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1 | INTRODUCTION Formerly, such patients were treated with salvage chemother-

apy regimens followed by autologous stem cell transplantation,
While most classic Hodgkin lymphoma (cHL) patients can be cured but more recently, the introduction of novel agents such as
nowadays, a subgroup of patients will still relapse after first-line brentuximab vedotin and immune checkpoint inhibitors into the
treatment, some of whom will ultimately die from the disease. These treatment algorithm have modified the choice and order of sal-
relapsed/refractory (R/R) cHL cases account for 20%-30% of patients, vage therapy regimens. Therefore, new tools are clearly needed
most of whom are at an advanced stage or exhibit risk factors. to identify early on the patients who will progress after first-line
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therapy, and to rationalize second-line therapies. The clinical use and
prognostic value of FDG-PET/CT (PET/CT) during disease follow-up
and interim PET/CT, (iPET/CT) which is performed after the initiation
but before the completion of treatment, varies by lymphoma subtype.
Evidence supporting the prognostic value of iPET/CT is clear for
cHL and, indeed, response-adapted treatment approaches guided by
PET/CT are a widely used standard of care in first-line therapy.

Circulating tumor DNA (ctDNA) represents the cell-free DNA
released by the tumoral cell into the blood. These mainly ctDNA
sequencing-based liquid biopsies offer some advantages over classic
tumor genotyping, mainly during disease monitoring and detection of
minimal residual disease (MRD) in multiple cancers, including hema-
tological malignancies [1]. Concordance between ctDNA and tumor
biopsies in aggressive lymphomas is around 80%, and somewhat lower
in indolent lymphomas with a low tumor burden [2]. Researchers agree
that liquid biopsy could represent a major new strategy for monitoring
cancer, but further studies are required to address its limitations.

The mutational landscape of the neoplastic Hodgkin and Reed-
Sternberg (HRS) cells in cHL has been characterized in recent years.
We and others have demonstrated recurrent somatic mutations in the
components of the NF-kB pathway (TNFAIP3, NFKBIA, NFKBIA, REL),
the JAK/STAT pathway (SOCS1, PTPN1, STAT6, STAT3, CSF2RB) [3-6],
and regulators of immune escape, such as inactivating mutations in the
gene of the MHC-1 component B2M, the MHC-2 transactivator (C2TA)
[5, 7], and inactivating mutations in CD58 [8]. Other signaling path-
ways important in cHL pathogenesis include the BCR pathway (BTK,
CARD11, BCL10) [3], MAPK/ERK, AP1, PI3K/AKT, and NOTCH1 [9].
Frequent mutations are also detected in epigenetic regulators such as
EP300 and CREBBP, as well as TP53 mutations, and these changes have
been linked to clinical outcome.

It has yet to be established whether ctDNA is a reliable biomarker
of disease activity that can provide information about tumor burden in
cHL patients. Furthermore, the applicability of liquid biopsies for mon-
itoring cHL in the clinical setting needs validation. To address these
matters, we profiled primary tumors and ctDNA from retrospective
and prospective series of samples, with the aim of (i) reassessing the
genetic landscape of the disease by checking for common markers, (ii)
establishing whether ctDNA profiling can be used for qualitative and
guantitative analysis of tumor-specific somatic DNA mutations, and (iii)
evaluating in a prospective cohort whether liquid biopsies can be used

to monitor disease evolution.

2 | MATERIALS AND METHODS

2.1 | Study design and clinical data

The study was planned as a prospective and retrospective screening of
somatic mutations in primary lymph nodes and ctDNA, to evaluate this
molecular strategy for disease monitoring and enhance early diagno-
sis of relapse. Formalin-fixed paraffin-embedded (FFPE) tumor samples
(pretreatment biopsies) from 40 patients with a confirmed diagnosis of

cHL were included. Patients diagnosed with cHL of any subtype were

included. Most cases were treated with standard adriamycin-based
protocols, such as adriamycin, bleomycin, vinblastine, and dacarbazine
(ABVD). Clinical data are summarized in Table S1. All the samples
and data were retrieved through the MD Anderson Cancer Center
Madrid Biobank, in accordance with the technical and ethical proce-
dures of the Spanish National Biobank Network and having obtained
written informed consent in accordance with the Helsinki Declaration.
Approval was obtained from the institutional review board.

The analysis of the results was based on evaluating the intratumoral
heterogeneity in primary lymph node biopsies, as well as mapping the
most frequently affected genes and signaling pathways. In addition,
the temporal heterogeneity throughout the course of the disease was
evaluated using ctDNA. Finally, we calculated the correlation between
the standard cHL monitoring technique (PET/CT) and liquid biopsy
findings.

2.2 | DNA isolation

For somatic mutations identification in primary cHL tumors, dupli-
cated aliquots of DNA were extracted from two selected HRS-enriched
regions, with a total of 80 sequenced samples. DNA was extracted
with standard protocols based on proteinase K digestion and phe-
nol/ethanol isolation.

To increase sequencing quality from FFPE samples, a DNA repair
step was performed to correct cytosine-uracil changes induced by
deamination with the NEBNext FFPE DNA repair mix kit (BioLabs), fol-
lowing the manufacturer’s instructions. After this, the samples were
purified by AMPure XP Beads (Beckman Coulter) and eluted in 25 ulL
of nuclease-free water.

Total cell-free DNA was extracted from two plasma samples using
Cell-Free DNA BCT tubes (Streck). Briefly, after two consecutive cen-
trifugations, we used the QiAamp Circulating Nucleic Acid Extraction
kit (Quiagen), according to the manufacturer’s instructions.

For filtering germline and polymorphic variants, gDNA was
extracted from peripheral blood cells (n = 7), noninfiltrated bone
marrow smears (n = 5) or nontumor tissue samples (n = 2). We
used standard protocols based on proteinase K digestion and phe-
nol/ethanol isolation (FFPE samples) or DNeasy Blood & Tissue kit
(Quiagen) (for total peripheral blood).

2.3 | Next generation sequencing and variant
filtering

Next generation sequencing (NGS) was performed using a cHL-specific
targeted custom panel that included the 35 genes most frequently
mutated in the disease, following similar protocols to those adopted
in a previous study [6]. NGS was performed on an lon Torrent S5
sequencer (Thermo Fisher, Waltham, MA). This amplicon-based library
preparation technology gives a low limit of detection of as little as 0.1%
for cell-free DNA samples. Libraries were constructed starting with

10 ng of genomic DNA. Emulsion PCR and sample enrichment was done
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using an initial DNA library concentration of 100 pM, quantified using
the Qubit High Sensitivity DNA kit (Life Technologies).

For bioinformatic analysis and variant filtering, we used lon
Reporter and Alamut software in conjunction with ClinVar, Varsome,
cBioportal, and genomeAD databases. Variants with fewer than 100
reads, with a variant allele frequency (VAF) of < 1% or > 40%, or that
had previously been described as polymorphisms in the genomeAD and
single nucleotide polymorphism (dbSNP) databases, were excluded.
Filtered variants were reviewed and analyzed using the integrative
genomics viewer (IgV), the Alamut algorithm, and reference databases
such as ClinVar, Varsome, cBioportal, COSMIC (Catalogue of Somatic
Mutations in Cancer), and Ensembl.

2.4 | Correlation between 18-FDG-PET and
haploid genomic equivalent per milliliter (hGE/mL)

Deauville Scores (DSs) were obtained for each patient after review-
ing the reports from the Nuclear Medicine Department and patients’

medical records. Total ctDNA was quantified and treated as a continu-

ous variable, calculating the haploid genomic equivalent per milliliter
(hGE/mL) of plasma, determined as the product of total ctDNA in
pg/mL, and the mean VAF was divided by 3.3 pg per DNA molecule, as
previously described [10].

3 | RESULTS
This approach enabled us to detect mutations in primary cHL tumors
in 81% of the samples. All analyzed DNA libraries had a mean length
of 116 bp with a range from 90 to 169 bp. The mean average base
coverage depth was 2115x, with a 92% uniformity of base coverage.
Overall, our results confirmed the previously described mutational
distribution [5, 6]. We identified common mutations affecting TP53,
CARD11, EP300, STAT6, and PIK3CD (Figure 1A and Table S2), among
other genes. The TP53 and CARD11 variants were the most frequent
alterations. As has often been described, we did not find any single
gene or specific variant common to enough patients to warrant it being
proposed as a specific cHL biomarker. Instead, we found a heteroge-

neous spectrum of alterations that potentially affect the function of
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(A) Clonal evolution data from four representative cases; plots show clonal prevalence vertically (variant allele frequency), time

points horizontally (sampling times), and the height of each clone reflects its proportionate prevalence at each sampling time point. Figures were
created using the TimeScape R package (https://bioconductor.org/packages/release/bioc/html/timescape.html), clustering the variants observed in
each clone and their allele prevalences over time (see Supplemental Table). (B) Comparison between iPET/CT (DS of 1-5, considering a DS of >3 to
be a positive iPET/CT result) and ctDNA quantification showing similar trends over time. (C) Correlation between ctDNA and iPET/CT (two-way
ANOVA, p = 0.022); error bars indicate the standard error of the mean (SEM). iPET, interim FDG-PET/CT; CT, computed tomography; DS, Deauville

score.
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the most relevant pathways in the pathogenesis of cHL (Figure 1A). By
performing two independent analyses of each tumor sample, we also
corroborated the great spatial intratumoral heterogeneity that charac-
terizes this disease, whereby the tumors presented shared variants in
13 patients (32.5%), and individual mutations were noted in 27 patients
(67.5%) (Figure 1B). All the mutations detected are listed in Tables S2
and S3.

We also carried out a prospective longitudinal analysis by using
liquid biopsy for disease monitoring in those patients with sufficient
available plasma in samples extracted from peripheral blood (n = 17)
and normal germline genomic gDNA for variant filtering (n = 14). With
these series, we completed the study of 55 samples, detecting tumor
mutations in 89% of ctDNA samples. The mean average base cover-
age depth was 1236x, with 78% uniformity of base coverage. There
were no major variations in the sample collection times and protocols
between patients, collecting samples at diagnosis or before treatment
(basal or pretreatment samples), at mid-treatment (between the 3rd
and 4th ABVD cycles), samples at the end of treatment, and samples
in follow-up visits.

As previously reported [11, 12], the results of the ctDNA analy-
ses mirrored HRS cell genetics overall. We identified common variants
between primary tumors and longitudinal plasma samples in eight of
14 cases. However, and consistent with the tumor heterogeneity, there
were also high levels of temporal heterogeneity, so that several vari-
ants detected in the primary tumors were not detected in some of
the blood samples, some variants reappeared when ctDNA levels rose
during follow-up, and new variants could be detected that were prob-
ably related to newly emerging clones (Figure 2A). Again, no single or
common genetic marker can be proposed to cover all patients (Table
S3).

Finally, we thirdly carried out the quantitative longitudinal analyses
in those patients with at least three available blood samples that were
informative of the mutational changes during and after treatment, as
well as the germline DNA (h = 9).

Given the short follow-up period of this series, we used iPET/CT
and after treatment PET/CT as surrogates for early treatment failure.
According to clinical guidelines, responses were assessed by PET/CT
after 3 cycles of chemotherapy (iPET/CT) and 4 + 1 weeks after the
end of the treatment. DSs were obtained for each patient after review-
ing the reports from the Nuclear Medicine Department and patients’
medical records, and ctDNA values from liquid biopsies were com-
pared with DS values (Figure 2B). In most cases, the two parameters
had similar temporal variation, with a significant statistical correlation
between total ctDNA assessed in plasma and PET/CT variations over
time (Figure 2C and Table S4). It is of note that one patient (C222201)
showed persistently high ctDNA values despite obtaining a negative
PET/CT at the end of the treatment.

4 | DISCUSSION

ctDNA forms the basis of liquid biopsy, and offers some advantages

over classical tumor genotyping, mainly during disease monitoring.

The concordance between ctDNA and tumor biopsies in aggressive
lymphomas is about 80%, and somewhat lower in indolent lym-
phomas with a low tumor burden 2. For these reasons, researchers
agree that liquid biopsy could represent a major new strategy for
monitoring cancer, but further studies are required to address its
limitations.

The usefulness of liquid biopsies is evident for monitoring non-
Hodgkin lymphomas, where circulating ctDNA levels are associated
with tumor volume and MRD [2]. However, the higher levels of intra-
tumoral and temporal heterogeneity in cHL make it extremely difficult
to use specific mutations as single biomarkers. There are no ear-
lier reports proposing the quantitative measurement of ctDNA using
the hGE/mL, independent of specific variants as an alternative surro-
gate biomarker in cHL, which is clinically relevant and could identify
patients at higher risk of early progression.

Since previous reports have not identified a common single recur-
rent mutation that characterizes cHL tumors, monitoring cHL in ctDNA
may be controversial. One frequent alteration in the SOCS1 gene,
which is detected in approximately 50% of cHL cases [4], has been
proposed as a potential biomarker, but common variants consist of
truncating mutations and indels, which are technically challenging to
detect in plasma. The XPO1 E571K mutation has been repeatedly
detected in both tissue and plasma samples and has also been proposed
as a biomarker for use in the diagnosis and detection of MRD [13-15].
However, the detection frequency of the XPO1 in primary tumors
was significantly lower [15] and was described only in 10%-15% of
ctDNA patients samples [15, 16]. Here, w confirm that no specific
gene mutation contributes uniquely to the pathogenesis of the disease.
Rather, a set of alterations in different essential pathways is associated
with the characteristic phenotype of HRS cells and, consequently, the
pathogenesis of the disease.

In conclusion, we confirm the feasibility of monitoring cHL using
ctDNA from liquid biopsies coupled with simple NGS procedures based
on cHL-specific targeted panels. ctDNA mirrored HRS cell genetics,
showing clonal evolution and capturing the known spatial and longi-
tudinal heterogeneity, but it is impossible to propose unique genetic
markers of the disease. Total ctDNA quantification based on esti-
mates of hGE/mL is a good surrogate for disease activity, since it
probably reflects the tumor burden and is almost perfectly correlated
with parameters such as PET/CT that are associated with refractori-
ness. Whether this trend is correlated with clinical outcomes and
survival remains unclear and needs to be confirmed in longitudinal
series with longer follow-up, in the context of well-designed clinical

trials.
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