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Introduction

Hodgkin lymphoma (HL) is one of the most frequent lymphomas in the world,
accounting for  10% of newly diagnosed lymphomas and 1% of all cancers, with
an incidence of about 3 cases per 100,000 people per year in western countries.1 HL
has been classified into classical HL (cHL), which accounts for 95% of all cases, and
the rare nodular lymphocyte-predominant HL, which is considered to be a distinct
entity.2 The majority of cHL cases are diagnosed in 20-30 year old patients, with a
second smaller peak in adults older than 55 years of age.3 cHL is further subdivided

Classical Hodgkin lymphoma is one of the most common lym-
phomas and shares clinical and genetic features with primary
mediastinal B-cell lymphoma. In this retrospective study, we

analyzed the recurrent hotspot mutation of the exportin 1 (XPO1,
p.E571K) gene, previously identified in primary mediastinal B-cell lym-
phoma, in biopsies and plasma circulating cell-free DNA from patients
with classical Hodgkin lymphoma using a highly sensitive digital PCR
technique. A total of 94 patients were included in the present study.
This widely expressed XPO1 E571K mutation is present in one quarter
of classical Hodgkin lymphoma patients (24.2%). Mutated and wild-
type classical Hodgkin lymphomas were similar regarding the main clin-
ical features. Patients with a detectable XPO1 mutation at the end of
treatment displayed a tendency toward shorter progression-free sur-
vival, as compared to  patients with undetectable mutation in plasma
cell-free DNA (2-year progression-free survival: 57.1%, 95% confidence
interval: 30.1-100% versus 2-year progression-free survival: 90.5%, 95%
confidence interval: 78.8-100%, respectively, P=0.0601). To conclude,
the detection of the XPO1 E571K mutation in biopsy and plasma cell-
free DNA by digital PCR may be used as a novel biomarker in classical
Hodgkin lymphoma for both diagnosis and minimal residual disease,
and pinpoints a crucial role of XPO1 in classical Hodgkin lymphoma
pathogenesis. The detection of somatic mutation in the plasma cell-free
DNA of patients represents a major technological advance in the con-
text of liquid biopsies and noninvasive management of classical
Hodgkin lymphoma.
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into four subtypes: nodular sclerosis (60% of cases), mixed
cellularity (30% of cases), lymphocyte-depleted and lym-
phocyte-rich HL.4 cHL patients have greatly benefited
from multi-agent chemotherapy and improved radiation
techniques, and 65-90% of patients can achieve disease-
free survival after five years, depending on stage and clin-
ical risk factors.5 Those with a rapid response to initial
treatment have the best outcomes and may benefit from
truncated, less-toxic treatment regimens.6 Nevertheless,
approximately 20-25% of patients will ultimately experi-
ence either primary refractoriness to chemotherapy (with-
in 3 months of doxorubicin-based chemotherapy), early
disease relapse (within 12 months after the end of first-line
treatment) or late disease relapse,7 underlying the need to
understand the mechanisms involved and to identify pre-
dictive biomarkers. 
The singularity of cHL is that tumor cells, designated as

Hodgkin and Reed-Sternberg cells (HRS cells), usually
account for only about 0.1-2% of cells in the tissue.8 The
scarcity of HRS cells, embedded in an extensive inflamma-
tory infiltrate, hampers their molecular analysis and thus
the genomic landscape of cHL remains largely unknown.
Constitutive activation of the NF-κB pathway in HRS cells
has been demonstrated by targeted analyses using laser
capture microdissection (LCM)9,10 or cell sorting by flow
cytometry.11 Genomic gains of REL, encoding an NF-κB
factor, are present in about 30% of cases,12,13 and β-2-
microglobulin (B2M) is frequently mutated in cHL, which
is strongly associated with the nodular sclerosis subtype
and better overall survival.11
We recently detected an unexpected recurrent point

mutation of XPO1 (exportin 1, also known as CRM1:
chromosome region maintenance 1) located in exon 15
(c.1711G>A), leading to the Glu571Lys (p.E571K) mis-
sense substitution in relapsed/refractory (R/R) primary
mediastinal large B-cell lymphoma (PMBL) patients
included in the LYSA LNH03 trial program.14,15 PMBL is
well known to share several genetic features with cHL,
including mutations in SOCS1,16 STAT617 and PTPN.16
XPO1 is a member of the importin-β superfamily of
nuclear export receptors (also termed karyopherins) that
mediates the translocation of numerous RNAs and cellular
regulatory proteins, including tumor suppressor proteins
(TSPs) such as p53, BRCA1, Survivin, NPM, APC and
FOXO. The exportin 1 hydrophobic groove binds to the
leucine-rich nuclear export signal (NES) domain of its
cargo proteins.  Importantly, selective inhibitors of nuclear
export (SINE), a new class of small molecule inhibitors,
have been shown to effectively target XPO1 and retain
TSPs in the nucleus, and are currently being evaluated in
phase 1 and 2 clinical trials for various cancer types.18,19
This XPO1 E571K mutation has been detected in approx-
imately 25% of PMBL cases but at a lower frequency
(1/10) in sorted HRS cells.11 Because of the scarcity of HRS
cells in biopsies of patients with cHL, finding recurrent
mutations could be easier in the plasma cell-free DNA
(cfDNA) of these patients, with potentially fewer hetero-
geneity issues than tumor tissue testing.20 Furthermore, the
concept of "liquid biopsy" was recently highlighted in a
series of diffuse large B-cell lymphoma (DLBCL) patients,
for whom  high-throughput sequencing of a panel of tar-
get genes was performed, with the successful detection of
somatic variants both in the tumor and in the plasma.21
Tumor circulating cfDNA has also been detected in the
plasma of cHL patients.22 Notably, Oki et al.23 successfully

detected tumor-specific immunoglobulin gene segments
in blood, indicating that the principle of liquid biopsy may
also be relevant for cHL patients. We recently designed a
highly sensitive and specific probe-based digital poly-
merase chain reaction (dPCR) assay for the detection of
XPO1 E571K somatic mutations in plasma cfDNA24 that
could be used as a tool to detect minimal residual disease
(MRD).
In this study, we investigated the prevalence and clinical

relevance of XPO1 E571K in cHL cases and demonstrated
that this recurrent mutation was detectable in both tumor
and plasma, indicating that XPO1 mutations represent a
new genetic biomarker, useful at the time of diagnosis or
as a MRD marker.

Methods

Patients
We retrospectively considered adult patients treated for cHL at

the Henri Becquerel Center (Rouen, France) between 2009 and
2015 using available frozen tumor DNA and formalin-fixed, paraf-
fin-embedded (FFPE) samples. According to these inclusion crite-
ria, 94 patients were included in the present analysis (FFPE sam-
ples: n=13; frozen tumor samples, n=81). Among these 94
patients, 50 were previously included in a biological monocentric
prospective trial that aimed to assess the kinetics of cytokines (N°
RCB 2009-A01117-50). These 50 patients (“cytokines” cohort)
were included in this trial between 2010 and 2012 and had serial
EDTA plasma samples, obtained from blood collection (Online
Supplementary Methods) concomitant with the diagnostic biopsy
and at the end of chemotherapy/radiotherapy treatment. All
experiments were performed in accordance with the Declaration
of Helsinki and the study was approved by our internal review
board (N° 1601B). All patients gave informed consent for specimen
collection, clinical data collection and biomarker analysis.

dPCR experiments
A chip-based digital PCR (dPCR) platform (QuantStudio3D®

Digital PCR system; Thermo Fisher Scientific, Carlsbad, CA, USA)
was used for mutation detection. Mutation analysis with dPCR
was based on a 5’-exonuclease assay using TaqMan® MGB probes
targeting the XPO1 E571K mutation. dPCR was performed on
DNA from tumor tissue and circulating cfDNA from plasma spec-
imens at diagnosis and at the end of treatment. The sequences of
our designed Custom TaqMan® MGB probes and primers are list-
ed in the Online Supplementary Table S1. 
To consolidate the results obtained using this dPCR platform,

we also analyzed all samples using  a distinct droplet-based dPCR
(ddPCRTM) platform (Qx200® droplet digital PCR system, Bio-
rad laboratories, Hercules, CA, USA) using the same XPO1 dPCR
assay, according to the manufacturer's instructions. PCR cycling
conditions and reagent compositions are described in the Online
Supplementary Table S2. To assess the specificity of our dPCR assay
with the ddPCR platform, allele burden was measured in twenty
preamplified cfDNA samples from DLBCL control blood samples
previously found negative for the mutation by next-generation
sequencing (NGS). In this study, 0.1% was considered to be the
relevant threshold25 to discriminate positive versus negative sam-
ples for XPO1 E571K by dPCR (Online Supplementary Table S3).

Ion torrent personal genome machine™ (PGM)
sequencing
In the aim to validate results obtained by dPCR technologies,

NGS experiments were performed using an Ion Torrent Personal
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Genome Machine™ (PGM, Thermo Fisher Scientific, Carlsbad,
CA, USA). Libraries were prepared from 10 ng of genomic DNA
with primers from our previously reported Lymphopanel21,26 tar-
geting the XPO1 E571K nucleotide variant (Online Supplementary
Methods). 

Response evaluation and PET-CT
Responses after treatment were determined according to the

International Workshop Group Response (Cheson) criteria.27 PET
results were reported using the Deauville 5-point scale (Online
Supplementary Methods). 

Statistical analysis
The relationships between clinical and molecular parameters

were assessed using non-parametric tests: Mann-Whitney U test,
Kendall’s tau correlation coefficient or the associated test or
Fisher’s exact test when appropriate. Results of the comparative
tests were considered statistically significant if P<0.05. All statisti-
cal analyses were performed using R software v3.0.2.

Results

Mutations of XPO1 in cHL at the time of initial 
diagnosis
The main clinical features of the patients are summa-

rized in Table 1. Patients were considered mutated if they
had an XPO1 E571K mutation in their biopsy extracted
DNA. The mutation was found at a frequency of 24.2% in
biopsy extracted DNA by dPCR (Table 1). In this series of
94 cHL patients, the main clinical features at the time of
diagnosis, including age, sex ratio, stage and mediastinal
involvement were similar between mutated and wild-type
cases (Table 1). The concordance of the XPO1 E571K
mutation dPCR results within the 50 biopsy/ plasma DNA
pairs was highly significant (P=0.0179 Fisher’s exact test,
Online Supplementary Table S4). PGM targeted sequencing
analysis, carried out on the still available 48 DNA samples
extracted from the “cytokines” cohort’s biopsies, con-
firmed dPCR results in 40/42 (NI=6) cHL (P<0.0001,

V. Camus et al.

1096 haematologica | 2016; 101(9)

Table 1. Comparison of XPO1 WT and MT clinical characteristics.
Characteristics All patients XPO1 E571K MT WT P

Number of patients 94 22 (24.2%) 69 (75.8%, NA=3)
Men (n=) 53 14 38 0.6219
Women (n=) 41 8 31
Age (years, median) 32 31 34 0.472
Age (SD) 14.3 11 15
ECOG - 0-1 89 22 65 0.569
ECOG - 2-4 5 0 4
1st line : 2-4 ABVD + RT 41 12 28 0.371
1st line : 6-8 ABVD 23 3 19
1st line : BEACOPP based regimen (6 cycles) 27 7 19
1st line : MOPP based regimen 3 0 3
Mediastinum involvement 37 12 24 0.134
No mediastinum involvement 57 10 45
Tumor size - Median (cm) 5 6 5 0.397
Tumor size - SD 3.72 3.52 3.86
Histology - Mixed cellularity cHL 11 5 5 0.113
Histology - Nodular Sclerosis cHL 78 16 60
Histology - Lymphocyte-rich cHL 1 0 1
Histology - Unclassifiable 4 1 3
Ann Arbor Stage 1-2 43 13 28 0.147
Ann Arbor stage 3-4 51 9 41
Hasenclever - 0-2 20 4 16 1
IPS Hasenclever - 3-7 24 4 19
IPS Hasenclever - NA 50 14 34
Number of deaths 4 1 3 1
End of treatment evaluation - CR 69 18 48 0.748
End of treatment evaluation  - RD 15 3 12
End of treatment evaluation  - NA 10 1 9
Relapse 26 6 20 1
PET C2 NEGATIVE (n=) 44 10 32 0.197
PET C2 POSITIVE (n=) 16 7 9
PET C2 - NA (n=) 34 5 28
SD: stable disease; CR: complete remission; RD: refractory disease; PET C2: positron emission tomography after 2 cycles of chemotherapy; NA: not available; ECOG: Eastern
Cooperative Oncology Group.



Fisher’s exact test, Online Supplementary Table S5 and S6)
and VAF were strongly correlated (Kendall’s tau coeffi-
cient=0.751, P=0.000193, Online Supplementary Figure S1).
Digital PCR generates more copies (analysis points) of the
sequence of interest than PGM (mean 16000 points by
dPCR versus mean 4800 reads by PGM, data not shown), so
the accuracy of the VAF might be lower by PGM than by
digital PCR. The cases of discrepancies between PGM and
digital PCR results involved FFPE DNA samples whose
amplification by PGM is more difficult, with a lower
sequencing depth. The XPO1 mutation was also investi-
gated by dPCR in DNA from peripheral blood mononu-
clear cells (PBMC) of 4 mutated patients, and was not
found in those samples (n=0/4, data not shown).
The E571K XPO1 mutation VAF in biopsy extracted

DNA ranged from 0.13% to 4.78% (median 0.435%). The
VAF in plasmatic cfDNA ranged from 0.13% to 14.74%
(median 0.24%, Online Supplementary Table S7). The corre-
lation between cfDNA VAF and tumor DNA VAF was low
but significant (Kendall’s tau=0.462, P=0.0387, Figure 1).
This highlights the fact that, although HRS cells in the
tumor are very sparse, the mutation frequencies seem to
be correctly represented in the plasma.
There was a trend toward higher cfDNA concentration

(ng/mL of plasma) in advanced stage disease compared to
localized disease (P=0.0894, Online Supplementary Figure
S2) but no correlation between cfDNA concentration and
XPO1mutation VAF (P=0.735, Online Supplementary Figure
S3). XPO1mutations were found in both mixed cellularity
and nodular sclerosis subtypes, indicating that the muta-
tion is not a feature of a specific histological subtype. No
XPO1 mutations were detected in the only lymphocyte-
rich cHL case of the cohort (Table 1). 
Of note, 5 patients displayed the XPO1 mutation exclu-

sively in the tumor DNA biopsy (Online Supplementary
Table S4); 3 of these 5 patients had a localized stage II dis-
ease with a small tumor size (4-6 cm diameter), whereas
the remaining 2 patients had advanced stage disease (1
stage III, 1 stage IV). Furthermore, 8 patients had an XPO1
mutation detectable only in the cfDNA. These results
illustrate that considering only tumor biopsy DNA may
lead to an underestimation of the mutation prevalence,
and suggest that joint analysis of cfDNA and biopsy
extracted DNA is more suitable to detect XPO1mutations
in cHL. 

Cell lines analysis
We also analyzed 6 HL-derived cell lines by dPCR and

PGM : KM-H2 (DSMZ: ACC 8), HDLM-2 (ACC 17), L-
540 (ACC 72), L-428 (ACC 197), L-1236 (ACC 530), and
U-H01 (ACC 626), and we found the XPO1 E571K muta-
tion in the L-1236 and U-H01 cell lines, with VAF of
18.5% and 85%, respectively (Online Supplementary Figure
S4). The karyotype of the L-1236 and U-H01 cell lines
revealed amplification of the 2p15 - 2p16 region where
XPO1 is located (chr2:61703069-61767418:2p15 region).
Our data are in favor of duplication of the mutated XPO1
allele in the U-H01 cell line and of the wild-type allele in
the L-1236 cell line. We did not find any other XPO1 vari-
ants within exons 15 to 18.

Response rate and survival analysis
The complete remission rate at the end of treatment

(85.7% versus 80%, P=0.537) was similar in MT and WT
patients. There was no statistically different rate of posi-

tivity of interim PET-CT after two cycles (C2) of
chemotherapy (PET-2) in MT patients as compared with
WT patients (41.2% versus 21.95% P=0.197). Concerning
survival analysis, with a median follow-up of 34.5
months, overall survival (OS) and progression-free survival
(PFS) were similar between MT and WT patients with a 2-
year OS and PFS probability of 95% [CI 95%: 85.9-100%]
and 82.2% [CI 95%:67.8-99.7%], respectively, in MT
patients, and of 98.1% [CI 95%: 94.5-100%] and 64.8%
[CI 95%: 52.9-79.5%], respectively, in WT patients
(P=0.637 and 0.248 for OS and PFS, respectively, Online
Supplementary Figure S5). Of note, PET-2-positive patients
had a shorter 2y-PFS, as compared to PET-2-negative
patients (2y-PFS=62.5%, CI 95%:42.8-91.4% versus 2y-
PFS=86.1%, CI 95 %:75.5-98.2%, respectively, P=0.00159,
Online Supplementary Figure S6).

cfDNA as a biomarker for MRD
At the end of treatment plasma cfDNA was analyzed

for 28 patients; the remaining 66 patients had either no
available plasma sample at the end of treatment (n=46), or
no XPO1mutation at diagnosis in either the plasma or the
biopsy (n=20). Figure 2 schematically shows the variation
of the XPO1 E571K mutation VAF in the plasma cfDNA of
the 28 evaluable patients between diagnosis and comple-
tion of treatment, with PET-CT at C2 and the end of treat-
ment. For the majority of patients (n = 20), the cfDNA VAF
decreased between diagnosis and the completion of treat-
ment. The mutation became undetectable (using the
threshold of 0.1%) in plasma for 16 patients. Five patients
had plasma cfDNA with undetectable XPO1 E571K muta-
tion at diagnosis and at the end of treatment (“negative”
patients, Figure 2), but were mutated in biopsy extracted
DNA. Patients with a detectable XPO1 mutation at the
end of treatment displayed a trend toward shorter 2y-PFS,
as compared to patients with undetectable mutation in
plasma cell-free DNA (2y-PFS=57.1%, CI 95%:30.1-100%
versus 2y-PFS=90.5%, CI 95%:78.8-100%, respectively,
P=0.0601, Figure 3). Furthermore, patients with increasing
cfDNA VAF at the end of treatment (n=3/28) seem to dis-
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Figure 1. Correlation between XPO1 E571K VAF in biopsies and cfDNA.
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play shorter OS and PFS, but the sample size is too low to
conclude this with certainty (2y-PFS=33.3%, CI 95%:6.7-
100% versus 2y-PFS=90%, CI 95%:77.8-100%, respective-
ly, P=0.0439, data not shown). Of note, in 2/3 cases, PET
was negative at the time of the detection of an MRD
increase. In the full cohort of 94 patients, 26 patients expe-
rienced relapse during follow-up. Of the 7 patients with a
positive plasma at the end of treatment, 4 (57%) relapsed
during follow-up (Figure 3), which suggests that the
assessment of plasma might be more sensitive than PET
because only 1 patient had a positive PET at the end of
treatment. 
Finally, 1 patient (patient N°42) had an XPO1 E571K

mutation at diagnosis in both biopsy and plasma samples
as well as in cfDNA at the end of treatment (VAF 4.04%,
0.91% and 0.19%, respectively, Online Supplementary
Figure S7). The mutation was also detected in plasma
cfDNA 3 months after the end of treatment (VAF 0.12%)
and in the relapse biopsy 10 months after the end of first-
line ABVD chemotherapy (VAF relapse 2%, Figure 4).
Unfortunately, we were unable to extract plasma cfDNA
at relapse for this patient.

Discussion

Herein we describe for the first time the existence of a
widely present XPO1 E571K somatic mutation in a large
cohort of patients with cHL, as identified by dPCR and

confirmed by NGS experiments. This observation is novel
and could add new information on driver events and
tumorigenesis in this disease. In total, 24.2% of our
patients with cHL harbored the XPO1 E571K mutation. It
is remarkable that 29% of all XPO1mutations were found
only in the plasma but not in the tumor because of the
well-known tumor cell sparsity in HL. This indicates that
cfDNA assessment might play an important role to define
somatic mutations in this disease at the time of diagnosis.
The detection of this mutation in the plasma cfDNA of
patients represents a major technological progress in the
onset of liquid biopsies in Hodgkin lymphoma. 
There is a pathological overlap between PMBL and,

specifically, cHL of the nodular sclerosis subtype; whether
both might derive from thymic B cells is currently an area
of discussion.28 The fact that the XPO1 E571K mutation is
so enriched in both of these subtypes reinforces the
hypothesis of a common origin and a strong oncogenic
role of this gene. Missense substitutions targeting XPO1
have also previously been reported at a low frequency
(<5%) in chronic lymphocytic leukemia (CLL) and
esophageal squamous cell carcinoma (ESCC), suggesting
that these XPO1mutations may also play a role in several
oncogenic processes.29–31 Importantly, alternative XPO1
variants, including those located at the hotspot,14,15,32,33
were not assessed by our dPCR approaches and we may
have underestimated the rate of XPO1 mutations in cHL.
Nevertheless, we did not detect those alternative XPO1
variants by NGS on cHL biopsies. To date, the role of
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Figure 2. Plasmatic cfDNA XPO1 E571K mutation VAF at diagnosis
and after treatment completion (after 6-8 cycles of chemotherapy
for advanced stage disease, or after 3-4 cycles of chemotherapy
and radiotherapy for localized stage disease), with interim and the
end of treatment (EoT) PET-CT results. The interim PET at C2 is rep-
resented at the base of the arrow and the end of treatment PET is
represented at the tip of the arrow. The arrows show the variations
of the XPO1 mutation VAF in the plasma cfDNA between diagnosis
and the end of treatment. The dotted line represents the detection
limit (0.001). 
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XPO1 and the impact of the highly selected E571K muta-
tion in the pathogenesis of cHL remain totally unknown.
Several proteins known to play a major role in cHL onco-
genesis, including STAT1/STAT6, FOXO1 or CIITA  are
also identified as cargo proteins.34–36 Whether the XPO1
mutations may interfere with the nucleus/cytoplasm shut-
tle of these proteins remains to be determined.
Genomic analyses of HL have been hampered until

recently by the scarcity of HRS cells that are tremendously
thinned out (to 1%) by a very large number of robust,
nonmalignant infiltrating inflammatory cells that include
macrophages, reactive lymphocytes, plasma cells and
fibroblasts.4 Reactive infiltrating cells, especially T cells,
usually make up at least 99% of the cells in the tumor
mass,37 which may explain the low XPO1 E571K VAF
observed in our series of cHL patients. We cannot affirm
that the mutation in XPO1 is indeed present in HRS cells
and not in some bystander cells, but the presence of the
mutation in two Hodgkin cell lines and its absence in
PBMC are in favor of the presence of this XPO1 mutation
in HRS tumor cells specifically. The XPO1 E571K muta-
tion in the L-1236 cell line was first detected by whole-
exome sequencing (WES).38
In this particular disease, highly sensitive techniques like

dPCR and targeted NGS are essential to highlight low fre-
quency mutations. High-throughput techniques such as
low-coverage whole genome sequencing,39 sequencing of
circulating cfDNA22 or targeted exome sequencing of iso-
lated HRS cells11 have recently helped to investigate genet-
ic lesions underlying cHL, but sample sizes were very low.
WES-based experiments of sorted Reed-Sternberg (RS)
cells11,40,41 recently identified new point mutations in cHL
cases, including several mutations already reported in
PMBL, such as CIITA, SOCS1, STAT6 and B2Mmutations,
as well as one case harboring the E571K XPO1 mutation,
but this study was restricted to 10 cases,11 with an insuf-
ficient median depth of sequencing (48X), which is poten-
tially limiting for the discovery of genomic alterations.
A recent NGS study on circulating cfDNA of 9 nodular

sclerosis HL cases showed genomic imbalances in HRS

cells that can be identified at diagnosis with rapid normal-
ization of circulating cfDNA profiles upon therapy initia-
tion, suggesting a potential role for circulating cfDNA pro-
filing in early response monitoring.22 Although cHL is cur-
able even in advanced stages, up to 20% of patients will
not be cured or achieve remission with initial therapy,7
and overall more than 25% of cHL patients will ultimately
relapse, warranting the identification of a specific and
trackable biomarker. In the present study, we performed
highly sensitive analysis of a large cohort of 94 cHL
patients and showed a recurrent XPO1 E571 somatic point
mutation that could be considered as a new biomarker in
approximately one quarter of cHL patients. Nevertheless,
the applicability as a widely used biomarker would be low
since three quarters of the patients do not have a XPO1
E571K mutation and of the positive 25%, an additional
26% are negative for XPO1 mutations in the plasma.
In line with this aspect we have identified a trend

toward unfavorable prognostic impact in terms of PFS in
patients with detectable XPO1 E571K mutation in plasma
cfDNA at the end of treatment, which could prove to be
statistically significant in a larger cohort. We observed that
57% of the patients who ultimately relapsed were positive
for XPO1 mutations in the plasma after the end of thera-
py. In fact, XPO1 assessment seems to be more sensitive
than PET-CT since only 1 patient had a positive PET at the
end of treatment.
These results suggest that the clearance of the XPO1

mutation in plasma cfDNA may represent a new prognos-
tic marker for mutated patients.  A study in a larger
prospective cohort is warranted and already planned to
draw definitive conclusions. In accordance with this
observation, it has been reported that pretreatment levels
of plasma Epstein-Barr virus (EBV) DNA, as determined by
quantitative real-time polymerase chain reaction (QRT-
PCR), are associated with inferior outcomes among a large
cohort of patients with previously untreated, advanced-
stage Hodgkin lymphoma.42 Another interesting potential
biomarker is the combination of serum CD163 and tumor-
specific TARC proteins that predicted disease response in
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Figure 3. OS and PFS according to the XPO1 E571K cfDNA results at the end of treatment (EoT). Negative: patients with undetectable XPO1 mutation, Positive:
patients with detectable XPO1 E571K mutation in cfDNA at EoT. 
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a small cohort of 47 patients with HL.43 These results still
require validation, and the usefulness of monitoring the
MRD by XPO1 somatic mutation detection in cfDNA,
compared with other potential biomarkers, has to be
assessed.
One of the limitations of our study, in addition to its ret-

rospective nature with possible selection bias, is the
absence of plasma available at the time of diagnosis for 44
patients which potentially led to underestimating the
prevalence of the mutation in these patients, for whom
only biopsies were analyzed. The few discrepancies
between the detection of the mutation in the plasma and
the tumor can be explained partly by the poor quality of
some of our biopsies with tumor cell scarcity, potentially
rendering the mutation detection in biopsy extracted DNA
impossible, and also by the absence of tumor DNA release
in plasma by certain tumors and the short half-life (10-15
minutes) of circulating DNA in plasma.44 Although addi-
tional XPO1 mutations were found in the plasma com-
pared to the tumor, the sensitivity of the test remains low,
with 26% of XPO1 mutations missed in the plasma at
diagnosis. Another possibility for the lack of detection of
this mutation in our cHL cases is the potential subclonality
of the XPO1 E571K mutation. This point warrants further
research. In addition, it has been previously described that
plasma cfDNA concentrations do not uniformly correlate

with disease stage in solid tumors and biological mecha-
nisms that underlined tumor cfDNA amount release are
incompletely understood.45,46 The results presented here are
limited to patients with histologically confirmed cHL and
may not be generalizable to HIV-associated HL, nodular
lymphocyte-predominant HL or HL developing in the
post-transplant setting. Finally, selective inhibitors of
nuclear export (SINE), have been shown to effectively tar-
get XPO1 by retaining TSPs in the nucleus.47 Given the fre-
quency of XPO1 E571 mutations in cHL, suggesting a cru-
cial role of XPO1 in cHL pathophysiology, further investi-
gation concerning the impact of XPO1 E571 mutations in
response to SINE is currently being investigated.48
To conclude, we identify herein a widely spread XPO1

E571K mutation that is present in about one quarter of
cHL patients. The presence of the XPO1 E571K mutation
in plasma cfDNA may serve as a novel biomarker in cHL.
These data have to be confirmed in a large dedicated
prospective study, and it remains to be established
whether this mutation adds new relevant value as com-
pared to PET-scans and whether it can be targeted by SINE
compounds for the treatment of cHL.
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