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Paris 7, Paris, France; 16Biomodels Austria, University of Veterinary Medicine Vienna, Vienna, Austria; 17Department for Agrobiotechnology (IFA)-Tulln, University of
Natural Resources and Life Sciences, Tulln, Austria; 18Research Center for Molecular Medicine of the Austrian Academy of Sciences (CeMM), Vienna, Austria; 19Institute
of Animal Breeding and Genetics, Department for Biomedical Sciences, University of Veterinary Medicine Vienna, Vienna, Austria; and 20Hematology Department,
Hopital Saint Louis, Assistance Publique–Hopitaux de Paris, University Paris Diderot, Paris, France
2

Inhibition of Janus-kinase 1/2 (JAK1/2) is a mainstay to treat myeloproliferative neoplasms
(MPN). Sporadic observations reported the co-incidence of B-cell non-Hodgkin lymphomas
l JAK1/2 inhibitor
during treatment of MPN with JAK1/2 inhibitors. We assessed 626 patients with MPN,
treatment in
including 69 with myeloﬁbrosis receiving JAK1/2 inhibitors for lymphoma development.
myeloﬁbrosis is
associated with an
B-cell lymphomas evolved in 4 (5.8%) of 69 patients receiving JAK1/2 inhibition compared
increased risk for
with 2 (0.36%) of 557 with conventional treatment (16-fold increased risk). A similar 15-fold
aggressive B-cell
increase was observed in an independent cohort of 929 patients with MPN. Considering
lymphomas.
primary myeloﬁbrosis only (N 5 216), 3 lymphomas were observed in 31 inhibitor-treated
l Patients at risk have
patients (9.7%) vs 1 (0.54%) of 185 control patients. Lymphomas were of aggressive B-cell
a preexisting B-cell
type, extranodal, or leukemic with high MYC expression in the absence of JAK2 V617F
clone in their bone
marrow, which can
or other MPN-associated mutations. Median time from initiation of inhibitor therapy to
be identiﬁed by
lymphoma diagnosis was 25 months. Clonal immunoglobulin gene rearrangements were
polymerase chain
already detected in the bone marrow during myeloﬁbrosis in 16.3% of patients. Lymreaction.
phomas occurring during JAK1/2 inhibitor treatment were preceded by a preexisting B-cell
clone in all 3 patients tested. Sequencing veriﬁed clonal identity in 2 patients. The effects of
JAK1/2 inhibition were mirrored in Stat12/2 mice: 16 of 24 mice developed a spontaneous myeloid hyperplasia with the
concomitant presence of aberrant B cells. Transplantations of bone marrow from diseased mice unmasked the outgrowth of a malignant B-cell clone evolving into aggressive B-cell leukemia-lymphoma. We conclude that JAK/STAT1
pathway inhibition in myeloﬁbrosis is associated with an elevated frequency of aggressive B-cell lymphomas. Detection
of a preexisting B-cell clone may identify individuals at risk. (Blood. 2018;132(7):694-706)
KEY POINTS

Introduction
Myeloproliferative neoplasms (MPNs) include polycythemia vera
(PV), essential thrombocythemia, and primary myeloﬁbrosis
(PMF).1 PV and essential thrombocythemia can transform into
myeloﬁbrosis (MF). The discovery of the JAK2 V617F mutation
has provided new insights into the development of MPNs and
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triggered the development of JAK1/2 inhibitory drugs.2-4
Ruxolitinib, a ﬁrst-in-class potent selective inhibitor of JAK1 and
JAK2, improves splenomegaly, ameliorates symptoms, and is
now widely used for the treatment of MF and PV.3,5 In addition to
driving MPN, the JAK-STAT pathway is involved in the development of malignant lymphoma.5-7 Recent reports point toward
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a slightly increased risk for lymphoid neoplasms in patients with
MPN with JAK2 V617F mutations.8-12 Moreover, sporadic cases
of aggressive lymphomas have been reported in patients with
MPN under ruxolitinib treatment.13,14 The frequency and potential causes of lymphomas under JAK2 inhibition remain
unclear.
We here describe 4 cases of aggressive lymphoma including
their clinical, pathological, and molecular analysis. These cases
evolved under JAK1/2 inhibitor therapy between 2012 and
2016. In parallel, a mouse model was developed that recapitulates lymphoma development under MPN, using Stat12/2 mice.
The transcription factor STAT1 acts downstream of JAK-kinases
and is considered a tumor suppressor. In most cases, the lack
of STAT1 accelerates tumor formation and is considered to
counterbalance STAT3 and STAT5 activation.15-19 In JAK2
V617F-driven disease, the level of activated STAT1 shapes the
phenotype of the disease.7,20

MutaScreen for JAK2 V617F, the ipsogen MPL W515L/K
MutaScreen Kit for MPL W515L and W515K (both Qiagen),
PCR fragment length analysis of exon 9 of CALR followed by
Sanger sequencing for CALR mutants,24 and Sanger sequencing
of exon 12 of JAK2 using a 3130xl Genomic Analyzer (Applied
Biosystems). JAK2 V617F mutant allele burden was quantiﬁed by
the ipsogen JAK2 MutaQuant Kit (Qiagen). In samples derived
from B-cell lymphomas, DNA was isolated from parafﬁnembedded lymphoma tissue. Histopathology and details on
TP53 sequencing are fully described in the supplemental
Appendix, available on the Blood website. Targeted nextgeneration sequencing of lymphoma samples (patient 1 and 2)
was kindly provided by Foundation One Heme (Roche Austria
GmbH, Vienna).25 The assay used DNA sequencing to interrogate 406 genes as well as selected introns of 31 genes
involved in rearrangements, in addition to RNA sequencing of
265 genes.

Mice
Our results indicate that JAK1/2 inhibitor-associated lymphomas
occur with increased frequency, have uniform clinic-pathological
features, and arise from a B-cell clone that already existed during
the phase of MPN. Stat1 knock-out in mice resulted in a strikingly
similar course of disease, with an initial myeloproliferative disease followed by a clonal aggressive B-cell malignancy.

Methods
Patients and samples
Of 626 patients with myeloproliferative neoplasm diagnosed
and treated at the Medical University of Vienna between 1997
and 2016, 69 patients with MPN have received JAK1/2 inhibitors
(Ruxolitinib, Gandotinib, Fedratinib, Momelotinib) since 2009.
Of these, 58 patients were included in clinical trials (ethics
committee [EC] nos. 342/2009, 096/2011, 466/2011, 1032/2011,
012/2012, 0-14-12, 1910/2012, 1499/2012, 1248/2014). Data on
second malignancies were retrieved from our MPN database
(MUW EC 2115/2013). Clinical charts and biopsy samples of
patients who developed lymphoma were carefully reviewed.
Where available, material was subjected to genetic analysis.
Institutional EC approval (MUW EC 553/2008) was obtained for
this retrospective analysis.

MPN-associated mutations and
immunoglobulin rearrangement
Peripheral blood (PB) and bone marrow (BM) samples retrieved
before treatment with ruxolitinib were available from 54/69
patients. Genomic DNA was extracted using a QIAsymphony
DNA Midi Kit and QIAsymphony Sp Instrument (both Qiagen).
Clonality was assessed by polymerase chain reaction (PCR; as
described in the BIOMED-2 study,21 using the IdentiClone IGH1
IGK B-Cell Clonality Assay Gel Detection Kit; Invivoscribe). For
the detection of BCL2/IGH gene rearrangements, an IdentiClone BCL2/JH Translocation Assay Gel Detection Kit was applied according to the manufacturer’s instructions. IGHV-D-J
sequence was assessed by Sanger sequencing according to
ERIC recommendations.22 For patients 5 and 6, clonality was
assessed by PCR derived from BIOMED-2 protocols,21 followed
by sequencing on MiSeq platform (Illumina). Sequences
were analyzed using Vidjil software (https://app.vidjil.org).23
MPN-associated mutations were tested by the ipsogen JAK2
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C.Cg-Stat1tm1 (Stat12/2)26 and C.Cg-Rag2tm1Fwa Il2rgtm1Wji
(Rag22/2gc2/2)27 mice were backcrossed on BALB/c background
and maintained at the University of Veterinary Medicine, Vienna,
under speciﬁc pathogen-free conditions. Experiments were
approved by the institutional animal care committee and review
board and conform to Austrian law (BMWFW-68.205/0218-II/3b/
2012, BMWFW-68.205/0099-WF/V/3b/2015, and BMWF68.205/
0093-WF/V/3b/2015). Histopathology, ﬂow cytometric analysis,
transplantation studies, and other methods are fully described in
the supplemental Appendix.

Cell lines, western blot, and murine b-cell clonality
Stat12/2 B-cell lines (#503, #1762, #6500, #7473) were established from diseased secondary recipients (bone marrow
transplantation [BMT] of diseased primary Stat12/2 mice into
Rag22/2gc2/2 animals). Stat12/2 B-cell lines were maintained
analogously to BCR/ABL1 cells, as previously described.28 Lysis
and western blotting was performed as described.29 Membranes
were probed with antibodies for p16INK4A (56330) and b-Actin
(69879; both Santa Cruz Biotechnology). Immunoglobulin
gene rearrangements for clonal B-cell determination of
mouse tumors were performed as described.30

Statistical analysis
Clinical data Categorized data are presented as absolute count
and relative frequency. Continuous data are presented as mean 6
standard deviation or median (25%-75% interquartile range).
We compared exposed to nonexposed patients. We estimated
the relative effect of exposure on the outcome by calculating a
risk ratio with an exact 95% conﬁdence interval. To test the null
hypothesis of no association of the exposure with the outcome,
we used the Fisher’s exact test. We assessed the inﬂuence of
age and sex on the effect of JAK2 inhibitor treatment on occurrence of non-Hodgkin lymphoma (NHL), as well as on the
effect of immunoglobulin rearrangement (IgR) on NHL in JAK2
inhibitor-treated patients. We estimated the univariate associations of the potential inﬂuencing variables with the exposure
variable, as well as with the outcome variable. For age, we used
the Student’s t-test, and for sex, we used the Fisher’s exact test
to test the hypothesis of no association. In a logistic regression
model, we then entered each inﬂuencing variable as a covariable into the model and compared the adjusted main effect
with the crude main effect.
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929

216 (34.5)
111 (51.39)
105 (48.61)

168 (26.84)
82 (48.81)
86 (51.19)

232 (37.06)
150 (64.66)
82 (35.34)

10 (1.6)
4 (40)
6 (60)

MPN (Paris)

PMF
Female
Male

PV
Female
Male

ET
Female
Male

MPNu
Female
Male

72.5
71.8
74.1

71.9
71.1
72.2

73
72.6
73.4

70.9
70.6
71.3

71.8
71.3
72.3

Median age

0
0
0

0
0
0

2 (1.19)
1 (1.22)
1 (1.16)

4 (1.85)
3 (2.7)
1 (0.95)

4 (0.43)

6 (0.96)
4 (1.15)
2 (0.72)

NHL N (%)

10 (100)
4 (40)
6 (60)

227 (97.85)
147 (64.76)
80 (35.24)

135 (80.36)
61 (45.19)
74 (54.81)

185 (85.65)
99 (53.51)
86 (46.49)

872 (93.86)

557 (88.98)
311 (55.83)
246 (44.17)

N (%)

72.5
71.8
74.1

72
70.9
72.2

74
76.9
73.1

70.9
71.2
70.9

72.1
72.2
72

Median age

0
0
0

0
0
0

1 (0.74)
0
1 (1.35)

1 (0.54)
1 (1.01)
0

2 (0.23)

2 (0.36)
1 (0.32)
1 (0.41)

NHL N (%)

Conventionally treated

0
0
0

5 (2.15)
3 (60)
2 (40)

33 (19.64)
21 (63.64)
12 (36.36)

31 (14.35)
12 (38.71)
19 (61.29)

57 (6.14)

69 (11.2)
36 (52.17)
33 (47.83)

N (%)

71.6
71.6
73.5

68.3
64.7
74.5

70.6
68.2
72

70.6
67.6
73.7

Median age

0
0
0

0
0
0

1 (3.03)
1 (4.76)
0

3 (9.68)
2 (16.67)
1 (5.26)

2 (3.51)

4 (5.8)
3 (8.33)
1 (3)

NHL N (%)

Treated with JAK1/2 inhibitor

ET, essential thrombocythemia; MPNu, myeloproliferative neoplasm, unclassiﬁed; P, P-value, with values remaining signiﬁcant (P , .05) after sex and age adjustment highlighted.

Bold indicates signiﬁcant P values.

626 (100)
347 (55.43)
279 (44.57)

MPN
Female
Male

N (%)

All

Table 1. Lymphoma occurrence in patients with MPN receiving conventional therapy and/or JAK1/2 inhibitors

19

15

16

OR

2-196

2-92

3-87

95% CI

Statistics

.01

.0205

.0017

P

For data management and analysis, we used MS Excel
and Stata 14 (Stata Corp, College Station, TX). In general, a 2-sided P value , .05 was considered statistically
signiﬁcant.
Animal data Student’s t-test, 1-way ANOVA, Tukey’s post hoc
test, and log-rank test were performed (GraphPad Prism Software). Statistical signiﬁcance is indicated for each experiment
speciﬁcally (*P , .05; **P , .01).

RNA-Seq
RNA-seq libraries were prepared using the SMARTer Stranded
Total RNA Sample Prep Kit (Clontech, Palo Alto, CA), and 75 SE
sequencing was performed on a NextSequation 500 machine
(Illumina, San Diego, CA). Raw RNA-seq data (.fastq ﬁles) were
adapter trimmed using TrimGalore!, followed by alignment to
GRCm38 or GRCh38 using STAR algorithm.31 Quality was
controlled using FastQC and RNA-seq QC tool from SeqMonk
software. Differential gene expression was calculated using
DESeq2.32 Cutoffs for differential gene expression were selected as false discovery rate [FDR] , 0.001 and log2fold change
[FC] . 2. Murine-to-human gene symbol conversion was performed using the R package biomaRt. Heat maps were generated
using ClustVis tool,33 and gene ontology enrichment analyses
were performed by Ontologizer.34 Raw RNA-seq data were
deposited at Gene Expression Omnibus database (GSE110219).

Results
Aggressive B-cell lymphomas during JAK1/2
inhibitor therapy in patients with MPN
Clinical characteristics and incidence of NHL in MPN cohorts are
provided in Table 1.
In the Viennese cohort of 626 patients with MPN, 4 (5.8%) of
69 developed an aggressive B-cell lymphoma on JAK1/2 inhibitor
treatment (patients 1-4), whereas only 2 lymphomas evolved in
557 patients (0.36%; patients 7 and 8) without inhibitor (Table 1;
Table 2; supplemental Table 1). This frequency corresponds to a
16-fold increase in the probability of developing an aggressive
B-cell lymphoma on JAK1/2 inhibitor therapy (95% conﬁdence
interval [CI], 3-fold to 87-fold; P 5 .0017). All 4 patients with
lymphoma had primary (N 5 3) or post-PV MF (N 5 1) with a JAK2
V617F mutation (patients 1-4; Table 2) and responded clinically
with symptom relief and a reduction in spleen size (not shown).
Three patients (1, 2, and 4) had been pretreated with alkylating
agents, and 1 patient had received ruxolitinib only. Patient 3
had also received another JAK2 inhibitor (fedratinib). The median
time from start of JAK1/2 inhibitor treatment to lymphoma diagnosis was 25 months (range, 13-35 months) (Table 2).
In an independent cohort (N 5 929) at Hôpital St. Louis in Paris,
2 additional patients (patients 5 and 6) developed lymphoma
under ruxolitinib treatment. The frequency of lymphomas in this
cohort was 0.23% in conventionally treated patients (N 5 872) vs
3.51% in patients who received JAK1/2 inhibitors (N 5 57),
conﬁrming the increased risk (odds ratio [OR], 15; 95% CI, 2-92;
P 5 .0205).
Subgroup analysis of 216 patients with primary myeloﬁbrosis
in the Viennese cohort revealed that 31 patients had received
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JAK1/2 inhibitor therapy. Three lymphomas (9.68%) were observed
under ruxolitinib, and 1 lymphoma (0.54%) developed in
the 185 conventionally treated patients (OR, 19; 95% CI, 2-196;
P 5 .01). The OR for developing lymphomas under JAK1/2
inhibitors remained unchanged after adjustment for age (OR, 21;
95% CI, 2-218) or sex (OR, 25; 95% CI, 2-266).

Distinct clinicopathological and genetic features
of aggressive B-cell lymphomas
Lymphomas occurring during JAK1/2 inhibition were of aggressive CD191 B-cell type (3 DLBCLs and 1 HGBL) and occurred
at extranodal sites: Three patients (1, 2, and 3) presented with
BM inﬁltration and PB involvement (1 only at relapse), 1 in
mammary (3), and 1 in mucosal tissue (4).
Only 1 of the 4 lymphomas (patient 4) occurring under JAK1/2
inhibitor treatment stained positive for Epstein-Barr virus early
RNA by in situ hybridization. None of the patients had concomitant hepatitis B or C, HIV infection, or autoimmune diseases. Details on the clinical and molecular diagnostics are
provided in Table 2, with pictures of IHC stainings in supplemental Figure 1.
All 4 lymphomas showed positive MYC and p53 staining in at
least 70% of the malignant cells. Patients 1 to 3 had a double-hit
protein score of 2 because of additional high BCL2 expression.
There was no clear association with germinal or nongerminal
center cell of origin.
Fluorescence in situ hybridization detected MYC, BCL2, and/or
BCL6 abnormalities in 3 patients and a 17p- deletion in 1 patient.
Material for targeted sequencing was available in 2 patients
(1 and 2) and conﬁrmed an IGH-MYC rearrangement, but revealed
additional changes in CDK6, MLL, and TP53 in patient 1. In
patient 2, a larger number of aberrations were found, including
SOCS1-MYC and IGH-BCL2 rearrangements, as well as inactivating frameshift mutations in B2M and CDKN2A (Table 2).
None of the 4 lymphomas carried a JAK2 V617F mutation even
if B cells were isolated. Likewise, no other MPN-associated
mutations35-37 such as CALR, MPL, ASXL1, IDH1, IDH2, EZH2,
SRSF2, SF3B1, and U2AF1 were detected in the lymphoma
samples of patients 1 and 2. A variant of the ASXL1 gene
(D1355E) not known to be pathogenetic was found in patient 2.
No material was available for further genetic analyses in the
remaining cases.
All patients had an international prognostic index38 of at least 2.
Three of 4 patients responded to antilymphoma treatment, but
only 1 patient is in ongoing remission, indicating a dismal
prognosis. The clinical course of the 4 patients is depicted in
Figure 1A-D.
The 2 lymphoma cases occurring in the absence of ruxolitinib
treatment were 1 follicular lymphoma and 1 DLBCL, albeit with
BM inﬁltration, but low MYC expression (supplemental Table 1).
Clinicopathologic characteristics were also available for 2 additional patients with lymphoma treated with JAK inhibitors at
Hôpital St. Louis in Paris (patients 5 and 6 in Table 2). Both
patients had aggressive DLBCL, 1 with BM inﬁltration. Of note,
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GCB
IV E / 2
2
80%
100%
80%
80%

85%
100%
2%
100%

CR ongoing
BM, PB, LN

DLBCL
EPOCH-R R-CHOP

Not applicable
IV E / 4-5
2

HGBL
Burkitt Protocol, Buparlisib
(BKM120)
PD, Death
BM, PB, LN

59

80%
100%
40%
80%

CRu, early relapse, death
Mammary gland; at relapse:
BM, PB
Non-GCB
II E / 3
2

DLBCL
R-CHOP

73

70%
5%
40%
70%

Non-GCB
IE/2
1

CRu, sAML, death
Mucosa

DLBCL
R-CHOP

74

Negative
Positive
Positive

Non-GCB
II / 2

CR
LN

DLBCL
R-CHOP

72

3 (post-ET MF to NHL)
17

57

30

35

3 (post-PV MF to NHL)
20
13

EPO
Ruxolitinib
6 (ET to NHL)
Ruxolitinib
4

Ruxolitinib
14

Hydroxyurea
Ruxolitinib
35 (PV to NHL)
Fedratinib Ruxolitinib
2

Pipobroman

69 (post-ET MF)
Negative (CALR
mutation)
Anagrelide

ET post-ET MF
66 (ET)

Female

Patient 5 (Paris)

Hydroxyurea

None

Positive

PMF
70

Male

Patient 4
(Vienna)

Intron A

Hydroxyurea

Positive

PMF
71

Female

Patient 3 (Vienna)

Pipobroman

Anagrelide Hydroxyurea

Positive

54 (post-PV MF)
Positive
Phlebotomy

PMF
45

Female

PV post-PV MF
22 (PV)

Female

Patient 2 (Vienna)

Negative

Non-GCB
IV E / 2

PR, Death
BM

DLBCL
R-CHOP

53

28

Ruxolitinib
3

None

Positive

PMF
50

Female

Patient 6
(Paris)

COO, cell of origin; CR, complete remission; CRu, complete remission unconﬁrmed; CS, clinical stage according to Ann-Arbor classiﬁcation; DHS, double-hit protein score; DLBCL, diffuse large B-cell lymphoma; E, extranodal; EPOCH-R, immunochemotherapy
(etoposide, doxorubicin, cyclophosphamide, vincristine and prednisone with rituximab); FISH, ﬂuorescent in-situ hybridization; GCB, germinal center B-cell like; HGBL, high grade B-cell lymphoma with MYC and BCL2 and/or BCL6 rearrangement; IHC,
immunohistochemistry; IPI, international prognostic index; LN, lymph node; m/mb: mutations per megabase; n.d., not done; NGS, new-generation sequencing; non-GCB, nongerminal center B-cell like; PD, progressive disease; post-ET MF, postessential
thrombocythemia myeloﬁbrosis; post-PV MF, postpolycythemia vera myeloﬁbrosis; R-CHOP: immunochemotherapy (rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone); sAML, secondary acute myeloid leukemia; TMB, tumor mutation burden.

COO
CS/IPI
DHS
IHC
MYC (40%)
BCL2 (50%)
BCL6 (30%)
p53 (30%)

Outcome
NHL manifestation

NHL
Antilymphoma treatment

Time (months) from JAK1/2
inhibition to diagnosis of NHL
Age at NHL

JAK1/2 inhibitor
Time from diagnosis of MPN
to diagnosis of NHL, years

Treatment before JAK1/2
inhibition

JAK2 V617F mutation in MPN

MPN
Age at MPN

Sex

Patient 1 (Vienna)

Table 2. Clinical, pathological, and genetic features of patients who developed aggressive B-cell lymphomas during JAK1/2 inhibition
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MYC A59T, SOCS1-MYC
rearrangement
CDKN2A p14ARF C15fs*28, p14ARF
M1V
BCL2 P59S, R129H

CDK6 ampliﬁcation
MLL2 R5086*
TP53 A159P

Negative
Yes

IGH-BCL2 rearrangement

IGH-MYC rearrangement

TAF1 R1049H
Negative
Yes

FAS splice site 664_676136del49

B2M L15fs*41 BCL7A splice site 921
1G.A

KRAS G13D

TNFRSF14 T169fs*65

Translocation
Translocation
Translocation
Normal
TMB: high (22 m/mb)

Patient 2 (Vienna)

Translocation
Ampliﬁcation
Normal
Deletion
TMB: low (2 m/mb)

Patient 1 (Vienna)

Negative
Not applicable

Normal
Normal
n.d.
Normal
n.d.

Patient 3 (Vienna)

Negative
Yes

Normal
Normal
Translocation
Normal
n.d.

Patient 4
(Vienna)

n.d.

n.d.

Patient 5 (Paris)

n.d.

n.d.

Patient 6
(Paris)

COO, cell of origin; CR, complete remission; CRu, complete remission unconﬁrmed; CS, clinical stage according to Ann-Arbor classiﬁcation; DHS, double-hit protein score; DLBCL, diffuse large B-cell lymphoma; E, extranodal; EPOCH-R, immunochemotherapy
(etoposide, doxorubicin, cyclophosphamide, vincristine and prednisone with rituximab); FISH, ﬂuorescent in-situ hybridization; GCB, germinal center B-cell like; HGBL, high grade B-cell lymphoma with MYC and BCL2 and/or BCL6 rearrangement; IHC,
immunohistochemistry; IPI, international prognostic index; LN, lymph node; m/mb: mutations per megabase; n.d., not done; NGS, new-generation sequencing; non-GCB, nongerminal center B-cell like; PD, progressive disease; post-ET MF, postessential
thrombocythemia myeloﬁbrosis; post-PV MF, postpolycythemia vera myeloﬁbrosis; R-CHOP: immunochemotherapy (rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone); sAML, secondary acute myeloid leukemia; TMB, tumor mutation burden.

JAK2 V617F Mutation in NHL
Detection of preexisting B-cell
clone

FISH
MYC
BCL2
BCL6
TP53
Targeted sequencing

Table 2. (continued)

A

PV

post-PV MF

1977

2009

2010

IgR+

B

2011

IgR+

Phlebotomy
Intron A
Pipobroman
Hydroxyurea

2013

IgR+

IgR+

Ruxolitinib

COMFORT-II trial
(Observation only)

Hydroxyurea

CR

NHL

2014

2013

2015

2016

IgR+
BCL2 / IGH+

2017
IgRBCL2 / IGH-

IgR+
BCL2 / IGH+

Anagrelide Hydroxyurea

C

2012

IgR+

PMF

2002

Figure 1. Clinical courses of 4 patients who developed
aggressive B-cell lymphomas during JAK1/2 inhibition.
Timelines (A-D). Frequencies of immunoglobulin rearrangement in the bone marrow during myeloﬁbrosis and
lymphoma development in conventionally treated patients (N 5 44) compared with patients treated with JAK1/2
inhibitor (N 5 54) (E). NHL, non-Hodgkin lymphoma; CR,
complete remission; CRu, complete remission unconﬁrmed;
rNHL, remission of NHL; sAML, secondary acute myeloid
leukemia.
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patient 6, similar to patient 4, had never received any other
treatment than ruxolitinib.

(N 5 44), 7 patients (15.9%) tested positive for IgR (Figure 1E). This
indicates the presence of clonal B cells in the bone marrow of
approximately 15% of patients with PMF, regardless of treatment.

Clonal B cells in the BM during the preceding MPN
We next investigated archived BM samples of 54 of 69 patients
with MF before exposure to JAK1/2 inhibitors. A clonal IgR was
detected by PCR during MPN in 9 (16.7%) of 54 patients
(Figure 1E; supplemental Tables 2 and 3). In an age- and sexmatched control group with none or conventional therapy
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Of note, all 3 patients tested (patients 1, 2, and 4) who later
developed aggressive B-cell lymphoma during treatment with
ruxolitinib displayed a clonal IgR in the BM during MPN and as early
as 47 to 70 months before lymphoma diagnosis (Figure 1A-D;
Table 2). No material was available for patient 3.
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Figure 2. MPN and B-cell malignancy coexist in Stat12/2 mice. (A) Representative smears (BM, PB, original magniﬁcation: 403; hematoxylin and eosin stainings) and
photographs of spleens and livers. (B) Presence of Gr11Mac11 cells of wt and MPN1 Stat12/2 animals (FACS; BM, spleen). One representative example per genotype is shown in
(A) and (B). (C) FACS analysis of Gr11Mac11 and CD191 (spleen). One representative example per experimental group is shown. (D) Absolute cell numbers of CD191 cells in BMs
and spleens of transplanted mice (n 5 3 each). Data represent means 6 SD; BM cntrl vs BM Stat12/2 recipient. **P , .01; ***P , .001). (E) Representative photographs of spleens
of control (phosphate-buffered saline injected) and BMT mice.

In 2 patients (1 and 4), PCR was repeatedly positive throughout
the MPN phase. In patient 1, IGH sequencing conﬁrmed that
the rearrangement of the lymphoma (IGHV4-34*01-J6*02-D316*01) was identical to that of the preexisting B-cell clone. In
addition, an identical BCL2/IgH rearrangement (determined by
sequencing) conﬁrmed the presence of the same B-cell clone
6 years before lymphoma diagnosis in patient 2 (Figure 1B;
supplemental Figure 2). Clonal IgR and BCL2/IgH rearrangement
disappeared after patient 2 achieved complete response by lymphoma treatment (Figure 1B).
In contrast, only 6 (11.1%) of 54 patients who did not develop
lymphoma during JAK1/2 inhibitor therapy had a positive PCR
result. This relates to a 15-fold increase (95% CI, 2-fold to
128-fold) in risk of developing a B-cell lymphoma (5.9%) on
JAK1/2 inhibition in patients with a detectable IgR (P 5 .0124).
The negative predictive value of IGHV-PCR was 97%, with a
sensitivity of 75% and a speciﬁcity of 88%.
In the Parisian patients with lymphoma (5 and 6), no BM was available
during the MPN phase. We note that the B-cell receptor sequences
of these lymphomas were also derived from IGHV4-34*01.
These data suggest that clonal IgRs are found with considerable
frequency in MPN samples, and that the preexisting B-cell clone
provides the basis for the evolving aggressive lymphomas under
JAK1/2 inhibition.

Stat12/2 mice recapitulate the phenotype of
coexisting MPN and B-cell transformation
MPN and lymphoma development was also observed in Stat12/2
mice kept under speciﬁc pathogen-free housing conditions.

JAK1/2 INHIBITOR–RELATED B-CELL LYMPHOMAS IN MPN

Stat12/2 animals show a median life span of 13.1 months
compared with 28 months in wild-type (wt) mice (supplemental
Figure 3A). In a cohort of 24 Stat12/2 mice, 66% developed
MPN, characterized by expansion of myeloid cells and hepatosplenomegaly (Figure 2A-B). STAT1 deﬁciency was paralleled by the absence of Rig-I mRNA (supplemental Figure 3B),
a key regulator of myelopoiesis whose loss is associated
with leukemogenesis.39 In line, myeloid progenitors started to
expand at the age of 4 months (supplemental Figure 3C).
Concomitant with the MPN, scattered B-blasts with atypical
nuclei and scant cytoplasm within a background of myeloid
cells were found in lymph nodes (supplemental Figure 3D).
Lowering the load of myeloid blasts by all-trans-retinoic acid
led to an expected reduction of Gr11Mac11 cells paralleled
by an increase in total B-cell numbers and enhanced number
of proliferating B cells (Ki-671) in the spleen (supplemental
Figure 4A-C).

Transplantation of BM from diseased Stat12/2 mice
uncovers an aggressive B-cell lymphoma
When BM cells from diseased Stat12/2 mice were injected into
Rag22/2gc2/2 mice, the recipients developed pronounced hepatomegaly (supplemental Figure 5A) with signiﬁcantly increased numbers of CD191 cells (Figure 2C-D). Sizes of spleens
were increased (Figure 2E) and numbers of myeloid cells in the
BM and spleen reduced (supplemental Figure 5B). To investigate whether the expansion of CD191 cells originates from a
preexisting clone already present during MPN analogous to the
human situation, we analyzed B-cell clonality in Stat12/2 mice at
the healthy, premalignant, or MPN1 stage. Although polyclonal
at early age (6 weeks, healthy), 4-month-old animals already
showed a reduction of polyclonality. During MPN, 5/6 Stat12/2
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mice harbored a dominant monoclonal B-cell clone (Figure 3A).
In 3 of 4 mice, identical clones were detected during the phase
of MPN (primary Stat12/2 mice) and in the lymphoid tissues
of transplanted individuals (supplemental Figure 5C). To test
whether the induction of disease roots in a leukemic cell-intrinsic
malignant state, we transplanted cross-wise into Stat12/2 or wt
recipients (cohorts termed “Stat12/2 into wt” and “wt into
Stat12/2”; supplemental Figure 6A). A “wt into wt” cohort was
included as control. Ten (83%) of 12 mice of the “Stat12/2 into
wt” cohort diseased and showed signiﬁcantly elevated white
blood cell counts (supplemental Figure 6B). White blood cell
counts of the “wt into Stat12/2” cohort were mildly increased,
and only 1 (11.1%) of 9 mice developed disease on transplantation of wt BM. Ex vivo-derived cultivation of BM cells of the
Stat12/2 into wt” cohort in a factor-free medium resulted in
outgrowth of CD191 cells (supplemental Figure 6C-D).

A
kb:
1.5
1
0.75
0.5

The malignant B cells could be maintained in culture in vitro,
were of clonal origin, and display a lymphoblast-like morphology
with variable size and enlarged nuclei (Figure 3C). Stat12/2 cell
lines derived from the aggressive B-cell lymphoma show reduced levels of p16INK4A and low levels of pSTAT3Y705 in the
absence of pSTAT5Y694 (supplemental Figure 7A-B). FACS
proﬁling identiﬁed the concomitant expression of B-lymphoid
and stem/progenitor cell markers (IgD, SLAM, Sca-1; supplemental Figure 7C).
The parallels in disease development in mice and men
(Figure 4A) prompted us to compare gene expression analysis
by RNA-seq over both species. Control and tumor tissue from
2 patients who developed a ruxolitinib-associated B-cell lymphoma was compared with 4 murine Stat12/2 B-cell lymphoma
cells and respective nontransformed controls (Figure 4B; supplemental Figure 8A). We identiﬁed 213 genes with an overlapping expression pattern (137 up- and 76 downregulated;
Figure 4B). Gene ontology analysis identiﬁed deregulation of
cell cycle, cell division, response to stress, or immune response
as statistically signiﬁcantly altered processes (Figure 4C).
A complete list of differentially regulated genes is provided
in supplemental Table 4. Of note, because of the high stringency
(FDR,0.001 and log2FC.2), the differential expression of myc
exceeded the log2FC threshold only in 1 patient (patient 1: FC,
1.87; patient 2: FC, 2.95). Thus, we decided to proﬁle genes that
are commonly mutated or deregulated in aggressive B-cell
lymphomas40 in a separate analysis (supplemental Figure 8B).
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To unequivocally deﬁne CD191 B cells as the origin of the B-cell
malignancy evolving pon transplantation, we fractionated BM by
ﬂuorescence-activated cell sorting (FACS) and transplanted individual cell populations into Rag22/2gc2/2 mice (Figure 3B).
Unfractionated BM was used as control and induced disease in
9 of 9 experiments. Of note, B-cell disease developed only on
transplantation of CD191 or Lin1 cells (containing B lymphocytes;
Figure 3B; supplemental Figure 6E), whereas the transplantation
of puriﬁed LSKs, progenitors, CD31, Mac11, or Gr11Mac11 cells
failed to induce signs of malignancy. This led us to conclude that
Stat12/2 mice harbor 2 individual disease entities: the initially
evolving MPN that suppresses the outgrowth of a malignant
B-lymphoid disease, which is unmasked on transplantation.

Aberrant Stat12/2 B cells share features with
human aggressive B-cell lymphoma
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Figure 3. Stat12/2 mice recapitulate the phenotype of coexisting MPN and B-cell
transformation. (A) BM of Stat12/2 mice with 6 weeks of age (n 5 3), 4 months of age
(n 5 3), and Stat12/2 MPN1 mice (n 5 6) was analyzed for D-J rearrangement of the
IgH gene. Pc, polyclonal B cells (derived from splenocytes of a wt mouse). Asterisks
denote samples of those mice, whose B-cell clonality was followed in subsequent
transplantations (outlined in supplemental Figure 5C). (B) BMs or spleens of MPN1
Stat12/2 mice were fractionated into LSK (Lin2 Sca-11c-Kit1), progenitors (Lin2 c-Kit1
Sca-12), CD31, Mac11, Gr11Mac11, CD191, and Lin1 cells and intravenous injected
into Rag22/2gc2/2 mice. Table shows incidence of B-cell disease in recipient mice
that had received individual populations or whole BM. (C) Cytospins of Stat12/2 B-cell
lines: #503, #1762, #6500 and #7473. Original magniﬁcation: 403. Scale bar, 10 mm.

We identiﬁed the aberrant expression of Dsp, Prdm1, Ezh2,
Smarca4, CD70, Mef2b, and Myc as commonly altered genes in
mice and men.
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malignant B cells from the bone marrow of patient 1 and inﬁltrated (.98%) lymph node from patient 2. The heat map shows 137 genes whose expression is upregulated and
76 genes whose expression is downregulated in tumor samples (TU) from patients 1 and 2 (compared with FACS-sorted and pooled B cells from the peripheral blood of 2 healthy
donors or lymphocytes isolated from lymph node tissue of 1 healthy donor [Ctrl]) and in transformed murine Stat12/2 B cells (compared with FACS-sorted untransformed splenic B2201
IgM1 IgD1 CD432 Stat12/2 B cells). Colors range from blue (low expression) to red (high expression). Each row represents a single transcript, and each column represents a unique cell/
tissue specimen. (C) Gene ontology enrichment analyses reveal that 213 deregulated genes are involved in cell cycle and immune response processes.

JAK1/2 INHIBITOR–RELATED B-CELL LYMPHOMAS IN MPN

blood® 16 AUGUST 2018 | VOLUME 132, NUMBER 7

703

Discussion
JAK1/2 inhibition is 1 of the mainstays of therapy against MF or
hydroxyurea-resistant PV with considerable clinical beneﬁt for
the patients.2-4 Here we show that JAK1/2 inhibition is associated
with the risk of developing aggressive B-cell lymphoma. These
lymphomas constitute a rare but consistently occurring second
malignancy sharing some clinicopathological features.
Myeloproliferative neoplasms occasionally associate with lymphoproliferative disorders at diagnosis or on treatment.41
The reported prevalence of all lymphomas ranges between
0.34% and 1.6%.8-12 The estimation of the occurrence of DLBCL
during MPN lies between 0.12% and 0.37%.8,11,12 In line with
these reports, we observed a rate of 0.36% lymphomas (1 follicular lymphoma, 1 DLBCL) in 557 Viennese patients and of 0.23%
in 872 Parisian patients who were never treated with JAK1/2
inhibitors. In contrast, the frequency of lymphomas in JAK1/2
inhibitor-treated patients was signiﬁcantly higher in our independent cohorts (5.8% or 3.5%), with most lymphomas developing in the PMF cohort (3 of 31; 9.7%).
Although all 4 of our patients with lymphoma were treated with
ruxolitinib, 1 patient had initially been treated with another
selective JAK2 inhibitor, fedratinib. It remains to be determined
whether lymphoma development is restricted to ruxolitinibtreated patients or constitutes a general phenomenon on JAK1/2
inhibition. Moreover, it remains unclear whether lymphomagenesis
is predominantly associated with JAK1 or JAK2 inhibition, or both.
Most patients had been pretreated with alkylating agents, a
known cause of secondary malignancy including a small number
of lymphoproliferative neoplasms.8-12 Interestingly, patients 4
and 6 had never received any other treatment than JAK1/2
inhibition. The time from start of inhibitor treatment to lymphoma diagnosis was 13 to 35 months (median, 25 months), and
is thus considered short for a second malignancy.
We note that all 4 patients in the Viennese cohort suffered from
an aggressive B-cell lymphoma with extranodal involvement,
including the BM and a leukemic phase in 3 patients. Expression
of MYC and TP53 was high in all and BCL2 was upregulated in
3 cases. Translocations involving MYC, BCL2, and BCL6 were
found. All 4 lymphomas showed similarities with 2 published
cases13,14 and case 6.
The clinical features of these lymphomas are reminiscent of
those occurring in immunocompromised patients except for
the fact that only 1 of 4 was Epstein-Barr virus-associated. B-cell
lymphomas in immunodeﬁcient patients are aggressive, occur at
extranodal sites including the BM, and have a high international
prognostic index and frequent genetic alterations of MYC, BCL6,
or tumor suppressors. Ruxolitinib has the ability to reduce the
function of T cells and the frequency of circulating regulatory
T cells and is used as an immunosuppressive agent (eg, against
steroid refractory graft-versus-host disease).42-44 It is attractive to
speculate that the immunosuppressive properties of JAK1/2
inhibitors contribute to lymphoma development.42,45-49
An increased prevalence of monoclonal B-cell inﬁltrates in untreated chronic myeloproliferative disorders has been observed
previously by Pajor et al.50 In their study, 3 (13.6%) of 22 patients
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with MPN had a positive IgR. We conﬁrmed these data in the
bone marrow of our patients with MF. Although frequencies of
IgR in patients with or without JAK1/2 inhibitor treatment were
equal (16.7% and 15.9%), occurrence of lymphomas was signiﬁcantly higher in the inhibitor group. Importantly, the control
group was age-/sex-matched, leaving JAK1/2 inhibitor treatment as the likely trigger for the outgrowth of malignant lymphoma from a small B-cell clone. The identity of the preexisting
B-cell clone was conﬁrmed by sequencing. This opens the
possibility of identifying patients at risk through PCR screening
before initiation of therapy. Collection of larger data sets or
incorporation of IgR into clinical trial seems warranted.50
It remains unclear whether MPN and lymphomas arise from a
common ancestral clone51,52 or represent 2 independent neoplasms. In the Viennese cohort, none of the 4 lymphomas carried
a JAK2 mutation, whereas the MPN had a JAK2 V617F. Furthermore, we did not detect other MPN-associated mutations53
in 2 sequenced lymphomas.
The association among JAK-STAT signaling, myeloid hyperplasia, and the occurrence of a malignant B-cell lymphoma is
modeled in Stat12/2 mice. On STAT1 deﬁciency, myeloid
hyperplasia is paralleled by the occurrence of a malignant
B-cell clone, which evolves into disease on bone-marrow transplantation and gives rise to a leukemic lymphoma phenotype.
One common denominator between mice and men is immunesuppression, which is exerted in human patients by ruxolitinib. In
mice, the absence of STAT1 causes dysfunctional cytotoxic
T lymphocytes and NK cells. Both cell populations are required
to eliminate malignant hematopoietic cells.54-56 The evolvement
of a malignant B-cell clone may thereby be facilitated. Another
obvious common feature is the fact that the evolving B-cell
malignancy becomes only evident on reduction of the MPN (via
ruxolitinib in patients, via all-trans-retinoic acid treatment and
upon transplantation in mice).
Targeted inhibition of JAK-STAT signaling appears to be required
to trigger the appearance of the B-cell clone as other treatments
eliminating the myeloid cell load in men do not exert a comparable effect. Although there are clear parallels for the course of
disease in mice and men the underlying mechanism for the
myeloproliferative disease may be different: whereas recurrent
mutations (e.g.JAK2 or CALR) are involved in patients, in mice, the
absence of STAT1 and its target gene Rig2I2 initiates disease.57
Our study indicates that in humans and mice, the aggressive B-cell lymphomas arise from preexisting B-cell clones that
are detectable at early stages of MPN. In patients, the clonal
B-cell population was present as long as 6 years before overt
lymphoma and preceded JAK1/2 inhibition, which offers the
opportunity to determine patients at risk.
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M, et al. Design and standardization of PCR
primers and protocols for detection of clonal
immunoglobulin and T-cell receptor gene
recombinations in suspect lymphoproliferations: report of the BIOMED-2 Concerted
Action BMH4-CT98-3936. Leukemia. 2003;
17(12):2257-2317.

15. Lesinski GB, Anghelina M, Zimmerer J, et al.
The antitumor effects of IFN-alpha are abrogated in a STAT1-deﬁcient mouse. J Clin
Invest. 2003;112(2):170-180.

22. Ghia P, Stamatopoulos K, Belessi C, et al;
European Research Initiative on CLL. ERIC
recommendations on IGHV gene mutational
status analysis in chronic lymphocytic leukemia. Leukemia. 2007;21(1):1-3.

16. Lee CK, Smith E, Gimeno R, Gertner R, Levy
DE. STAT1 affects lymphocyte survival and
proliferation partially independent of its role
downstream of IFN-gamma. J Immunol. 2000;
164(3):1286-1292.

23. Duez M, Giraud M, Herbert R, Rocher T,
Salson M, Thonier F. Vidjil: a web platform
for analysis of high-throughput repertoire
sequencing. PLoS One. 2016;11(11):
e0166126.

JAK1/2 INHIBITOR–RELATED B-CELL LYMPHOMAS IN MPN

blood® 16 AUGUST 2018 | VOLUME 132, NUMBER 7

705

24. Klampﬂ T, Gisslinger H, Harutyunyan AS, et al.
Somatic mutations of calreticulin in myeloproliferative neoplasms. N Engl J Med. 2013;
369(25):2379-2390.
25. He J, Abdel-Wahab O, Nahas MK, et al.
Integrated genomic DNA/RNA proﬁling of
hematologic malignancies in the clinical setting. Blood. 2016;127(24):3004-3014.
26. Durbin JE, Hackenmiller R, Simon MC, Levy
DE. Targeted disruption of the mouse
Stat1 gene results in compromised innate
immunity to viral disease. Cell. 1996;84(3):
443-450.
27. Colucci F, Soudais C, Rosmaraki E, Vanes L,
Tybulewicz VL, Di Santo JP. Dissecting NK cell
development using a novel alymphoid mouse
model: investigating the role of the c-abl
proto-oncogene in murine NK cell differentiation. J Immunol. 1999;162(5):2761-2765.
28. Kovacic B, Stoiber D, Moriggl R, et al. STAT1
acts as a tumor promoter for leukemia development. Cancer Cell. 2006;10(1):77-87.
29. Berger A, Hoelbl-Kovacic A, Bourgeais J, et al.
PAK-dependent STAT5 serine phosphorylation is required for BCR-ABL-induced leukemogenesis. Leukemia. 2014;28(3):629-641.
30. Chang Y, Paige CJ, Wu GE. Enumeration and
characterization of DJH structures in mouse
fetal liver. EMBO J. 1992;11(5):1891-1899.
31. Dobin A, Davis CA, Schlesinger F, et al.
STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21.
32. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol.
2014;15(12):550.

an international study of 797 patients.
Leukemia. 2014;28(9):1804-1810.
37. Tefferi A, Guglielmelli P, Lasho TL, et al.
CALR and ASXL1 mutations-based molecular
prognostication in primary myeloﬁbrosis: an
international study of 570 patients. Leukemia.
2014;28(7):1494-1500.
38. Shipp MA, Harrington DP, Anderson JR, et al;
International Non-Hodgkin’s Lymphoma
Prognostic Factors Project. A predictive
model for aggressive non-Hodgkin’s lymphoma. N Engl J Med. 1993;329(14):987-994.
39. Zhang N-N, Shen S-H, Jiang L-J, et al. RIG-I
plays a critical role in negatively regulating
granulocytic proliferation. Proc Natl Acad Sci
USA. 2008;105(30):10553-10558.
40. Swerdlow SH, Campo E, Pileri SA, et al. The
2016 revision of the World Health Organization classiﬁcation of lymphoid neoplasms.
Blood. 2016;127(20):2375-2390.
41. Popov VM, Dobrea CM, Popescu M, et al.
Diffuse large B-cell lymphoma and polycythemia vera discovered at the onset - a rare
association and its possible importance in
lymphoma prognosis. Rom J Morphol
Embryol. 2016;57(1):313-318.
42. Assouan D, Lebon D, Charbonnier A, Royer B,
Marolleau JP, Gruson B. Ruxolitinib as a
promising treatment for corticosteroidrefractory graft-versus-host disease. Br J
Haematol. 2018;181(5):687-689.
43. Betts BC, Bastian D, Iamsawat S, et al.
Targeting JAK2 reduces GVHD and xenograft
rejection through regulation of T cell differentiation. Proc Natl Acad Sci USA. 2018;
115(7):1582-1587.

33. Metsalu T, Vilo J. ClustVis: a web tool for visualizing clustering of multivariate data using
Principal Component Analysis and heatmap.
Nucleic Acids Res. 2015;43(W1):W566-W570.

44. Keohane C, Kordasti S, Seidl T, et al. JAK
inhibition induces silencing of T Helper cytokine secretion and a profound reduction in
T regulatory cells. Br J Haematol. 2015;171(1):
60-73.

34. Bauer S, Grossmann S, Vingron M, Robinson
PN. Ontologizer 2.0–a multifunctional tool
for GO term enrichment analysis and data
exploration. Bioinformatics. 2008;24(14):
1650-1651.
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