ARTICLE
Ferrata Storti Foundation

Haematologica 2021
Volume 106(1):154-162

Hodgkin Lymphoma

Targeted genotyping of circulating tumor DNA
for classical Hodgkin lymphoma monitoring: a
prospective study
Vincent Camus,1,2 Mathieu Viennot,2 Justine Lequesne,3 Pierre-Julien Viailly,2
Elodie Bohers,2 Lucile Bessi,2 Bénédicte Marcq,1,2 Pascaline Etancelin,2,4
Sydney Dubois,1,2 Jean Michel Picquenot,2,5 Elena-Liana Veresezan,2,5
Marie Cornic,3 Lucie Burel,3 Justine Loret,3 Stéphanie Becker,6
Pierre Decazes,6 Pascal Lenain,1 Stéphane Lepretre,1,2 Emilie Lemasle,1
Hélène Lanic,1 Anne-Lise Ménard,1 Nathalie Contentin,1 Hervé Tilly,1,2
Aspasia Stamatoullas1,2 and Fabrice Jardin1,2

1
Department of Hematology, Center Henri Becquerel; 2University of Rouen, INSERM
U1245, Center Henri Becquerel; 3Clinical Research Unit, Centre Henri Becquerel;
4
Department of Genetic Oncology, Center Henri Becquerel; 5Department of Pathology,
Center Henri Becquerel and 6Department of Nuclear Medicine and Radiology, Center
Henri Becquerel and QuantIF (Litis EA4108 – FR CNRS 3638), Rouen, France

ABSTRACT

T

Correspondence:
VINCENT CAMUS
vincent.camus@chb.unicancer.fr
Received: October 16, 2019.
Accepted: February 12, 2020.
Pre-published: February 20, 2020.

he relevance of circulating tumor DNA (ctDNA) analysis as a liquid
biopsy and minimal residual disease tool in the management of classical Hodgkin lymphoma (cHL) patients was demonstrated in retrospective settings and remains to be confirmed in a prospective setting. We
developed a targeted Next-Generation sequencing (NGS) panel for fast
analysis (AmpliSeq® technology) of nine commonly mutated genes in
biopies and ctDNA of cHL patients. We then conducted a prospective trial
to assess ctDNA follow-up at diagnosis and after two cycles (C2) of
chemotherapy. Sixty cHL patients treated by first line conventional
chemotherapy (BEACOPPescalated [21.3%], ABVD/ABVD-like [73.5%]
and other regimens [5.2%, for elderly patients]) were assessed in this noninterventional study. The median age of the patients was 33.5 years (range:
20-86). Variants were identified in 42 (70%) patients. Mutations of NFKBIE,
TNFAIP3, STAT6, PTPN1, B2M, XPO1, ITPKB, GNA13 and SOCS1 were
found in 13.3%, 31.7%, 23.3%, 5%, 33.3%, 10%, 23.3%, 13.3% and 50%
of patients, respectively. ctDNA concentration and genotype were correlated with clinical characteristics and presentation. Regarding early therapeutic response, 45 patients (83%, not available [NA] =6) had a negative
positron emission tomography (PET) after C2 (Deauville Score 1-3). The
mean of DeltaSUV after C2 was -78.8%. ctDNA after C2 was analysed in
54 patients (90%). ctDNA became rapidly undetectable in all cases after C2.
Variant detection in ctDNA is suitable to depict the genetic features of cHL
at diagnosis and may help to assess early treatment response, in association
with PET. Clinical Trial reference: NCT02815137.
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Introduction
Classical Hodgkin lymphoma (cHL) patients have greatly benefited from multiagent chemotherapy and improved radiation techniques and 65-90% of patients can
achieve disease-free survival after 5 years, depending on stage and clinical risk factors.1
Those with a rapid response to initial treatment have the best outcomes and may benefit from truncated, less-toxic treatment regimens.2 Nevertheless, approximately 2025% of patients will ultimately experience either primary refractoriness to chemotherapy (within 3 months of doxorubicin-based chemotherapy), early disease relapse
(within 12 months after the end of first-line treatment) or late disease relapse,3 underlying the need to understand the mechanisms involved and to identify predictive biomarkers.
Until recent years, the genetic overview of cHL was poorly described because of the
scarcity of Hodgkin and Reed-Sternberg (HRS) tumor cells, which usually account for
haematologica | 2021; 106(1)
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only about 0.1-3% of cells in the tissue,4 complicating biological analyzes that lacked sensitivity. Due to the scarcity of
HRS cells in cHL patient biopsies, finding recurrent mutations could be easier in the plasma circulating tumor DNA
(ctDNA) of these patients, with potentially fewer heterogeneity issues than tumor tissue testing. The concept of "liquid biopsy" has recently been highlighted in a series of cHL
patients,6 for whom high-throughput sequencing (HTS) of a
panel of target genes was performed, with successful detection of soma-tic variants both in the tumor and in the plasma. In a previous retrospective study, we investigated the
prevalence and clinical relevance of XPO1 E571K in cHL
cases7 and demonstrated that this recurrent mutation was
detectable in both tumor and plasma, indicating that XPO1
mutations represent a new genetic biomarker, useful both at
the time of diagnosis and as a minimal residual disease
(MRD) marker.
In order to confirm the results of this previous work, we
have developed a prospective observational study
(NCT02815137) with a focused and limited array of genes to
implement liquid biopsy at different times throughout the
standard initial cHL management and to identify in this larger number of patients at least one molecular abnormality
with a role in oncogenesis or of prognostic or therapeutic
impact that could be used as a biomarker of follow-up during treatment. Our Next-Generation sequencing (NGS) and
digital droplet PCR (ddPCR) panel was designed after analysis of literature data on recurrent somatic mutations
described in cHL and the validity of this panel was established on a series of 24 patients with cHL in a previous publication.8 A comparison with previous results recently published by Spina et al.6 showed very similar rates of mutations
detected in ctDNA targeting STAT6, B2M, XPO1, NFKBIE
and TNFAIP3.
The goal of the present work was to establish the feasibility and validity of prospective ctDNA monitoring, in order
to propose new strategies for both tailored diagnosis and
treatment based on the simple detection and quantification
of acquired mutations in the plasma of cHL patients.

Methods
Patients
For exploratory and feasibility purposes, we prospectively
included in this biological study adult patients treated by adriamycin (doxorubicin), bleomycin, vinblastine, dacarbazine (ABVD)
or BEACOPPescalated for newly diagnosed stage I-IV cHL at the
Henri Becquerel Center (Rouen, France) between 2016 and 2018.
According to these inclusion criteria, 64 patients were initially
included but four were then excluded (two histological diagnostic
errors, one underage patient, one loss to follow-up just after inclusion) leading to a final number of 60 patients analyzed. The exclusion criteria were: patients who had i) already started any treatment
(including steroids) before signing the informed consent, ii) contraindication to positron emission tomography (PET), iii) positive
HIV, hepatitis B or C serology, and iv) pregnant women. As this was
an observational biological study, physicians were blinded to the
results of the molecular analysis and these did not alter the routine
care of the patients. All experiments were performed in accordance
with the Helsinki Declaration and the study was approved by an
institutional review board and ethics committee (N° ID-RCB: 2016A00202-49). All patients gave informed consent for specimen collection, clinical data collection and biomarker analysis. Patients
were treated according to routine local recommendations for the
haematologica | 2021; 106(1)

management of patients with a diagnosis of de novo cHL.

Blood specimens
Blood samples were obtained by blood draws at diagnosis and
after two cycles (C2) of chemotherapy, and another blood sample
was obtained in case of disease relapse. Eighteen mL of blood samples were collected in EDTA tubes at the scheduled timepoints during patient management. Samples were centrifuged within 2 hours
for 10 minutes at 2,600 g (3,500 rpm) at 4°C to isolate the plasma,
which was then stored at -80°C.

NGS and statistical analysis
NGS of targeted genes was performed on an Ion Torrent Personal
Genome Machine™ (PGM, Thermo Fisher Scientific). Our panel
targets the four basepair hotspot deletion in NFKBIE (exon 1) and
the coding regions of the following genes: ITPKB (exons 2 to 8),
PTPN1 (exons 1 to 10), TNFAIP3 (exons 2 to 9), SOCS1 (exon 2),
STAT6 (exons 12 and 14), B2M (exons 1 to 3), XPO1 (exons 15 to
18) and GNA13 (exons 1 to 4). Based on a theoretical sensitivity of
1%, and on a minimum number of mutated reads equal to 50, the
minimum depth of desired sequencing was set at 5,000X. The circulating ctDNA concentrations were expressed in haploid genome
equivalents (hGE) per mL of plasma (hGE/mL) and calculated by
multiplying the mean variant allelic frequency (VAF) for all mutations used for detection calling by the concentration of cell-free
DNA (cfDNA) (pg/mL of plasma) and dividing by 3.3, using the
assumption that each haploid genomic equivalent weighs 3.3 pg, as
previously described by Scherer et al.9 Taking into account previous
experiences in our laboratory,8,10 we retained a threshold of 0.5% of
VAF as the lower detection limit for the present study. Statistics
were performed with R software v3.3.2 (see the Online
Supplementary Materials and Methods).

Results
Somatic mutations in cHL at the time of initial
diagnosis
The main clinical features, disease characteristics, and first
line treatments of the 60 patients are summarized in Table 1.
Briefly, the median age was 33.5 years old, 91.4% of the
patients had an excellent performance status (ECOG 0-1)
and the majority of patients (55%) displayed B symptoms.
The predominance of the scleronodular subtype was confirmed (70%) and we observed a predominance of localized
stage I-II disease (51.7%). Regarding disease extension, the
bone marrow biopsy, when performed, was normal in the
majority of cases (30 of 37 patients, 81.1%). The presence of
a bulky mass greater than 10 centimeters (cm) concerned
15% of the patients. Table 2 presents the somatic variants
detected by HTS sequencing of biopsy and plasma ctDNA.
Patients were considered mutated if they had a mutation in
their biopsy-extracted genomic DNA and/or plasma ctDNA.
Variants were found in 42 (70%) patients: 21 of 30 (71%)
and 41 of 60 (68.8%) of available biopsy and ctDNA samples respectively. In all, 145 different variants were identified: (i) 127 variants in plasma samples, of which were 66
not found in the corresponding biopsies; (ii) 79 in the biopsy
samples, of which 18 variants were not found in the corresponding plasma samples. The median VAF were superior in
ctDNA than in biopsy (1.99% vs. 1.6%, P=0.024).
Concordance between genetic profiles of biopsy and
ctDNA (in terms of double-positivity or double-negativity of
samples) was acceptable for 25 of 30 patients (83.3%,
Cohen’s k =0.56 [range: 0.23-0.89]). This indicates that 20
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patients with a positive genetic biopsy profile also presented
the same genetic ctDNA profile, and five patients with a
negative genetic biopsy profile also presented no mutations
in ctDNA, leading to 25 patients with concordance. More
precisely, similarity at the level of the variants in paired biopsy and plasma samples was found for 61 variants (variant
identified both in the plasma and in the biopsy of the same
patient).
Significant higher plasma ctDNA concentration levels at
diagnosis was associated with the following unfavorable
clinical characteristics: sedimentation rate ≥50 mm, albumin
≤40 g/L, advanced stage disease, lymphopenia <0.6 G/L,
presence of B symptoms; Hasenclever International
Prognostic Score ≥3, ≥ 4 involved nodal areas, presence of
anemia (hemoglobin level <10.5 g/dL) and elevated lactate
dehydrogenase (LDH) (>480 UI/L) (Table 3). Mutations of
NFKBIE, TNFAIP3, STAT6, PTPN1, B2M, XPO1, ITPKB,
GNA13 and SOCS1 were respectively found in the following proportions of patients (mean number of variants by
patient [range]): 13.3% (1.1 [1-2]), 31.7% (1.1 [1-2]), 23.3%
(1.4 [1-2]), 5% (1.3 [1-2]), 33.3% (1.3 [1-3]), 10% (1 [1-1]),
23.3% (1.5 [1-4]), 13.3% (1.1 [1-2]) and 50% (1.9 [1-5]).
As a median value, four somatic variants per mutated
patient (range: 1-12) were identified. The entire coding
sequence of SOCS1 was sequenced and was found to be the
most frequently mutated gene in this study with 55 somatic
variants identified in gDNA and/or ctDNA of 30 patients
(50%), some thus presenting two (or more) somatic variants
but there is no recurrent variant identified for this gene.
Figure 1A shows the number and types of somatic variants
identified by gene and patient both in biopsy and ctDNA. In
exons 1 to 3 of the B2M gene, 23 somatic variants were
found in 20 patients (33.3% of patients). STAT6 is frequently
mutated with 10 somatic variants identified in 14 patients
(23.3% of patients). These variants are not mutually exclusive and can present on the same allele when the patient is
double-mutated (five double-mutated patients). Among
these mutations, the N417Y mutation is the most frequent,
present in six patients (10%). The coding sequence of the
TNFAIP3 gene was sequenced in its entirety, which allowed
the identification of 21 somatic variants in 19 patients
(31.7% of patients). Two different variants were identified
on exons 15 to 18 of the XPO1 gene, in six patients (10%).
Unsupervised hierarchical clustering was performed among
the nine genes to represent the association of alterations
(Figure 1B).
For 8 of the 20 patients presenting similar mutations in
both biopsy and plasma samples, the variants identified
were strictly identical. For the 12 others, there were discrepancies (somatic variants common between the two tissues,
with additional variants in one or both of the tissues). For
these 20 patients, the median VAF in the biopsy and the
matched plasma were equal to 1.61% and 2.3% respectively
(P=0.04).
Mean baseline ctDNA concentration was 323.3 hGE/mL
(range: 0-2684.9) at diagnosis. Figure 3A shows the distribution of ctDNA median VAF for the 41 mutated patients with
“positive plasma” at diagnosis.

PET measurements, therapeutic response and survival
analysis
There was a moderate positive Spearman’s correlation
between metabolic tumor volume (MTV) and ctDNA concentration (r=0.47, P<0.001) and between MTV and ctDNA
median VAF (r=0.57, P<0.001) for the 41 “positive” plasma
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samples at diagnosis. Fifty-four interim PET exams were
performed after C2: 45 patients displayed a complete metabolic response and nine patients displayed a partial metabolic response (Deauville Scale [DS]).4 Among these nine
patients, eight were in complete remission at end of treatTable 1. Patient characteristics.

All (N=60)
Age > 60 years
8 (13.3%)
Median age, years (range)
33.5 (20-86)
Male
32 (53.3%)
BMI
<18.5
4 (6.7%)
18.5-25
31 (51.7%)
≥25
25 (41.6%)
Stage III/IV (vs. I/II)
29 (48.3%)
LDH > ULN
11 (18.6%, NA=1)
B symptoms
33 (55%)
ECOG PS ≥2
5 (8.6%, NA=2)
Mediastinal mass ratio >0.33
13 (52%, NA=35)
Smokers
36 (63.2%, NA = 3)
Diagnostic biopsy mediastinal
10 (23.3%)
versus extra-mediastinal
Sclero-nodular cHL (vs. other subtypes)
42 (70%)
Bone marrow involvment
5 (13.5%, NA = 23)
EORTC favorable stage I-II versus unfavorable
4 (6.7%)
IPS (Hasenclever) 0-2 (vs. 3-7)
39 (65%)
EBV positive disease
17 (31.5%, NA=6)
Bulky disease (≥10 cm)
9 (15%)
Splenomegaly
6 (10.3%, NA=2)
Median number of involved nodal areas (range)
3 (0-5)
Treatment
2 ABVD/ABVD-like
1 (1.7%)
2 ABVD/ABVD-like + IFRT
6 (10%)
2 ABVD/ABVD-like + 2 BEACOPPescalated + IFRT
1 (1.7%)
3 ABVD/ABVD-like
1 (1.7%)
3 ABVD/ABVD-like + IFRT
1 (1.7%)
4 ABVD/ABVD-like + IFRT
19 (31.7%)
6-8 ABVD/ABVD-like
3 (5%)
AHL 2011 based strategy
23 (38.3%)
Other Regimen
4 (6.7%)
Other Regimen + IFRT
1 (1.7%)
IFRT (n=28)
20 Gy
6 (21.4%)
30 Gy
21 (75%)
36 Gy
1 (3.6%)
DS1-3 after C2 versus DS 4-5
46 (85.2%, NA=6)
Complete metabolic response versus partial response after C245 (83.3%, NA=6). BMI:
body mass index; IPI: international prognostic index; NA: not available; aaIPI: age
adjusted IPI; cHL: classical Hodgkin lymphoma; IFRT: involved field radiotherapy; Gy:
Grays; DS: Deauville score; C2: two cycles of chemotherapy; IPS: international prognostic score. LDH: lactate dehydrogenase; ULN: upper limit of normal; EBV: Eppstein-Barr
virus; ECOG: Eastern Cooperative Oncology Group; EORT: European Organisation for
Research and Treatment of Cancer; ABVD: adriamycin (doxorubicin), bleomycin, vinblastine, dacarbazine. AHL 2011 based strategy BEACOPPescalated C2 and then PET
performed after C2 was used to guide subsequent treatment: the patient received four
additional cycles of ABVD for patients with negative PET2, and two additional cycles
of BEACOPPescalated for patients with positive PET2 and then another PET was performed after C4. If patients had a negative PET4, they received two additional cycles of
BEACOPPescalated; if patients had a positive PET, they received salvage treatment.
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A
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Figure 1. Number and types of somatic variants identified by gene and
patient both in biopsy and circulating tumor DNA. (A) Heatmap representing
somatic variants detected in circulating tumor DNA (ctDNA) in the mutated
patients (the "Burden" track represents the mutational load [“burden”] of a
patient based on the maximum/minimum number of mutations found in the
complete cohort). (B) Unsupervised hierarchical clustering performed among
the nine genes to represent the association of alterations (numbers within the
clustering represent the number of observed associations between two
genes).

ment and one elderly patient ( universal patient identification number [UPN] 39), who had no detectable mutations
either at diagnosis or after C2, relapsed and died from disease progression 1 year after diagnosis. Patient UPN43 had
no blood collection after C2 (organizational issue) and was
in complete remission at end of treatment. Patient UPN44
had no interim PET scan performed after C2 because the
patient was scheduled to receive C8 of ABVD and PET was
performed after C4 (metabolic complete response) but we
do not have any blood collection after C4.
The metabolic complete remission rate (DS 1-3) after C2
of chemotherapy and at the end of treatment were 85.2%
(not done [ND] =6) and 86% [ND=17]), respectively. The
mean of DeltaSUV after C2 was -78.8%. Two patients
(UPN21 and UPN58) died after the C1 of chemotherapy and
two patients experienced an early relapse. The median follow-up of patients was 22.7 months (range: 11.4-38.9
max
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Table 2. Synthesis of mutational profiles at diagnosis of the patient cohort.

Gene

Number of mutated
patients by gene (%)

Recurrent
variants

ITPKB
GNA13
SOCS1
PTPN1
TNFAIP3
XPO1
STAT6

14 (23.3)
8 (13.3)
31 (51.7)
3 (5)
19 (31.7)
6 (10)
14 (23.3)

NFKBIE
B2M

8 (13.3)
20 (33.3)

NO
NO
NO
NO
NO
5x E571K, 1x E571G
6x N417Y, 2x N417S; 2x D419Y, 3x
D419G,
8x Y254fs
2x M1T, 2x M1K, 2x L7X

A patient was considered mutated if the variant was found in the biopsy genomic
DNA (gDNA) and/or plasma circulating tumor DNA (ctDNA).
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Figure 2. Prevalence of somatic mutations
detected in DNA extracted from the 31 available biopsies and 60 plasma samples of the
patients at time of diagnosis. The "genomic
DNA (gDNA) and/or circulating tumor DNA
(ctDNA) " column corresponds to the patients
considered mutated in the biopsy and/or the
plasma samples.

months). Finally, 1-year overall survival and progression-free
survival rates were 94.9% (range: 89.3-100%) and 89.8 %
(range: 82.4-97.9%) respectively.

ctDNA as a biomarker for therapeutic response assessment in addition to PET
In this ongoing trial, plasma ctDNA after C2 of
chemotherapy has only been analyzed for 55 of 60 patients,
of which 18 presented no somatic mutations at diagnosis in
plasma samples and were therefore not informative for therapeutic molecular response assessment after C2. The
remaining five non-analyzed patients had either no available
plasma sample after C2 (two patients died before C2, one
patient with loss of follow-up and two patients without performed blood collection).
Figure 4 schematically shows the somatic mutation VAF
variation in the plasma ctDNA of the 41 mutated evaluable
patients between diagnosis and after C2 of chemotherapy.
No somatic variant was identified in the blood draw performed concomitantly to interim PET after C2 of
chemotherapy in any patient, including patient UPN17 who
displayed negative PET after C2 (DS 2) but who was then
refractory at end of first line treatment (DS 4). In this patient,
the plasma ctDNA was positive for ITPKB p.K232FS mutation at diagnosis, negative after C2 and again positive at
relapse at end of first line treatment (2x BEACOPPescalated,
4x ABVD) with VAF of 10.6%, 0% and 2.58%, respectively.
The kinetics of ctDNA results were concordant with the
PET results for this patient. In the whole cohort, we found
no statistically significant difference between the concentration of cfDNA (ng/mL of plasma) after C2 among DS 1-3
patients (35 patients, median 35 ng/mL [range: 20.4-260])
versus DS 4-5 patients (seven patients, median 36.2 ng/mL
[range: 21.8-80], P=0.79), which suggests a possible nontumor DNA plasma release by inflammatory mechanisms,
regardless of the persistence of an active tumor disease.
In addition, Figure 5 illustrates the case of another patient
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(UPN38) presenting a positive PET after C2 of ABVD with a
residual fixation (DS 5) of a left supraclavi-cular lymph node
which
was
surgically
removed
and
corresponded to a reactive lymph node. Ten identical somatic variants had been identified in this patient at diagnosis in
both biopsy and plasma samples. For this patient, we were
unable to analyze the second biopsy that was performed
after C2 of ABVD due to insufficient materiel. However, this
patient no longer had a detectable somatic mutation in the
plasma after C2 with a clearance of all baseline mutations
that were present at diagnosis. The amount of ctDNA was
1434.85 hGE/mL at diagnosis and after C2, the level of
ctDNA was measured at 42 ng/mL of plasma. Taken together, these results argue for a false posi-tive result of PET after
C2 with a consistent negativity of concomitant ctDNA sample. The patient received irradiation of the left supraclavicular lymph node and is conside-red in complete remission.

Discussion
Herein we confirm the feasibility of non-invasive somatic
mutation analysis in a prospective and indepen-dent setting
in a large cohort of patients with cHL, as identified by NGS
experiments even when using a limited number of target
genes. In this particular and potentially curable disease, highly sensitive techniques like targeted NGS are crucial to highlight low frequency mutations. Low-coverage whole
genome sequencing,11 sequencing of circulating cfDNA to
detect genomic imbalances in HRS cells12 or targeted exome
sequencing of isolated HRS cells13 have recently contributed
to investigate genetic lesions underlying cHL but sample
sizes were very low. In the present work, we found recurrent mutations in biopsies and plasma ctDNA of a cohort of
consecutive 60 patients with cHL. This observation is consistent with previously published data regarding liquid biopsy in cHL with a different set of targeted genes6 and could
haematologica | 2021; 106(1)
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Table 3. Baseline plasma circulating tumor DNA concentration according to patients’ characteristics at diagnosis.

Characteristics
Sex
Female
Male
Age
≥45 years
<45 years
Sedimentation rate (mm)
≥50
<50
Serum albumin
≥40 g/L
<40 g/L
Hemoglobin
≥10,5 g/dL
<10,5 g/dL
Bulky mass ≥10 cm
Yes
No
Ann Arbor stage
I-II
III-IV
White blood cell count
≥15 G/L
<15 G/L
Lymphopenia
≥0,6 G/L
<0,6 G/L
Number of involved nodal areas
≥4
<4
B symptoms
Yes
No
International Prognostic Score (Hasenclever)
0, 1, 2
3, 4, 5
Histological subtype
Scleronodular
Others
Identification of somatic variants at diagnosis
Yes
No

N

Plasma ctDNA concentration (hGE/mL)
Mean (SD)
Median

Range

P

28
32

320.8 (558.5)
325.4 (596.4)

87.1
52.7

[0-2,473.1]
[0-2,684.9]

0.69

19
41

137.2 (194.7)
409.6 (667.1)

38.2
89.6

[0-683.3]
[0-2,684.9]

0.12

23
30

472.1 (644.1)
243.2 (548.7)

244.9
41.5

[0-2,473.1]
[0-2,684.9]

0.039

27
32

128.6 (290.4)
497.7 (699.1)

35.2
213.7

[0-1,434.9]
[0-2,684.9]

0.003

54
6

239.2 (466.3)
1,080.7 (905.6)

45.9
715.3

[0-2,473.1]
[251.5-2,684.9]

0.001

9
51

566.5 (917.7)
280.4 (491.6)

165.3
51.5

[0-2,684.9]
[0-2,473.1]

0.44

31
29

169.11 (393.1)
488.2 (688.8)

35.2
246.1

[0-1,677.9]
[0-2,684.9]

0.002

12
48

268.5 (327.5)
337 (622.7)

150.5
49.3

[0-944.2]
[0-2,684.9]

0.49

56
4

263.9 (488)
1,155.7 (1,061)

49.3
845.8

[0-2,473.1]
[246.1-2,684.9]

0.009

15
45

523.7 (520.3)
256.5 (581)

271.4
37.6

[44.8-1,677.9]
[0-2,684.9]

0.009

33
27

464.1 (682)
151.3 (345.8)

244.9
39.1

[0-2,684.9]
[0-1,677.9]

0.016

39
21

241.3 (519.9)
475.6 (649.2)

39.1
251.5

[0-2,473.1]
[0-2,684.9]

0.018

42
18

338.6 (516.8)
287.6 (705.6)

133.3
32.7

[0-2,473.1]
[0-2,684.9]

0.068

41
19

472.8 (643.3)
0.7 (3.1)

210
0

[9.7-2,684.9]
[0-13.6]

<0.001

ctDNA: circulating tumor DNA; SD : standard deviation ; hGE/mL: haploid genome equivalents per mL of plasma.

add new information on driver events and tumorigenesis in
this disease. As previously described in the literature, cHL
displays a singular mutational signature, close to the primary
mediastinal large B-cell lymphoma (PMBL) profile, compared to diffuse large B-cell lymphoma (DLBCL). The mutated genes point to the molecular deregulation of specific programs in cHL: NF-kB signature, STAT6 and cytokine signaling pathway (SOCS1). In our patients, mutations of SOCS1
haematologica | 2021; 106(1)

are frequent and are probably involved with STAT6 in the
oncogenesis of cHL. This observation is consistent with the
literature
in
PMBL
and
cHL
populations15–18 except for the recent study by Spina et al.6
that did not cover SOCS1.6
In total, 70% of our patients with cHL harbored
detectable somatic mutations. It is remarkable that 52%
(127 variants detected in plasma samples, 66 of which were
159
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not detected in the tumors) of all somatic variants were only
found in the plasma but not in the tumor because of the
well-known tumor cell sparsity in Hodgkin lymphoma (HL).
This confirms that ctDNA assessment might play an important role to define somatic mutations in this disease at the
time of diagnosis. The detection of somatic alterations in the
patients’ ctDNA samples represents a major technological
advance and a step towards routine liquid biopsies in cHL.
Our ctDNA data are fairly consistent with the results of the
landmark study by Spina et al.6 despite several methodological differences and different gene panels. We have highlighted in this study seve-ral associations between median
concentration of ctDNA at diagnosis, and disease stage,
albumin level, sedimentation rate, LDH level and
International Prognostic Score (IPS) which shows a correlation between ctDNA level and tumor mass and the inflammation it generates.
The clearance of the mutations in plasma ctDNA was
described as a new prognostic marker for mutated patients
in other works in DLBCL patients with undetectable
ctDNA after C2 who show a superior PFS compared to
patients with positive ctDNA.9 Nevertheless, in our study,
the finding that all patients clear ctDNA after C2 of thera-

py needs to be validated with more sensitive approaches
that have a limit of detection lower than 0.5% VAF for disease monitoring. It is unlikely that those patients with
cleared ctDNA after C2 have all been cured with only C2
of chemotherapy but future studies will probably assess
various therapeutic strategies for these patients including
the number of chemotherapy cycles needed to ensure the
cure of the disease with real-time and dynamic ctDNA
analysis. Outcome of patients in our study was excellent
and therefore it is not possible to definitely examine associations between ctDNA levels and events. No somatic
variant was identified after C2 of chemotherapy suggesting a possible non tumoral source of cfDNA after
chemotherapy or an inflammatory process. Unfortunately,
we did not have complete blood cell count data to evaluate
the inflammatory syndrome after C2 of chemotherapy. In
our previously published ctDNA study in DLBCL patients,
we had been able to detect somatic variants after C2 of
chemotherapy.17 We can hypothesize that our blood sampling process after C2 of chemotherapy may have been too
late compared to the kinetics of clearance of ctDNA after
treatment in cHL patients, and that it may have been necessary to perform blood sampling after 15 days or after

Figure 3 Distribution of circulating tumor DNA median variant allelic frequency
for the 41 mutated patients with positive plasma at diagnosis. ctDNA: circulating tumor DNA; VAF: variant allelic frequency

Figure 4. Longitudinal assessment of mutation abundance in plasma circulating tumor DNA upon treatment. Evolution of median circulating tumor DNA
(ctDNA) variant allelic frequency (VAF) for each patient (with detectable ctDNA
mutation at diagnosis) throughout treatment (at diagnosis [“diag”] n=41) and
after two cycles (C2) of chemotherapy (“post C2”, n=31). UPN: universal patient
identification number.

160

haematologica | 2021; 106(1)

Liquid biopsy for classical Hodgkin Lymphoma

only C1 of chemotherapy. Future studies will probably
address this timing concern.
One of the limitations of our study, in addition to its noninterventional nature with plasma samples analyzed retrospectively in an unblinded fashion with a freeze-thaw step,
is the absence of detectable mutations at time of diagnosis
for 18 (30%) patients which potentially led to underestimating the prevalence of somatic mutations in this prospective
cohort. We also missed some blood collections and so, in
our study, ctDNA may be used as a biomarker for therapeutic response assessment in 31 of 60 (51.7%) of patients.
This might be due to insufficient technological sensitivity, along with the examination of a restricted group of genes.
We might possibly not have been able to identify ctDNA in
patients with a low tumor burden, which limits its utilization as a MRD tool. Determining the technical limit of detection is a complex equation, as it depends on every sample,
every variant and on many factors such as sequencer error,
total DNA input, sample nature and qua-lity, coverage depth
and sequencing quality. In order to determine whether or
not we had missed variants in the initial tumor biopsy of the
patient, a microdissection approach of HRS cells followed
by a specific allele PCR could be performed but unfortunately, we were unable to do this due to insufficient material.
Although additional mutations were found in the plasma
compared to the tumor (which remains the gold standard),
the false negative rate of the ctDNA analysis remains moderate with 20 of 89 (22.5%) of somatic variants missed in the
plasma samples at diagnosis. Nevertheless, the variants
detected in the plasma might better reflect the entire genetic
panorama of the tumor. 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 secondly 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.18

Our panel of genes analyzed is possibly too targeted and
insufficiently sensitive to detect certain subclonal mutations
of low allelic frequency, close to the noise threshold of the
NGS sequencer (VAF 0.1%). In addition, our panel is not sufficient enough to detect somatic alterations in all patients
due to the limited amount of included genes. The knowledge of cHL biology is booming and it will be ne-cessary to
include other genes in future NGS panels such as ATM,
KMT2D, TP53, ARID1A and CIITA, as suggested by results
of the study by Spina et al.,6 in order to approach a more clinically relevant degree of informativeness (90%). However,
this panel of genes is simple, reliable and inexpensive and
seems to offer a good compromise between cost, sensitivity
and easy applicability. In our opinion, the principle of a
focused panel analysis for all cHL patients is an appropriate
method to depict the genetic features of cHL at diagnosis
and relapse. Another limitation of our technique is the
absence of coverage of the immunoglobulin heavy chain
locus for clonotypic immunoglobulin-gene rearrangement
detection in ctDNA.19
Considering the baseline PET, ctDNA was significantly
correlated to the MTV. Moreover, for the 41 “positive” plasma at diagnosis, the baseline MTV and the median plasmatic VAF were also significantly correlated. Such a correlation
has been found in other lymphomas such as diffuse large cell
B lymphomas17 and follicular lymphomas.19 Although significant, the correlations remained moderate (maximal =0.57
between the baseline MTV and the median plasmatic VAF).
Several factors could explain these modest correlations, such
as the scarcity of tumor cells, the short half-life of circulating
DNA in plasma18 and the fact that some mutations may not
have been explored. However, it is important to note the
moderate value of these correlations.
Regarding other methods of MRD in cHL, it has been
demonstrated that pretreatment levels of plasma Epstein
Barr virus DNA (EBV-DNA), as determined by quantitative
real-time PCR (qRT-PCR), are correlated with unfavorable
outcomes among a large prospective cohort of 274 patients

Figure 5. Example of possible application of
liquid biopsy analysis. Patient (UPN38) presenting a positive positron emission tomography
(PET)
scan
with
residual
fixation of a left supraclavicular lymph node
(Deauville Scale 5) after two cycles (C2) of
adriamycin (doxorubicin), bleomycin, vinblastine, dacarbazine (ABVD): the biopsy showed
a reactive lymph node, indicating a false positive PET scan. Plasma circulating tumor DNA
(ctDNA) sample was negative at time of the
PET post C2 of ABVD with a clearance of all
baseline mutations that were present at diagnosis. UPN: universal patient identification
number.
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with previously untreated, advanced-stage HL a.21 Moreover,
patients with plasma EBV(+) at month 6 after treatment also
had an inferior outcome compared with plasma EBV(-)
patients. In order to improve the clinical relevance of liquid
biopsy in cHL, an increase in the sensitivity of somatic variant detection appears to be crucial. Sensitivity of somatic
mutation analysis might be increased by (i) implementing
new targets like EBV viral load; (ii) supplementary targeted
genes or non-coding regions commonly altered by mutations identified in future whole genome analysis; and (iii)
technological progress with greater read depth and more
advanced bioinformatic pipelines.
Finally, our data point out that ctDNA is an easy method
to genotype cHL and might be valuable for the clinical management of the patients. However, our panel is not sufficient
to monitor MRD in all patients and could not replace a larger
panel of genes in order to precisely evaluate MRD. Our limited gene panel may not perform well enough and should be
further improved to better assess its clinical utility in cHL.
Future works with upgraded cfDNA detection, using
interventional designs and larger patient cohorts will help to
affirm that ctDNA analysis can be decisive for immediate
non-invasive detection of patients with primary refractory
disease and in post-therapeutic follow-up. We may speculate that ctDNA will soon allow convenient whole exome
sequencing, which would enable the identification of
somatic variants likely to respond to targeted therapy in
relapsing patients.

nostic aid and therapeutic response evaluation, in association with PET. ctDNA concentration levels and genotypes are correlated with clinical characteristics and disease presentation. These data have to be confirmed in a
large dedicated interventional study based on ctDNA
MRD detection compared to PET.
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Conclusion
The assessment of somatic mutations in plasma ctDNA
by NGS is suitable as a biomarker in cHL for both diag-
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