
death 8 and 2 months after allogeneic SCT, respectively.
The median follow-up of the remaining 24 patients was
32.1 months (range, 1.9-104.2 months). Altogether nine
patients developed a hematologic relapse of the MPN, as
defined above, in a median of 8.0 months (range, 0.8-38.5
months) after allogeneic SCT and seven patients died.
Three patients relapsed with secondary AML in the
absence of MPN and died (see Tables 1 and 2A,B). 

Correlation of overall survival and molecular follow-up
following allogeneic stem cell transplantation 
JAK2 p.V617F allele burden prior to allogeneic SCT was

quantified by ARMS-qPCR in all patients. At this assess-
ment, the JAK2 p.V617F allele burden ranged from 15 to
85%, except in two patients: patient UPN 12 had only a
single sample tested 8 days prior to transplantation and in
this sample the JAK2 p.V617F burden was 1.3% by
ARMS-qPCR, while in patient UPN 6 the JAK2 p.V617F
allele burden prior to allogeneic SCT never exceeded 5%.
This patient was diagnosed with systemic mastocytosis
with an associated JAK2 p.V617F-positive MPN, carried a
KIT p.D816V mutation and had multiple karyotypic aber-
rations.
In the first cohort of 14 patients molecular monitoring

was performed using both methods on days 28, 56 and 84
post-transplantation. No molecular response was detected
in the two patients with graft rejection. One of these
patients (UPN 8) who died of transplant-related causes
achieved intermittent molecular negativity, defined as
undetectable JAK2 p.V617F alleles by both techniques.
The other patient (UPN 4) consistently showed a signifi-
cant JAK2 p.V617F allele burden with values above 1%
but did not develop a clinical/hematologic relapse as
defined above. 
When patients were separated on the basis of JAK2

p.V617F allele burden, values  >1% on day 28 after trans-
plantation were seen in seven patients, six of whom died
due to relapse (n=4), disease persistence with graft rejec-
tion (n=1) or transplant-related causes with significant per-
sistence of JAK2 p.V617F but no hematologic relapse
(n=1). In the single patient who survived (UPN 13), signif-
icant persistence of JAK2 p.V617F alleles with intermittent
values >1% was seen until month 6 after SCT. Thereafter,
the JAK2 p.V617F burden declined to values ≤1% and
spleen size normalized. No evidence was found of hema-
tologic disease recurrence. On the other hand, of the seven

JAK2 p.V617F allele burden after SCT in MPN
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Table 3. Comparison of 70 simultaneously analyzed sample pairs (WTB-AS
qPCR and ARMS qPCR). 

Blood
categories negative JAK2 V617F ≤1% JAK2 V617F >1%

Bone negative 15% 1% 0%
marrow JAK2 V617F ≤1% 5% 43% 0%
biopsy JAK2 V617F >1% 0% 0% 36%

WTB-AS qPCR: wild-type blocking quantitative real-time PCR; ARMS qPCR: amplification refractory
mutation system quantitative real time PCR; Bold fonts represent completely matched results in the
respective categories. 



patients in whom the JAK2 p.V617F allele burden was
≤1% on day 28 after allogeneic SCT, six became molecu-
larly negative during the observation period (conversion
2–26 months post-SCT) with undetectable JAK2 p.V617F
alleles by both techniques at least at one time point. Four
patients remained in hematologic remission of their MPN
although one of these patients (UPN 14) experienced
relapse of secondary JAK2 p.V617F-negative AML. Patient
UPN 8 achieved intermittent molecular negativity but died
of treatment-related causes. Patient UPN 6 already had a
low JAK2 p.V617F allele burden prior to allogeneic SCT
and demonstrated molecular negativity at day 40 and day
150, but died with hematologic relapse of complex MPN
on day 372. Taken together, all patients who engrafted
after allogeneic SCT exhibited episodes of molecular neg-
ativity if their JAK2 p.V617F allele burden was <1% one
month after SCT. 
Encouraged by these results, we proceeded to analyze a

second cohort of 16 patients transplanted over the same
time period. These patients were grouped on the basis of
allele burden (> or ≤1%) on day 28 after allogeneic SCT.
Among this cohort, three patients relapsed and one
patient died 7 months after transplantation Two further
patients relapsed with secondary JAK2 p.V617F-negative
AML 6 and 21 months after their allogeneic SCT. Three
patients died from transplant-related causes without evi-
dence of MPN. Ten patients remain alive. Further details
are given in Table 2A,B. Considering all patients together,
the overall survival was significantly higher in the group
with a low allele burden (P<0.01) indicating that two prog-
nostic groups can successfully be discriminated based on
this parameter (see also Figure 1). In contrast, univariate
analysis revealed that MPN subtype, DIPSS score, initial
JAK2 p.V617F allele burden, patient’s age and pretreat-
ment did not have a significant influence on survival of the
patients.

Probability of JAK2 p.V617F-positive relapse according
to the allele burden on day 28 after transplantation
To further evaluate the impact of allele burden for the

prediction of relapse of JAK2 p.V617F-positive MPN, the
patients’ course was analyzed in more depth. Only the
JAK2 p.V617F diseases were considered, with JAK2
p.V617F-negative AML being excluded.
Nine of the 30 patients developed a JAK2 p.V617F-posi-

tive relapse during a median follow-up of 32.1 months
(range, 1.9-104.2 months) after SCT. Again, most of the
patients (n=7) were grouped in the cohort with an allele
burden >1%. The patient suffering from systemic masto-
cytosis with associated clonal hematologic non-mast-cell
lineage and with only a low allele burden (<5%) preceding
allogeneic SCT relapsed 4.2 months after the transplant.
The other patient relapsed, after a long disease-free inter-
val, 38.4 months after SCT (Table 2A,B). Prediction of
MPN relapse on the basis of JAK2 p.V617F allele burden
on day 28 was significant (P=0.04; Figure 2). Again, uni-
variate analysis revealed no significant influence of MPN
subtype, DIPSS score, initial JAK2 p.V617F allele burden,
patient’s age or pretreatment on survival of the patients.

Discussion

In 2007 Kroger et al. observed that in 90% of all success-
fully treated patients with JAK2 p.V617F MPN, JAK2
p.V617F remained negative after a median follow-up of 20
months with JAK2 p.V617F status converting after a medi-
an of 89 days.14 In a more extensive cohort of patients, this
group further demonstrated that achievement of JAK2
p.V617F clearance after allogeneic SCT was significantly
associated with a decreased incidence of relapse.2
Although these studies were undoubtedly seminal, many
questions still remain: (i) how important is the quantifica-
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Figure 1. Overall survival according to the presence or absence of
the risk factor JAK2 p.V617F allele burden >1% at day 28 after allo-
geneic SCT: 15 patients were grouped in the low-risk arm (continu-
ous line), 15 patients in the high-risk arm (dashed line).

Figure 2. Probability of JAK2 p.V617F positive relapse according to
the presence or absence of the risk factor JAK2 p.V617F allele bur-
den >1% at day 28 after allogeneic SCT: 15 patients were grouped
in the low-risk arm (continuous line), 15 patients in the high-risk
arm (dashed line).
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tion of JAK2 p.V617F allele burden before and after allo-
geneic SCT and what are the sensitivity and robustness
requirements for the PCR amplification procedures? (ii) is
monitoring of peripheral blood samples sufficient for
molecular monitoring? (iii) can we define a critical time
point and a critical level of allele burden for predicting the
patients’ course and outcome after allogeneic SCT? (iv)
does post-transplant monitoring of JAK2 p.V617F allele
burden have the potential to provide additional informa-
tion not available from assessment of prognostic factors
prior to allogeneic SCT? 
To answer these questions we employed two previously

described PCR amplification procedures with complemen-
tary strengths.14,18 The AS-WTB qPCR enables detection of
JAK2 p.V617F down to trace levels after effective blocking
of the wild-type allele. Semiquantitative analysis is possi-
ble since we know that AS-qPCR alone has a sensitivity of
1% and we can, therefore, conclude that positivity
revealed solely with the AS-WTB qPCR indicates a level of
mutated allele of less than 1%. The ARMS-qPCR is clearly
superior for the quantification of allele burden but is less
sensitive. As demonstrated here, the simultaneous analy-
sis employing both assays provides a high level of sensi-
tivity and diagnostic confidence. 
Armed with these techniques we compared concurrent-

ly obtained peripheral blood and bone marrow biopsies
for allele burden at defined time points. Here, we found
that data concerning the discrimination of allele burden
(>1% and ≤1%) matched perfectly and that molecular
monitoring can be performed on peripheral blood. In this
context it is important to emphasize that we employed
exclusively anticoagulated full blood probes. Selection of
granulocytes did not seem to be needed for routine molec-
ular follow-up, as suggested by others.19,20
We then analyzed a cohort of 14 patients who under-

went allogeneic SCT due to JAK2 p.V617F-positive MPN.
To our surprise a critical JAK2 p.V617F allele burden of
1% on day 28 after allogeneic SCT distinguished two
groups with clearly different outcomes and different
risks of JAK2 p.V617F-positive MPN relapse. We next
analyzed a further 16 patients and rechecked these find-
ings in the whole group. In this analysis we found that a
JAK2 p.V617F allele burden ≤1% on day 28 predicted a
significantly higher overall survival and lower relapse
risk of JAK2 p.V617F-positive MPN compared to those of
patients with an allele burden >1% at this time point.
Specifically, of the 15 patients with an allele burden ≤1%
on day 28, only two experienced JAK2 p.V617F-positive
relapses. One of these patients had a systemic mastocy-

tosis with an associated JAK2 p.V617F-positive MPN and
a JAK2 p.V617F allele burden that never exceeded 5%
prior to SCT. We conclude that the accuracy of allele bur-
den quantification as a prognostic marker can be
increased still further when quantitative molecular data
preceding allogeneic SCT are taken into account. The
other patient developed a relapse of JAK2 p.V617F-posi-
tive MPN more than 3 years after allogeneic SCT follow-
ing a long interval of molecular negativity. As the mech-
anisms leading to relapse differ in the early and later
stages after allogeneic SCT, it is possible that the allele
burden cutoff used in this study may prove to be less
applicable for late relapse. 
In recent years, several studies have clearly shown that

a prognostic scoring system for MPN can predict the
course of individual patients.21,22 Furthermore, several
recently published studies suggest that post-transplant
success is also dependent on pre-transplant DIPSS classifi-
cation.12,23,24 Since DIPPS is only useful for primary myelofi-
brosis, while allogeneic SCT in our case was considered
solely for intermediate-2/ high-risk primary myelofibrosis
or other high-risk MPN, we cannot confirm DIPSS as a
predictive parameter for survival in our cohort of patients,
53% of whom suffered from primary myelofibrosis.
It should also be noted that our findings are relevant to

estimating the risk of JAK2 p.V617F-positive MPN relapse
and clearly cannot detect JAK2 p.V617F-negative second-
ary AML. 
On the basis of risk identification, a reduction of

immunosuppressive therapy or administration of donor
lymphocyte infusions could be considered in high-risk
cases at the stage of molecular relapse because these
patients may benefit from a strong graft-versus-tumor
effect. Similarly, immunosuppressive therapy could be tai-
lored to minimize the risk of graft-versus-host disease as
appropriate. As the JAK2 p.V617F allele burden also strat-
ifies two groups with significantly different overall sur-
vival rates, it is possible that the adoption of further sup-
portive measures might help to improve outcome in the
cohort of patients with the less favorable outcome.
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