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Abstract: Classic Hodgkin lymphoma (cHL) constitutes a B cell-derived neoplasm defined by a
scarce tumoral population, termed Hodgkin and Reed–Sternberg (HRS) cells, submerged into a
histologically heterogeneous microenvironment. The paucity of HRS cells has historically hampered
genetic studies, rendering the identification of the recurrent genetic lesions and molecular pathways
deregulated in this lymphoma difficult. The advent of high-throughput sequencing methods such
as next-generation sequencing (NGS) could sensibly optimize the identification of the mutational
landscape of cHL. However, there is no current consensus either in the design of panels for targeted
NGS or in its most relevant clinical applications. In this work, we systematically review the current
state of NGS studies of cHL, stressing the need for standardization both in the candidate genes to be
analyzed and the bioinformatic pipelines. As different institutions have developed and implemented
their own customized NGS-based protocols, to compare and systematically review the major findings
of this ongoing research area could be of added value for centers that routinely perform diagnostic,
monitoring and genotyping strategies in cHL samples. The results of this systematic review should
contribute to the interdepartmental harmonization and achievement of a consensus in the current
clinical applications of NGS studies of cHL.

Keywords: Classic Hodgkin lymphoma; standardization; next-generation sequencing; liquid biopsy

1. Introduction

Classic Hodgkin lymphoma (cHL) constitutes a B cell neoplasm derived from germi-
nal center B cells at different stages of development. From its early description [1] and
cytological characterization [2,3], the lineage assessment of cHL has proved to be a major
challenge because the tumoral fraction, termed Hodgkin and Reed–Sternberg (HRS) cells,
constitutes a scattered population (1–5%) surrounded by a dominant microenvironment
consisting of B and T lymphocytes, macrophages, eosinophils, histiocytes and plasma
cells [4]. Micromanipulation and single-cell PCR allowed the identification of the B cell
origin of HRS cells [5].

Both basic and translational research have allowed the genomic profiling of cHL [6]
and the identification of the constitutive activation of the JAK/STAT [7–9] and NF-kB [10,11]
signaling pathways, revealing a highly organized mechanism of immune evasion via the
amplification of the PDL (programed death ligand) genes localized in 9p24.1 [12,13].
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The advent of high-throughput DNA sequencing methods such as next-generation
sequencing (NGS) could sensibly improve the diagnostic, risk-stratification and follow-up
procedures for patients diagnosed with cHL. To this end, the achievement of an inter-
national consensus on the design of personalized or targeted NGS panels constitutes a
fundamental issue. Different laboratories have used their own protocols and, consequently,
the literature in this area is heterogeneous. Recently, the need for a consensus in NGS
studies for mature B cell neoplasms has been highlighted by the French LYSA (Lymphoma
Study Association) and GBMHM (Groupe de Biologistes Molécolares des Hemopathies
Malignes) [14].

The early recognition of the subgroup of cHL patients with refractory or relapsed
disease (high-risk cHL), which constitutes about 10–20% when using Adriamycin-based
protocols [15], requires a unifying approach for the molecular assessment of risk. Due to
the difficulty in accessing a sufficient DNA concentration in the scarce tumoral population
of biopsied tissues and to minimize the side effects of radiation, circulating tumor DNA
(ctDNA) coupled with NGS has emerged as a promising strategy for the diagnosis and
monitoring of patients with cHL.

To the best of our knowledge, the current state of the main clinical applications of NGS
of cHL has not been previously systematically reviewed. The main aim of this work is to
gather and analyze all potentially relevant publications evaluating the clinical application
of NGS in the management of cHL, exposing the characteristics of each one as well as their
advantages and limitations. The reported findings should contribute to the standardization
and achievement of a consensus in the design and validation of NGS analyses in this entity.

2. Materials and Methods
2.1. Search Strategy

This systematic review was conducted and reported following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines on systematic re-
views [16]. Before the start of the search, a review protocol was entered into the PROSPERO
database (320059).

The literature search was conducted in the period of January–February 2022 in the
following electronic databases: the Clarivate Analytics Web of Science (WoS) database of the
Thomson Reuters Institute for Scientific Information (ISI) (Philadelphia, PA, USA) and MED-
LINE (National Library of Medicine, Bethesda, MD, USA) through the PubMed interface.

Combinations of different search terms with Boolean operators (AND, OR) were used
for retrieving all potentially relevant documents. The literature search was restricted to
articles published in the previous five years (2017–2022). The search terms and the number
of records obtained for each database are shown in Table 1. Research conducted on human
samples and published in the English language were considered to be the filters.

Table 1. Search strategies and results for each database.

Results Database Search Terms

434 Web of Science “Hodgkin lymphoma”, “Hodgkin disease”, “Next
Generation Sequencing”, “NGS” and “Molecular biology”282 MEDLINE

2.2. Selection Criteria

The inclusion and exclusion criteria were previously defined to consider the eligible
documents. Publications were included if they met one of the following inclusion criteria:
(1) documents specifically addressing the clinical usefulness of NGS in the study of cHL;
(2) documents evaluating different techniques of molecular biology in cHL samples includ-
ing NGS; and (3) publications applying NGS for the study of different lymphoid neoplasms
including cHL samples. Documents reporting the results of molecular assays other than
NGS in lymphoid neoplasms or without including cHL tumor samples were not included
in this systematic review.
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2.3. Study Selection Process and Data Extraction

The literature search was carried out by combining the search terms indicated above.
Duplicated articles were removed. The titles and abstracts were then reviewed and those
articles that did not meet the inclusion criteria were excluded. The remaining articles
were independently analyzed by three reviewers (A.S.-E., I.B.-F. and J.P.-R.). Subsequently,
the conflicting registries were discussed by the three initial reviewers and an additional
fourth reviewer (M.G.-R.) to reach a consensus.

The list of bibliographic references of the documents screened was also reviewed to
capture additional relevant publications. Articles selected in this process were considered
to be additional records identified through other sources. Finally, after full-text reading,
the data extracted from each publication were: (1) authors and year of publication; (2) goal
of the NGS experiment; (3) sample size and clinical features of the samples studied (di-
agnostic or relapsed/refractory samples); (4) origin of the tumoral DNA; (5) sequencing
chemistry used; (6) bioinformatic pipeline employed; (7) major findings of the study; and,
finally, (8) potential clinical (diagnostic, prognostic and therapeutical) applications.

3. Results

The search strategy conducted led to the identification of 716 possibly relevant publica-
tions. After the duplicates were removed, 616 documents were submitted for title/abstract
screening. A total of 506 articles were discarded based on the exclusion criteria (i.e., they
reported the use of molecular techniques other than NGS). After full-text accessing, 101
articles were withdrawn because they did not specifically report the results of NGS on cHL
or they used NGS technologies on different lymphomas without including tumor samples
of cHL. Finally, 9 articles were eligible for the critical review and qualitative synthesis
(Figure 1).

Figure 1. Study selection flow diagram. The literature search was performed in the period January–
February 2022 on Web of Science and MEDLINE databases, following the PRISMA guidelines [16].

Of note, after the analysis and data extraction from these nine documents, three major
applications of NGS in the study of cHL could be distinguished: (1) the assessment of
clonality through the identification of immunoglobulin (Ig) gene rearrangements; (2) the
analysis of ctDNA from a liquid biopsy for genotyping and patient follow-up; and (3) the
molecular profiling of refractory/relapsed cHL patients aiming to personalize therapeutical
decisions. The main findings of the publications analyzed in this systematic review are
shown in Table 2.
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Table 2. Main characteristics of the studies included in the present systematic review.

Clinical Usefulness Major Findings Bioinformatic
Analysis

Sequencing
Chemistry

Origin of
Tumor DNA

Sample Size and
Clinical Features

Goal of the NGS
Experiment Study

Adjusted
chemotherapy

depending on the
mutational profile

ARID1A and KTM2D commonly
mutated in FL and cHL.

There is a secondary clonal
evolution after transdifferentiation

LymphoTrack and
Vidijil software

Illumina, San
Diego, CA, USA

FFPE and
fresh frozen

tissue

3 sequential
lymphomas for

clonality and 5 cases
for targeted NGS

To evaluate
transdifferentiation

between cHL
and follicular

lymphoma (FL)

Trecourt et al.,
(2021) [17]

ctDNA as a feasible
strategy for genotyping

and monitoring

Variants in SOCS1 (28%), IGLL5
(36%), TNFAIP3 (23%), GNA13

(23%) and STAT6 (21%).
Poor prognosis features correlated

with ctDNA concentration

VarScan2 and
DGCaller algorithms

for variant calling.
RefSeq database for

functional annotation

Illumina, San
Diego, CA, USA ctDNA 60 cases of newly

diagnosed cHL
Identify cHL

somatic variants
Alcoceba et al.,

(2021) [18]

NGS as a sensitive and
specific assay for
clonality analysis

Clonality detection rates:
fresh frozen: NGS (88%) vs.

BIOMED-2 (63%);
FFPE tissue: NGS (56%) vs.

BIOMED-2 (20%)

ARResT/Interrogate
pipeline

Ion TorrentTM,
Thermo Fisher,

Waltham, MA, USA

FFPE and
fresh frozen

tissue

Duplicated analysis
(PCR and NGS) of 16

primary cHL cases

Compare NGS and
BIOMED-

2/EuroClonality for
IG gene

rearrangement

Van
Bladel et al.,
(2021) [19]

ctDNA as a valid tool
for genotyping and

response assessment

Variants in SOCS1 (50%), B2M
(33.3%), TNFAIP3 (31.7%), STAT6

(23.3%) and ITPKB (23.3%).
ctDNA concentration correlated

with metabolic tumor
volume (MTV)

Software builder for
base calling,

alignment and
quality control
(Torrent Suite)

Ion TorrentTM,
Thermo Fisher,

Waltham, MA, USA
ctDNA 60 cases of newly

diagnosed cHL

Evaluate liquid
biopsy as a new

strategy for diagnosis
and tailored

treatment

Camus et al.,
(2021) [20]

Drugs targeting
epigenetic modulators
could be of interest in

refractory cHL

Frequent mutations in epigenetic
regulators as EP300 (41.6%) and

CREBBP (33.3%)

Torrent Suite,
Integrative Genomics

Viewer (IGV) and
PROVEAN and

CONDEL algorithms

Ion TorrentTM,
Thermo Fisher

Scientific, NY, USA
FFPE

12 cHL refractory
patients (paired

samples from
diagnosis

and relapse)

Identify genomic
variants in

refractory cHL

Mata et al.,
(2019) [21]

Modifications in the
variant allele frequency

of XPO1 in ctDNA
correlates with clinical

outcomes

Variants in TP53 (22%), B2M
(22%), XPO1 (18%), TNFAIP3

(14%) and SOCS1 (10%) in
biopsied tissues.

XPO1 was detected in 31%
of ctDNA

Not detailed Illumina, San
Diego, CA, USA

FFPE tissue
and ctDNA

63 cHL patients
(clinical features

not specified)

Describe the
mutational profile of

cHL by CGP

Liang et al.,
(2019) [22]
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Table 2. Cont.

ctDNA quantification
as a useful tool for

monitoring pediatric
HL patients

SOCS1 (80%), IGLL5 (33%) and
TNFAIP3 (32%).

Pretherapy ctDNA load was
statistically significant and

correlated with MTV (p = 0.0059)

Enrichment v3.0.0
and Variant
Studio v3.0

For variant calling:
Exome Varian, Server

and ExAc

Illumina, San
Diego, CA, USA ctDNA

96 newly diagnosed
pediatric patients

enrolled in the
EuroNet-PHL-C2

trial [23]

Use NGS on ctDNA
from cHL

pediatric patients

Desch et al.,
(2019) [24]

ctDNA mirrors genetic
landscape of isolated

HRS cells
ctDNA may serve to

personalize
therapeutic decisions

Mutations identified in ctDNA
and biopsies were highly

concordant (87.50%)
Treatment pressure induced

differential patterns of
clonal selection

BWA software and
SAM tool.

VarScan2 and
Integrative Genome

Viewer
software (IGV)

Illumina, San
Diego, CA, USA

FFPE tissue
and ctDNA

80 cHL new
diagnoses and 32

refractory patients

Identify the genetics
of cHL in different
clinical phases as

well as its
modifications on

treatment

Spina et al.,
(2018) [25]

Drugs against
members of JAK/STAT,
NF-kB and BCR could

be rationally used
in cHL

Variants in EP300 (12.3%), CSFR2B
(12.3%), BTK (10.5%) and

STAT6 (10.5%).
Frequent mutations involving the

BCR pathway

Torrent Suite,
Integrative Genomics

Viewer (IGV),
RAMSES, PROVEAN

and Alamut
algorithms

Ion TorrentTM,
Thermo Fisher

Scientific, NY, USA

FFPE tissue
and

cHL-derived
cell lines

57 cHL samples and
6 cHL-derived cell

lines

Describe the
mutational landscape

of cHL

Mata et al.,
(2017) [6]

NGS, next-generation sequencing; cHL, classic Hodgkin lymphoma; FL, follicular lymphoma; FFPE, formalin-fixed paraffin-embedded; ctDNA, circulating tumor DNA; PCR, polymerase
chain reaction; MTV, metabolic tumor volume; CGP, comprehensive genomic profiling; HRS, Hodgkin and Reed–Sternberg; BCR, B cell receptor.
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3.1. Next-Generation Sequencing for the Assessment of Clonality in Classic Hodgkin Lymphoma

The detection of clonality could constitute an important feature in cases of cHL with
diagnostic difficulties. Routine methods for the identification of Ig gene rearrangements
are based on a conventional PCR (i.e., BIOMED-2/EuroClonality]. In the work by van
Bladel et al. [19] a BIOMED-2/EuroClonality assay was specifically compared with NGS for
clonality assessment of 16 primary node biopsies of cHL, both in whole-tissue specimens
(FFPE and fresh frozen tissues) and isolated HRS cells through laser microdissection.

The conventional BIOMED-2/EuroClonality assay showed an inferior performance
when compared with NGS. Clonal Ig gene rearrangements were detected in 10 out of
16 fresh frozen samples (63%) and in 3 out 15 FFPE samples (20%) by a conventional
multiplex PCR. On the other hand, NGS allowed the identification of clonality in 14 out of
16 fresh frozen samples (88%) and 9 out of 16 FFPE samples (56%). Of note, the number of
non-interpretable results was equal for both techniques and concordant with the type of
specimen analyzed. All fresh frozen tissue specimens yielded interpretable results whereas
2 out of 16 FFPE samples yielded non-interpretable results using either the BIOMED-
2/EuroClonality assay or NGS-based methods.

An advantage of an NGS-based clonality assessment is the availability of information
regarding different clonotypes in the same tumoral specimen. Clonal diversity has been
evidenced by showing multiple unrelated clonal Ig gene rearrangements in the same cHL
cases (such as combined unproductive IGHD-IGHJ gene rearrangements and productive
IGHV-IGHD-IGHJ gene rearrangements) or even involving both IGH and IGK genes [19].

In addition, deep sequencing allows for the recognition of clonality in composite and
sequential lymphomas (i.e., the coexistence of cHL and follicular lymphoma) in which the
identification of different clonal trajectories could be of diagnostic and prognostic impor-
tance. Identical clonotypes were identified through NGS-based IGK gene rearrangements
in three cases of composite cHL–follicular lymphomas [17]. Of note, cell compartments
showed different mutational patterns with XPO1 (cHL compartment), FOXO1 and TN-
FRSF14 (follicular compartment) being the most frequently mutated genes.

Considering the key prognostic role of the different cell populations integrating the
tumoral microenvironment in cHL such as cytotoxic T lymphocytes [26], T regulatory (Treg)
lymphocytes [27] and macrophages [28–30], this technical advantage of an NGS-based
assessment of clonality could be of major importance in this disease.

3.2. Next-Generation Sequencing and Liquid Biopsy: New Approaches for the Diagnosis and
Follow-Up of Patients with Classic Hodgkin Lymphoma

Due to the scarcity of HRS cells in tumor tissues, obtaining ctDNA from plasma
samples constitutes a decisive advance for the diagnosis, genotyping and monitoring of
the therapeutic response in patients with cHL. In the work by Spina et al. [25], the authors
retrospectively analyzed ctDNA from 80 newly diagnosed and 32 refractory or relapsed
cHL patients by using a customized panel of 77 genes recurrently mutated in mature B cell
neoplasms (see Supplementary Material Table S1).

Of note, the plasma samples were collected at different timepoints during the course of
the treatment, allowing longitudinal comparisons: at diagnosis (n = 80); under chemother-
apy on the first day of the second cycle (before the interim PET) (n = 24); after progression
(n = 32); and before and after failing autologous hematopoietic transplantation (n = 6),
brentuximab–vedotin (n = 6) and nivolumab (n = 5). Mutations identified in the ctDNA
and purified HRS cells in the biopsies were highly concordant (87.50%; 95% confidence
interval: 79.20–92.80%), including variants of the TNFAIP3, ITPKB, GNA13 and B2M genes,
which have been previously reported in studies of isolated HRS cells [31,32]. Furthermore,
the pretreatment ctDNA concentration correlated with the Ann Arbor stage (p = 0.021),
limited and advanced stages (p = 0.001) and German Hodgkin Study Group (GHSG) risk
model (p = 0.013), also confirming that ctDNA constitutes a surrogate biomarker of the
tumor load. When ctDNA was analyzed in refractory cHL patients, different clonal evo-
lution trajectories could be identified, depending on the treatment modalities. In patients
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relapsing after chemotherapy and brentuximab–vedotin, selective pressure induced by
the drugs only partially modified the genotype of the HRS cells, leaving the ancestral
clones almost intact. However, the achievement of periodical remissions under nivolumab
courses was accompanied by the emergence of new clones, reflecting the acquisition of new
mutations in response to immunotherapy.

A formal prospective evaluation of the value of ctDNA in cHL management was
conducted by Camus et al. [20] (NCT: 02815137). In a cohort of 60 patients, a reduced
9-gene customized NGS panel was employed at diagnosis and after C2, showing that the
most frequent variants involved the cytokine-regulator gene SOCS1 (50%). Concentrations
of ctDNA correlated with the presenting features and metabolic tumor volume (MTV)
(ρ = 0.57; p < 0.001), but no statistically significant differences were observed between the
ctDNA levels for Deauville Score (DS) 1–3 patients compared with DS 4–5 patients (p = 0.79).
From the 147 genetic variants identified, a paired analysis (biopsies and plasma samples)
showed an acceptable concordance (Cohen’s κ = 0.56 (range: 0.23–0.89)), indicating that
61/147 variants identified were obtained both in the biopsy and plasma of the same patient.

In pediatric HL (PHL), Desch et al. [24] originally showed that ctDNA is also a feasible
origin of DNA for genotyping. In 96 pediatric patients (average age: 14 years; range: 3–18)
enrolled in the EuroNet-PHL-C2 trial [23], recurrent mutations were found in the members
of the JAK/STAT and NF-kB signaling pathways. The most frequently mutated genes were
SOCS1 (80%), IGLL5 (33%) and TNFAIP3 (32%). As previously reported in adult cHL [20],
the pretreatment ctDNA correlated with the MTV, confirming that ctDNA is a feasible
source of DNA for the follow-up of PHL patients, where the minimization of radiation
doses is especially important.

3.3. Identification of High-Risk Mutational Profiles in Classic Hodgkin Lymphoma through
Next-Generation Sequencing Methods

A fraction between 20% and 30% of patients with cHL is either primary refractory or
relapse after achieving a complete metabolic response. If first-line therapy fails, high doses
of chemotherapy and autologous hematopoietic stem cell transplantation are only curative
in half of the patients [33]. Consequently, the early recognition of high-risk cHL patients
remains a major research goal.

The application of NGS to identify the recurrently mutated genes in these patients in
order to propose more intensive therapies constitutes a fundamental application of these
platforms. NGS could also be of added value in this setting to investigate the pathogenetic
mechanisms involved in lymphomagenesis in cHL. The prognostic scores clinically vali-
dated for cHL management such as the International Prognostic Score (IPS) [34], the GHSG
score [35] and the European Organization for Research and Treatment of Cancer (EORTC)
system [36] are based solely on the clinical and analytical variables; a genetics-based risk
model is still lacking for this disease.

The work by Mata et al. [6] studied 57 FFPE samples of cHL with NGS technologies.
A total of 34% of these patients had primary refractory cHL. Single-nucleotide variants
(SNVs) were identified in 23 out of the 57 cases (40.35%), but the genomic data were not
categorized according to the response to therapy. The most frequently mutated genes
were EP300 (12.28%), CSF2RB (12.28%), STAT6 (10.53%) and BTK (10.53%). Furthermore,
treatment with BTK inhibitors decreased the proliferation rate and induced cell death
in cHL-derived cell lines, suggesting the need for BCR signaling in the HRS compart-
ment. These results reinforce the importance of the JAK/STAT and BTK pathways as well
as the epigenetic modulators in the pathogenesis of cHL, as previously noted by other
authors [32,37].

The same group published a paper analyzing only cases of refractory cHL with
NGS studies [21]. Mutations in EP300 (41.67%), CREBBP (33.33%) and TP53 (25%) were
overrepresented in this series of refractory cases. Sequencing studies were performed
on the original pretreatment biopsy and the relapse biopsy, giving consistency to the
data obtained.
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It is of particular note that a few mutations in this study were identified in the CD30-
negative cellular fraction of the node biopsies, suggesting the existence of a clonally re-
lated population. In this non-tumoral fraction, the most frequent mutations involved the
chromatin-remodeling genes CREBBP (16.67%) and SMARCA4 (16.67%), coherent with the
central role of epigenetic modifications in the pathogenesis of refractory cHL.

4. Discussion

The normal cellular counterpart of cHL has been elusive [38] until single-cell PCR
studies were performed on isolated HRS cells via micromanipulation [5,39]. The scarce
tumoral HRS cells present in the node biopsies of cHL patients derived from a B cell
population that surpassed the physiologic apoptotic mechanisms within the GC of the
lymph node [40]. Immunophenotyping of HRS cells evidenced that the tumoral fraction
constitutes a paradigm of genotype–phenotype discordance [41,42] because B cell markers
(CD19, CD20, CD79a and surface Ig) are usually not expressed or expressed in lower levels
than normal B lymphocytes. Underlying mechanisms include crippling mutations in the
promotor region of the Ig gene [43], epigenetic silencing [44,45] and the downregulation
of B cell transcription factors [46]. Paradoxically, the survival of HRS cells is guaranteed
even in the absence of a basic prerogative for B cell development such as the expression of
surface Ig. The constitutive activation of the JAK/STAT [7–9] and NF-kB [10,11] molecular
pathways and immune evasion via copy number gains in the PDL1 and PDL2 [12,13] loci
explain, in part, the acquisition of the proliferative advantage in a defective B cell.

Although advances in the molecular pathology of cHL have allowed the development
of new diagnostic and therapeutic procedures, the recent application of NGS techniques
in research and clinical institutions requires harmonization as well as the achievement
of a consensus in several key aspects of this disease. The main aim of this work was to
systematically review the current clinical applications of NGS in the study of cHL. To this
end, MEDLINE and WoS databases were consulted in the period January–February 2022
and the meaningful information was extracted, including the type of the samples evaluated
and the clinical context (diagnostic, refractory or relapsed), the sequencing chemistry
applied, the bioinformatic tools employed and the major findings obtained with a potential
clinical impact.

NGS has been applied to cHL to assess the B cell origin of HRS cells. The recognition
of the presence of Ig gene rearrangements in the neoplastic compartment of a large cell
lymphoma could be of major importance, especially in cases that offer diagnostic difficulties.
Anaplastic large cell lymphoma (ALCL), anaplastic lymphoma kinase (ALK)-positive is
a T cell lymphoma consisting of large cells with an abundant cytoplasm and multiple
nuclei that may resemble HRS cells (Hodgkin-like pattern). The immunohistochemical
expression of CD30 is strong in both tumor cells with a common cell membrane and Golgi
region pattern [47]. Although the differential staining of the epithelial membrane antigen
(EMA) and a weak PAX5 expression could serve to establish a differential diagnosis, HRS
cells contain Ig gene rearrangements in more than 98% of cases [47] whereas ALCL, ALK-
positive show clonal rearrangements of the T cell receptor (TCR) genes in approximately
90% of the cases [48].

In most laboratories, the assessment of clonality is based on a conventional multiple
PCR (i.e., a BIOMED-2/EuroClonality assay). However, NGS-based approaches are increas-
ingly applied to this end and protocols specifically designed for clonality assessments of
lymphoid neoplasms have been developed [49]. In cHL, the EuroClonality-NGS Working
Group protocol has shown a superior performance when compared with conventional
BIOMED-2/EuroClonality in the identification of Ig gene rearrangements, both in FFPE
and fresh frozen samples [19]. Of note, the performance of the NGS-IG gene analysis of
clonality seems to be more evident in non-Hodgkin lymphomas (NHLs) in which higher
rates of clonality detection have been achieved in comparison with cHL [49]. The lower
DNA concentration obtained from the scattered tumoral population in cHL could ex-
plain these differences. However, an NGS-based assessment of clonality in cHL is of little
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value to discriminate between a large B cell lymphoma and cHL; and composite cases
(i.e., the coexistence of cHL and follicular lymphoma) are very infrequent. Consequently,
both in NHL and cHL, larger studies are needed to establish clear recommendations
regarding the added value of NGS in the assessment of the status of the Ig gene.

On the other hand, clonal diversity and intra-tumoral heterogeneity can be assessed
with NGS-based methods, which is of special importance for detecting subclonal evolu-
tion [50] as well as for the diagnosis of sequential and composite lymphomas. The co-
existence of follicular lymphoma and cHL [17] as well as plasmablastic lymphoma and
cHL [51] have been previously described. Furthermore, the traditionally termed “grey
zone” lymphomas are still not well-understood at the genomic level. The identification of a
clonal relationship between the histologically different components of the WHO-defined
category of “B cell lymphomas unclassifiable, with intermediate features between diffused
large B cell lymphoma and cHL” [47] is another application of an NGS-IG gene analysis in
this diagnostic setting.

So far, the scarcity of HRS cells in biopsy specimens has limited the elucidation of
the genetic landscape of cHL. The possibility of analyzing ctDNA in plasma samples from
cHL patients offers an opportunity to improve diagnosis as well as the genotyping and
monitoring strategies of this entity. Recurrent genetic variants involving the JAK/STAT and
NF-kB signaling pathways and the B2M gene have been described using DNA from fixed
tissues [31,32] and plasma samples [18,20,24,25]. In one study analyzing cHL samples [20],
the median variant allelic frequencies (VAF) were significantly superior in ctDNA than in a
biopsy (1.99% vs. 1.6%, p = 0.024).

Of the nine studies analyzed in the present systematic review, four of them indicated
the VAF used [17,18,20,24]. In three of them [18,20,24], the VAF cutoff was 0.5% and in
another [17], it was 1%. Given the low tumor cellularity present in cHL samples and the
difficulty in accessing sufficient DNA, it seems appropriate to consider a VAF equal to or
greater than 0.5% for NGS studies of this entity.

The lack of standardization in the design of NGS panels could explain, in part, the dif-
ferences observed among the studies. In a previous work [20], variants in the SOCS1
gene were the most frequent genomic alteration evidenced in HRS cells; another work
did not report mutations in this gene because SOCS1 was not included in the customized
panel [25]. A harmonization in NGS analyses of mature lymphoid neoplasms has been
stressed in a previous document [14] and future liquid biopsy-based strategies require a
more unified approach in order to achieve consistent results among different laboratories.
There are widely used NGS panels for the study of solid tumors such as the Oncomine®

Focus Assay (OFA) panel (Thermo Fisher Scientific, Austin, TX, USA), but the sequencing
of cHL requires a customized panel targeting the recurrent mutations in this lymphoma.

A consensus NGS panel for cHL would improve its adoption and clinical implementa-
tion in different laboratories. Regarding this, we have proposed a minimal set of genes to
perform NGS studies of cHL samples (Supplementary Material Table S2), which could be
of interest for centers performing genotyping analyses of cHL.

When ctDNA is used for the early recognition of patients achieving durable complete
remissions or to anticipate intensification or de-escalation strategies, there is also the need
to standardize the cutoff values of the ctDNA employed. A 2-log drop in ctDNA after two
chemotherapy courses has been identified as the best cutoff to predict progression-free
survival in cHL patients (p < 0.001) [25], but the retrospective design of this study limits
the generalization of this finding. In fact, in the only study retrieved that prospectively
evaluated ctDNA in cHL, no statistically significant association was observed between the
concentration of ctDNA and the Deauville Score determined by PET [20].

As 20–30% of patients with cHL are chemorefractory or relapse after achieving a
first complete remission, the mutational profiling of this high-risk subgroup constitutes a
major research goal. The impossibility of prospectively comparing the genomic profiles of
high-risk patients with the same cohort of “good responders” (low-risk patients) imposes a
fundamental barrier.
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Nevertheless, studies conducted retrospectively have shown that samples from refrac-
tory and relapsed cHL patients are enriched in mutations in the epigenetic regulators and
p53 [21]. Variants in the histone acetylation domains of the EP300 (N1776H) and CREBBP
(P1083L) genes were reported to be frequently mutated in this subset of patients. In contrast
with previous studies that reported no mutations in TP53 [32], deep sequencing studies [22]
are increasingly demonstrating that the deregulation of the p53 pathway is common in
chemorefractory cHL patients, as it is well-established in other cancers.

In conclusion, the recent literature on the clinical applications of NGS studies of cHL
points to the need of standardization. Liquid biopsies for the diagnosis and monitoring
of the therapeutic response, clonality assessments in cases with a histological atypical
presentation and the early identification of high-risk patients seem to constitute the most
developed areas of ongoing research. The development of clinical trials in which the results
of NGS studies are used prospectively and the accumulation of further evidence in the form
of systematic reviews will allow a meta-analysis and the achievement of an international
consensus in this field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics12040963/s1. Table S1. List of genes included in the NGS
panels of the documents analyzed in this systematic review. Table S2. Proposal of NGS panel for
classic Hodgkin lymphoma.

Author Contributions: Conceptualization, A.S.-E.; methodology, A.S.-E., J.P.-R., L.A.-C. and I.B.-F.;
software, A.S.-E., I.B.-F. and R.R.-G.; validation, J.P.-R., M.d.C.F.-V. and M.G.-R.; formal analysis,
A.S.-E.; investigation, A.S.-E. and J.M.-S.; resources, M.d.C.F.-V. and M.G.-R.; data curation, A.S.-E.,
J.M.-S., I.B.-F. and R.R.-G.; writing—original draft preparation, A.S.-E.; writing—review and editing,
A.S.-E., J.P.-R. and M.G.-R.; visualization, A.S.-E.; supervision, M.G.-R.; project administration,
M.G.-R.; funding acquisition, M.G.-R. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by a postdoctoral grant (RH-0145-2020) from the Andalusia
Health System and with an EU FEDER ITI Grant for Cadiz Province PI-0032-2017.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hodgkin, T. On some Morbid Appearances of the Absorbent Glands and Spleen. Med. Chir. Trans. 1832, 17, 68–114. [CrossRef]

[PubMed]
2. Sternberg, C. Über Eine Eigenartige Unter Dem Bilde Der Pseudoleukamie Verlaufende Tuberculose Des Lymphatischen

Apparates. Z. Heilkd. 1898, 19, 21–90.
3. Reed, D. On the Pathological Changes in Hodgkin’s Disease, with Special reference to its relation to tuberculosis. John Hopkins

Hosp. Rep. 1902, 10, 133–196. [CrossRef]
4. Vardhana, S.; Younes, A. The immune microenvironment in Hodgkin lymphoma: T cells, B cells and immune checkpoints.

Haematologica 2016, 101, 794–802. [CrossRef] [PubMed]
5. Küppers, R.; Rajewsky, K.; Zhao, M.; Simons, G.; Laumann, R.; Fischer, R.; Hansmann, M.L. Hodgkin disease: Hodgkin and

Reed-Sternberg cells picked from histological sections show cloncal immunoglobulin gene rearrangements and appear to be
derived from B cells at various stages of development. Proc. Natl. Acad. Sci. USA 1994, 91, 10962–10966. [CrossRef] [PubMed]

6. Mata, E.; Diaz-Lopez, A.; Martin-Moreno, A.; Sanchez-Beato, M.; Varela, I.; Mestre, M.J.; Garcia, J.F. Analysis of the mutational
landscape of classic Hodgkin lymphoma identifies disease heterogeneity and potential therapeutic targets. Oncotarget 2017,
8, 111386. [CrossRef] [PubMed]

7. Tiacci, E.; Ladewig, E.; Schiavoni, G.; Penson, A.; Fortini, E.; Pettirossi, V.; Wang, Y.; Rosseto, A.; Venanzi, A.; Vlasevska, S.; et al.
Pervasive mutations of JAK/STAT pathways genes in classical Hodgkin lymphoma. Blood 2018, 131, 2454–2465. [CrossRef]

8. Joos, S.; Küpper, M.; Ohl, S.; von Bonin, F.; Mechtersheimer, G.; Bentz, M.; Marynen, P.; Möller, P.; Pfreundschuh, M.; Trüm-
per, L.; et al. Genomic imbalances including amplification of the tyrosine kinase gene JAK2 in CD30+ Hodgkin cells. Cancer Res.
2000, 60, 549–552.

https://www.mdpi.com/article/10.3390/diagnostics12040963/s1
https://www.mdpi.com/article/10.3390/diagnostics12040963/s1
http://doi.org/10.1177/095952873201700106
http://www.ncbi.nlm.nih.gov/pubmed/20895597
http://doi.org/10.1097/00000441-190302000-00035
http://doi.org/10.3324/haematol.2015.132761
http://www.ncbi.nlm.nih.gov/pubmed/27365459
http://doi.org/10.1073/pnas.91.23.10962
http://www.ncbi.nlm.nih.gov/pubmed/7971992
http://doi.org/10.18632/oncotarget.22799
http://www.ncbi.nlm.nih.gov/pubmed/29340061
http://doi.org/10.1182/blood-2017-11-814913


Diagnostics 2022, 12, 963 11 of 12

9. Hartmann, S.; Martin-Subero, J.I.; Gesk, S.; Hüsken, J.; Gieding, M.; Nagel, I.; Riemke, J.; Chott, A.; Klapper, W.; Parrens, M.; et al.
Detection of genomic imbalances in microdissected Hodgkin and Reed-Sternberg cells of classical Hodgkin’s lymphoma by
array-based comparative genomic hybridization. Haematologica 2008, 93, 1318–1326. [CrossRef]

10. Lake, A.; Shield, L.A.; Cordano, P.; Chui, D.T.; Osborne, J.; Crae, S.; Wilson, K.S.; Tosi, S.; Knight, S.J.; Gesk, S.; et al. Mutations
of NFKBIA, encoding IkappaB alpha, are a recurrent finding in classical Hodgkin lymphoma but are not a unifying feature of
non-EBV-associated cases. Int. J. Cancer. 2009, 125, 1334–1342. [CrossRef]

11. Jungnickel, B.; Staratschek-Jox, A.; Bräuninger, A.; Spieker, T.; Wolf, J.; Diehl, V.; Hansmann, M.L.; Rajewsky, K.; Küppers, R.
Clonal deleterious mutations in the IkappaBalpha gene in the malignant cells in Hodgkin’s lymphoma. J. Exp. Med. 2000,
191, 395–402. [CrossRef] [PubMed]

12. Green, M.R.; Monti, S.; Rodig, S.J.; Juszczynski, P.; Currie, T.; O’Donnell, E.; Chapuy, B.; Takeyama, K.; Neuberg, D.; Golub,
T.R.; et al. Integrative analysis reveals selective 9p24.1 amplification, increased PD-1 ligand expression, and further induction via
JAK2 in nodular sclerosing Hodgkin lymphoma and primary mediastinal large B-cell lymphoma. Blood 2010, 116, 3268–3277.
[CrossRef] [PubMed]

13. Roemer, M.G.; Advani, R.H.; Ligon, A.H.; Natkunam, Y.; Redd, R.A.; Homer, H.; Connelly, C.F.; Sun, H.H.; Daadi, S.E.;
Freeman, G.J.; et al. PD-L1 and PD-L2 Genetic alterations define classical Hodgkin lymphoma and predict outcome. J. Clin. Oncol.
2016, 34, 2690–2697. [CrossRef] [PubMed]

14. Sujobert, P.; Le Bris, Y.; de Leval, L.; Gros, A.; Merlio, J.P.; Pastoret, C.; Huet, S.; Sarkozy, C.; Davi, F.; Callanan, M.; et al. The need
for a Consensus Next-Generation Sequencing panel for Mature Lymphoid Malignancies. Hemasphere 2018, 3, e169. [CrossRef]

15. Eichenauer, D.A.; Aleman, B.M.P.; André, M.; Federico, M.; Hutchings, M.; Illidge, T.; Engert, A.; Ladetto, M. ESMO Guidelines
Committee. Hodgkin lymphoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2018,
29, iv19–iv29. [CrossRef]

16. Hutton, B.; Salanti, G.; Caldwell, D.M.; Chaimani, A.; Schmid, C.H.; Cameron, C.; Ioannidis, J.P.; Straus, S.; Thorlund, K.;
Jansen, J.P.; et al. The PRISMA extension statement for reporting of systematic reviews incorporating network meta-analyses of
health care interventions: Checklist and explanations. Ann. Intern. Med. 2015, 162, 777–784. [CrossRef]

17. Trecourt, A.; Mauduit, C.; Szablewski, V.; Fontaine, J.; Balme, B.; Donzel, M.; Laurent, C.; Sesques, P.; Ghesquières, H.;
Bachy, E.; et al. Plasticity of Mature B Cells between Follicular and Classic Hodgkin lymphomas: A series of 22 cases expanding
the spectrum of transdifferentiation. Am. J. Surg. Pathol. 2020, 46, 58–70. [CrossRef]

18. Alcoceba, M.; Garcia-Alvarez, M.; Chillon, M.C.; Jimenez, C.; Medina, A.; Anton, A.; Blanco, O.; Diaz, L.G.; Tamayo, P.; Gonzalez-
Calle, V.; et al. Liquid biopsy: A non-invasive approach for Hodgkin lymphoma genotyping. Br. J. Haematol. 2021, 195, 542–551.
[CrossRef]

19. Van Bladel, D.A.G.; van den Brand, M.; Rijntjes, J.; Pamidimarri Naga, S.; Haacke, D.L.C.M.; Luijks, J.A.C.W.; Hebeda, K.M.;
van Krieken, J.H.J.M.; Groenen, P.J.T.A.; Scheijen, B. Clonality assessment and detection of clonal diversity in classic Hodgkin
lymphoma by next-generation sequencing of immunoglobulin gene rearrangements. Mod. Pathol. 2021, 1–10. [CrossRef]

20. Camus, V.; Viennot, M.; Lequesne, J.; Viailly, P.J.; Bohers, E.; Bessi, L.; Marcq, B.; Etancelin, P.; Dubois, S.; Picquenot, J.M.; et al.
Targeted genotyping of circulating tumor DNA for classical Hodgkin lymphoma monitoring: A prospective study. Haematologica
2021, 106, 154–162. [CrossRef]

21. Mata, E.; Fernandez, S.; Astudillo, A.; Fernandez, R.; Garcia-Cosio, M.; Sanchez-Beato, M.; Provencio, M.; Estevez, M.; Mon-
talban, C.; Piris, M.A.; et al. Genomic analyses of microdissected Hodgkin and Reed-Sternberg cells: Mutations in epigenetic
regulators and p53 are frequent in refractory classic Hodgkin lymphoma. Blood Cancer J. 2019, 9, 34. [CrossRef] [PubMed]

22. Liang, W.S.; Vergilio, J.A.; Salhia, B.; Huang, H.J.; Oki, Y.; Garrido-Laguna, I.; Park, H.; Westin, J.R.; Meric-Bernstam, F.;
Fabrizio, D.; et al. Comprehensive Genomic Profiling of Hodgkin lymphoma reveals recurrently mutated genes and increased
mutation burden. Oncologist 2019, 24, 219–228. [CrossRef] [PubMed]

23. European Network-Paediatric Hodgkin Lymphoma Study Group (EuroNet-PHL) Second International Inter-Group Study for
Classical Hodgkin Lymphoma in Children and Adolescents. Available online: https://clinicaltrials.gov/ct2/show/NCT02684708
(accessed on 11 April 2022).

24. Desch, A.K.; Hartung, K.; Botzen, A.; Brobeil, A.; Rummel, M.; Kurch, L.; Georgi, T.; Jox, T.; Bielack, S.; Burdach, S.; et al.
Genotyping circulating tumor DNA of pediatric Hodgkin lymphoma. Leukemia 2020, 34, 151–166. [CrossRef] [PubMed]

25. Spina, V.; Bruscaggin, A.; Cuccaro, A.; Martini, M.; Di Trani, M.; Forestieri, G.; Manzoni, M.; Condoluci, A.; Arribas, A.; Terzi-Di-
Bergamo, L.; et al. Circulating tumor DNA reveals genetics, clonal evolution and residual disease in classical Hodgkin lymphoma.
Blood 2018, 131, 2413–2425. [CrossRef]

26. Ten Berge, R.L.; Oudejans, J.J.; Dukers, D.F.; Meijer, J.W.; Ossenkoppele, G.J.; Meijer, C.J. Percentage of activated cytotoxic
T-lymphocytes in anaplastic large cell lymphoma and Hodgkin’s disease: An independent biological prognostic marker. Leukemia
2001, 15, 458–464. [CrossRef]

27. Alvaro, T.; Lejeune, M.; Salvadó, M.T.; Bosch, R.; García, J.F.; Jaén, J.; Banham, A.H.; Roncador, G.; Montalbán, C.; Piris, M.A.
Outcome in Hodgkin’s lymphoma can be predicted from the presence of accompanying cytotoxic and regulatory T cells. Clin.
Cancer Res. 2005, 11, 1467–1473. [CrossRef]

28. Steidl, C.; Lee, T.; Shah, S.P.; Farinha, P.; Han, G.; Nayar, T.; Delaney, A.; Jones, S.J.; Iqbal, J.; Weisenburger, D.D.; et al.
Tumor-associated macrophages and survival in classic Hodgkin’s lymphoma. N. Engl. J. Med. 2010, 362, 875–885. [CrossRef]

http://doi.org/10.3324/haematol.12875
http://doi.org/10.1002/ijc.24502
http://doi.org/10.1084/jem.191.2.395
http://www.ncbi.nlm.nih.gov/pubmed/10637284
http://doi.org/10.1182/blood-2010-05-282780
http://www.ncbi.nlm.nih.gov/pubmed/20628145
http://doi.org/10.1200/JCO.2016.66.4482
http://www.ncbi.nlm.nih.gov/pubmed/27069084
http://doi.org/10.1097/HS9.0000000000000169
http://doi.org/10.1093/annonc/mdy080
http://doi.org/10.7326/M14-2385
http://doi.org/10.1097/PAS.0000000000001780
http://doi.org/10.1111/bjh.17719
http://doi.org/10.1038/s41379-021-00986-5
http://doi.org/10.3324/haematol.2019.237719
http://doi.org/10.1038/s41408-019-0195-7
http://www.ncbi.nlm.nih.gov/pubmed/30858359
http://doi.org/10.1634/theoncologist.2018-0058
http://www.ncbi.nlm.nih.gov/pubmed/30108156
https://clinicaltrials.gov/ct2/show/NCT02684708
http://doi.org/10.1038/s41375-019-0541-6
http://www.ncbi.nlm.nih.gov/pubmed/31431735
http://doi.org/10.1182/blood-2017-11-812073
http://doi.org/10.1038/sj.leu.2402045
http://doi.org/10.1158/1078-0432.CCR-04-1869
http://doi.org/10.1056/NEJMoa0905680


Diagnostics 2022, 12, 963 12 of 12

29. Kamper, P.; Bendix, K.; Hamilton-Dutoit, S.; Honoré, B.; Nyengaard, J.R.; d’Amore, F. Tumor-infiltrating macrophages correlate
with adverse prognosis and Epstein-Barr virus status in classical Hodgkin’s lymphoma. Haematologica 2011, 96, 269–276.
[CrossRef]

30. Sánchez-Espiridión, B.; Martin-Moreno, A.M.; Montalbán, C.; Medeiros, L.J.; Vega, F.; Younes, A.; Piris, M.A.; Garcia, J.F.
Immunohistochemical markers for tumor associated macrophages and survival in advanced classical Hodgkin’s lymphoma.
Haematologica 2012, 97, 1080–1084. [CrossRef]

31. Schmitz, R.; Hansmann, M.L.; Bohle, V.; Martin-Subero, J.I.; Hartmann, S.; Mechtersheimer, G.; Klapper, W.; Vater, I.; Giefing, M.;
Gesk, S.; et al. TNFAIP3 (A20) is a tumor suppressor gene in Hodgkin lymphoma and primary mediastinal B cell lymphoma. J.
Exp. Med. 2009, 206, 981–989. [CrossRef]

32. Reichel, J.; Chadburn, A.; Rubinstein, P.G.; Giulino-Roth, L.; Tam, W.; Liu, Y.; Gaiolla, R.; Eng, K.; Brody, J.; Inghurami, G.; et al. Flow
sorting and exome sequencing reveal the oncogenome of primary Hodgkin and Reed-Sternberg cells. Blood 2015, 125, 1061–1072.
[CrossRef] [PubMed]

33. Mohty, R.; Dulery, R.; Bazarbachi, A.H.; Savani, M.; Hamed, R.A.; Bazarbachi, A.; Mohty, M. Latest advances in the management
of classical Hodgkin lymphoma: The era of novel therapies. Blood Cancer J. 2021, 11, 126. [CrossRef] [PubMed]

34. Hasenclever, D.; Diehl, V.A. A prognostic score for advanced Hodgkin’s disease. International Prognostic Factors Project on
Advanced Hodgkin’s disease. N. Engl. J. Med. 1998, 339, 1506–1514. [CrossRef]

35. Engert, A.; Plütschow, A.; Eich, H.T.; Lohri, A.; Dörken, B.; Borchmann, P.; Berger, B.; Greil, R.; Willborn, K.C.; Wilhem, M.
Reduced treatment intensity in patients with early-stage Hodgkin’s lymphoma. N. Engl. J. Med. 2010, 363, 640–652. [CrossRef]
[PubMed]

36. André, M.P.E.; Girinsky, T.; Federico, M.; Reman, O.; Fortpied, C.; Gotti, M.; Casasnovas, O.; Brice, P.; van der Maazen, R.;
Re, A. Early positron emission tomotraphy response-adapted treatment in stage I and II Hodgkin lymphoma: Final results of the
randomized EORTC/LYSA/FILH10 trial. J. Clin. Oncol. 2017, 35, 1786–1794. [CrossRef]

37. Weniger, M.A.; Melzner, I.; Menz, C.K.; Wegener, S.; Bucur, A.J.; Dorsch, K.; Mattfeldt, T.; Barth, T.F.; Möller, P. Mutations of
the tumor suppressor gene SOCS-1 in classical Hodgkin lymphoma are frequent and associated with nuclear phospho-STAT5
accumulation. Oncogene 2006, 25, 2679–2684. [CrossRef]

38. Jaffe, E.S. The elusive Reed-Sternberg cell. N. Engl. J. Med. 1989, 320, 529–531. [CrossRef]
39. Küppers, R.; Zhao, M.; Hansmann, M.L.; Rajewsky, K. Tracing B cell development in human germinal centres by molecular

analysis of single cells picked from histological sections. EMBO J. 1993, 12, 4955–4967. [CrossRef]
40. Weniger, M.A.; Küppers, R. Molecular biology of Hodgkin lymphoma. Leukemia 2021, 35, 968–981. [CrossRef]
41. Schmid, C.; Pan, L.; Diss, T.; Isaacson, P.G. Expression of B-cell antigens by Hodgkin’s and Reed-Sternberg cells. Am. J. Pathol.

1991, 139, 701–707.
42. Hsu, S.M.; Yang, K.; Jaffe, E.S. Phenotypic expression of Hodgkin’s and Reed-Sternberg cells in Hodgkin’s disease. Am. J. Pathol.

1985, 118, 209–217.
43. Kanzler, H.; Küppers, R.; Hansmann, M.L.; Rajewsky, K. Hodgkin and Reed-Sternberg cells in Hodgkin’s disease represent

the outgrowth of a dominant tumor clone derived from (crippled) germinal center B cells. J. Exp. Med. 1996, 184, 1495–1505.
[CrossRef] [PubMed]

44. Ushmorov, A.; Ritz, O.; Hummel, M.; Leithäuser, F.; Möller, P.; Stein, H.; Wirth, T. Epigenetic silencing of the immunoglobulin
heavy-chain gene in classical Hodgkin lymphoma-derived cell lines contributes to the loss of immunoglobulin expression. Blood
2004, 104, 3326–3334. [CrossRef] [PubMed]

45. Ehlers, A.; Oker, E.; Bentink, S.; Lenze, D.; Stein, H.; Hummel, M. Histone acetylation and DNA demethylation of B cells result in
a Hodgkin-like phenotype. Leukemia 2008, 22, 835–841. [CrossRef] [PubMed]

46. Stein, H.; Marafioti, T.; Foss, H.D.; Laumen, H.; Hummel, M.; Anagnostopoulos, I.; Wirth, T.; Demel, G.; Falini, B. Down-regulation
of BOB.1/OBF.1 and Oct2 in classical Hodgkin disease but not in lymphocyte predominant Hodgkin disease correlates with
immunoglobulin transcription. Blood 2001, 97, 496–501. [CrossRef]

47. Swerdlow, S.H.; Campo, E.; Pileri, S.A.; Harris, N.L.; Stein, H.; Siebert, R.; Advani, R.; Ghielmini, M.; Salles, G.A.; Ze-
lenetz, A.D.; et al. The 2016 revision of the World Health Organization classification of lymphoid neoplasms. Blood 2016,
127, 2375–2390. [CrossRef] [PubMed]

48. Ferreri, A.J.; Govi, S.; Pileri, S.A.; Savage, K.J. Anaplastic large cell lymphoma, ALK-positive. Crit. Rev. Oncol. Hematol. 2012,
83, 293–302. [CrossRef] [PubMed]

49. Van den Brand, M.; Rijntjes, J.; Möbs, M.; Steinhilber, J.; van der Klift, M.Y.; Heezen, K.C.; Kroeze, L.I.; Reigl, T.; Porc, J.;
Darzentas, N.; et al. Euroclonality-NGS working group. Next-Generation sequencing-based clonality assessment of Ig gene
rearrangements: A multicenter validation study by EuroClonality-NGS. J. Mol. Diagn. 2021, 23, 1105–1115. [CrossRef]

50. Schneider, S.; Crescenzi, B.; Schneider, M.; Ascani, S.; Hartmann, S.; Hansmann, M.L.; Falini, B.; Mecucci, C.; Tiacci, E.; Küppers, R.
Subclonal evoluation of a classical Hodgkin lymphoma from a germinal center B-cell derived mantle cell lymphoma. Int. J. Cancer
2014, 134, 832–843. [CrossRef]

51. Foo, W.C.; Huang, Q.; Sebastian, S.; Hutchinson, C.B.; Burchette, J.; Wang, E. Concurrent classical Hodgkin lymphoma and
plasmablastic lymphoma in a patient with chronic lymphocytic leukemia/small lymphocytic lymphoma treated with fludarabine:
A dimorphic presentation of iatrogenic immunodeficiency-associated lymphoproliferative disorder with evidence suggestive of
multiclonal transformability of B cells by Epstein-Barr virus. Hum. Pathol. 2010, 41, 1802–1808. [CrossRef]

http://doi.org/10.3324/haematol.2010.031542
http://doi.org/10.3324/haematol.2011.055459
http://doi.org/10.1084/jem.20090528
http://doi.org/10.1182/blood-2014-11-610436
http://www.ncbi.nlm.nih.gov/pubmed/25488972
http://doi.org/10.1038/s41408-021-00518-z
http://www.ncbi.nlm.nih.gov/pubmed/34244478
http://doi.org/10.1056/NEJM199811193392104
http://doi.org/10.1056/NEJMoa1000067
http://www.ncbi.nlm.nih.gov/pubmed/20818855
http://doi.org/10.1200/JCO.2016.68.6394
http://doi.org/10.1038/sj.onc.1209151
http://doi.org/10.1056/NEJM198902233200813
http://doi.org/10.1002/j.1460-2075.1993.tb06189.x
http://doi.org/10.1038/s41375-021-01204-6
http://doi.org/10.1084/jem.184.4.1495
http://www.ncbi.nlm.nih.gov/pubmed/8879220
http://doi.org/10.1182/blood-2003-04-1197
http://www.ncbi.nlm.nih.gov/pubmed/15284123
http://doi.org/10.1038/leu.2008.12
http://www.ncbi.nlm.nih.gov/pubmed/18256685
http://doi.org/10.1182/blood.V97.2.496
http://doi.org/10.1182/blood-2016-01-643569
http://www.ncbi.nlm.nih.gov/pubmed/26980727
http://doi.org/10.1016/j.critrevonc.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22440390
http://doi.org/10.1016/j.jmoldx.2021.06.005
http://doi.org/10.1002/ijc.28422
http://doi.org/10.1016/j.humpath.2010.04.019

	Introduction 
	Materials and Methods 
	Search Strategy 
	Selection Criteria 
	Study Selection Process and Data Extraction 

	Results 
	Next-Generation Sequencing for the Assessment of Clonality in Classic Hodgkin Lymphoma 
	Next-Generation Sequencing and Liquid Biopsy: New Approaches for the Diagnosis and Follow-Up of Patients with Classic Hodgkin Lymphoma 
	Identification of High-Risk Mutational Profiles in Classic Hodgkin Lymphoma through Next-Generation Sequencing Methods 

	Discussion 
	References

