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Introduction

Lymphomas are a group of heterogeneous neoplasms in
which lymphoid cells undergo malignant transformation [1].
In the updated WHO and ICC classifications [1,2], >80 differ-
ent subtypes are recognized. Mature B-cell lymphoma sub-
types make up the majority of the cases, including, eg.
diffuse large B-cell lymphoma (DLBCL), chronic lymphocytic
leukemia (CLL), and follicular lymphoma (FL). The introduc-
tion of more comprehensive sequencing techniques for gen-
omic characterization has increased awareness that
lymphomas are biologically distinct, even within the same
established subtype [3,4].

Although lymphomas represent a group of highly chemo-
sensitive malignancies, some patients do not respond to
established chemo-immunotherapy or experience relapse
after initial response, with much-worsened prognosis [5,6].
New targeted or cellular therapies have recently been
approved or are being tested in clinical trials in treatment-
refractory or relapsed disease with highly encouraging
results, including, e.g., genetically modified autologous T
cells targeting CD19 (CAR-T therapy) [7] and bi-specific anti-
bodies [8]. Bruton’s tyrosine kinase inhibitors (BTKi) have
been successfully introduced in the treatment of some
lymphoma subtypes (e.g., CLL) but show only modest
response in DLBCL and FL, although response rates may be
higher in certain molecular subtypes [9-11].

Only a few genetic alterations are currently incorporated
into clinical decision-making and selection of treatment in
lymphoproliferative malignancies; TP53 aberrations in CLL
and MCL [12], IGHV gene mutational status in CLL [13], and
MYC/BCL2 rearrangements in high-grade B-cell lymphoma
[11]. While gene expression can be used to identify

prognostic subgroups (e.g., germinal-center and activated B-
cell (GCB/ABC DLBCL)), recent landmark studies have sug-
gested new molecular subgroups in DLBCL and CLL based
on comprehensive genomic sequencing with potential impli-
cations for targeted therapy [11,14-16], however, their clin-
ical usefulness is still to be determined. In addition, analysis
of cell-free DNA (cfDNA) has emerged as a promising tool to
monitor treatment response and measurable residual disease
(MRD) in a more sensitive way than with current radiology-
based methods [17-20].

In the present prospective cohort study of newly diag-
nosed lymphoma patients in Stockholm, Sweden (the
BioLymph study), we aim to increase knowledge and imple-
mentation of precision diagnostic tools and personalized
medicine approaches across mature B- and T-cell lymphomas
in a population-based setting. In this first report, we evaluate
the feasibility of patient inclusion and targeted next-gener-
ation sequencing (NGS) among the first 100 included
patients.

Materials and methods
Study design and patient recruitment

Adult patients (>18years) with newly diagnosed lymphoma
at Karolinska University Hospital, Stockholm, during the study
period are eligible for inclusion. Patients should have a repre-
sentative tumor sample taken as part of routine diagnostic
work-up to allow for the preparation of tumor DNA. Patients
who do not understand the written Swedish language or
with dementia or other CNS disease that could hamper pro-
vision of written informed consent are excluded. The inclu-
sion period started 11 February 2019 and is planned to
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continue until December 2024 (aiming for the inclusion of
500 patients), with follow-up of five years. Patient participa-
tion entails preparation of DNA and RNA from the diagnostic
tumor sample, donation of blood and plasma samples at
diagnosis and during follow-up (Figure 1), completion of
questionnaires of medical history and quality-of-life (EORTC-
QLQ30, fatigue, neuropathy) [21,22] and extraction of rele-
vant information from medical records and national health
care registers [23]. At diagnosis, a whole blood sample is
taken for analysis of germline DNA, and plasma samples are
taken in EDTA tubes and stored for future proteomics analy-
ses. Repeated plasma samples are taken for cfDNA analysis
in blood collection tubes (STRECK, La Vista, USA) according
to treatment-specific schedules (Figure 2). During follow-up,
plasma samples are repeated in case of progression/relapse
or transformation. Annual disease-free follow-up includes
plasma sampling and completion of quality-of-life question-
naires at 1, 2, and 5 years post-diagnosis.

Endpoints

Feasibility was evaluated by the proportion of patients that
completed the first parts of the study protocol following
inclusion and the proportion of patients with successful tar-
geted NGS on tumor tissue. Endpoints further included the
number, proportion and type of genomic driver alterations
potentially relevant for diagnosis, prognosis and treatment
prediction. Detailed specific aims and endpoints for the full
study are listed in Supplementary Table 1. DNA is extracted
from tumor tissue and whole blood (Qiasymphony, Qiagen).
During the first year of patient inclusion, paired tumor and
germline DNA samples were sequenced with the amplicon-
based TruSight lymphoma gene panel (lllumina, San Diego,
CA, USA) including 43 genes known to be recurrently
mutated in lymphoma (Supplementary Table 2) [24]. In the
second year, we switched to a broader capture-based gene
panel including 252 genes (GMS Lymphoid panel, Twist
BioScience) (Supplementary Table 3) [25]. [26]. For validation
purposes, a few samples (n=6) were analyzed both with the
TruSight and GMS-Lymphoid panels. In a second validation
step, we also compared the NGS results of the GMS-
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Lymphoid panel on FF and FFPE tumor material from the
same patients.

Bioinformatics and variant interpretation

Sequencing data were analyzed using standardized bioinfor-
matic pipelines developed and maintained by SciLifeLab and
the nf-core community [27,28]. Following further quality
checks in the Scout program (available at https://github.com/
Clinical-Genomics/scout), variant interpretation was carried
out by molecular/clinical geneticists based on the 43 genes
covered by the TruSight panel (Supplementary Table 2).
Mutations were classified as clinically relevant if they were
found to be pathogenic or likely pathogenic (class 4 or 5)
according to adapted ACMG criteria [29], in combination
with a variant allele frequency (VAF) of >5%. Flagged var-
iants were discussed at multidisciplinary molecular tumor
boards (MTBs).

The study has been approved by the regional ethics
board in Stockholm (ref no 2017/2538-31, approval date
19/02/2018). All participating patients provide written
informed consent at inclusion. The study has been registered
as ISRCTN12948913.

Results

Among the first 100 included patients, the majority were
male (62%) and median age at diagnosis was 69 years (range
19-94) (Table 1). The most common lymphoma subtypes
were DLBCL (33%), FL (19%) and Hodgkin lymphoma (HL,
18%). Almost all patients (>96%) had peripheral blood sam-
ples taken at diagnosis in line with the study protocol. Over
90% of the patients also returned baseline medical history
and quality-of-life questionnaires. Genomic DNA could be
prepared from tumor tissue from 84% of the patients with
B/T-cell lymphomas (n=69/82) (HL cases, n=18, were
excluded due to low tumor cell content) (Table 1). DNA
could not be prepared for some patients (n=13) due to lim-
ited availability of material. In the initial year of the study,
we performed the amplicon-based TruSight panel on DNA
prepared from FF and FFPE tissue. Sequence data were suc-
cessfully derived for 32 out of 33 patients. However, when
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Figure 1. Overview of collection of materials (biological sampling and questionnaires) in the BioLymph study.
CSF: cerebrospinal fluid; QOL: quality of life; cfDNA: cell-free DNA, PET/CT: positron-emission tomography/computed tomography
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Figure 2. Overview of collection of biological materials in the BioLymph study by lymphoma subtype and treatment protocol.
CSF: cerebrospinal fluid; QOL: quality of life; cfDNA: cell-free DNA; PET/CT: positron-emission tomography/computed tomography; RT: radiotherapy

Table 1. Overview of patient characteristics and materials collected at diagnosis, and targeted sequencing performed for the

first 100 study participants in the BioLymph study.

Characteristics Number (%) of patients
Sex Men 62 (62%)
Women 38 (38%)

Age, median (range)
Lymphoma subtype

69 (19-94) years

Diffuse large B-cell lymphoma® 33 (33%)
Follicular lymphoma 19 (19%)
Hodgkin lymphoma 18 (18%)
Indolent B-cell lymphomas (excl FL) 16 (16%)
T-cell lymphomas 6 (6%)
Mantle cell lymphoma 6 (6%)
Other/unspecified 2 (2%)
Treatment/management strategy at diagnosis
Chemo(immuno)therapy 70 (70%)
Immunotherapy only (anti-CD20 antibody) 3 (3%)
Radiotherapy only 11 (11%)
Watch and wait 16 (16%)
Materials
DNA prepared from diagnostic tumor tissue® 69 (84%)
Plasma (EDTA and STRECK tubes) at diagnosis 96 (96%)
Whole blood for normal DNA 97 (97%)
Questionnaires completed 92 (92%)
Targeted sequencing panel used*
TruSight (fresh frozen tissue) 33 (20)
GMS Lymphoid 30
TruSight and GMS Lymphoid 6
Sequencing results
Number of clinically relevant variants identified 1 (0-5)

per patientd (median, range)

“including transformed follicular lymphoma.

bexcludes Hodgkin lymphoma cases where special techniques for DNA extraction of tumor cells will be needed.

2 samples failed sequencing likely due to low DNA quality.

9clinically relevant variants were variants classified as class 4 or 5 according to ACMG guidelines.

analyzing DNA prepared from paired FFPE tissue samples the
concordance with FF material was suboptimal with both
false-positive and false-negative variants (exemplified in
Supplementary Figure 1, right panel). Thus, we only consid-
ered results for patients with TruSight sequence results from
FF tumor samples (n = 20).

Considering that FFPE tissue is available to a larger extent
than FF tissue in lymphoma diagnostics, we next applied a
hybrid-capture sequencing technology that is known to give
a higher and more even sequencing vyield also for FFPE sam-
ples (the GMS Lymphoid panel). In a subset of cases (n=6),
analysis with both panels across tissue specimens (trios of FF
and FFPE tissue and blood) demonstrated a high concord-
ance with similar sequencing results for the overlapping
genes (exemplified in Supplementary Figure 1, left and mid-
dle panel). We further validated the results of the GMS
Lymphoid panel in FF tumor tissue (without restriction to
clinically relevant variants) in the same patient subset. The
concordance of the NGS results using the GMS Lymphoid

panel based on FF and FFPE tissue was 99.5% at VAF >5%
(Supplementary Table 3, Supplementary Figure 2). In view of
these reassuring results, we next analyzed FFPE tumor sam-
ples in 30 additional patients. Overall, using the GMS
Lymphoid panel, 35/36 patients could be sequenced with
average sequencing depth of ~2000X and ~99% of bases
had 100-fold coverage. In total, considering both panels, clin-
ically relevant mutations were found for 69% of patients
with successful sequencing (38/55). Among all patients with
at least one clinically relevant mutation, the median number
of such mutations was 2.

Discussion

Implementation of precision medicine has already revolution-
ized care for some patients with hematological malignancies
[30]. For example, in several myeloid disorders, genetic aber-
rations help determine diagnosis, prognosis, and treatment
for individual patients [3,30-33]. In contrast, for
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lymphoproliferative malignancies, only a few aberrations are
currently used in clinical practice [11-13]. However, it is evi-
dent that improved knowledge regarding the impact of gen-
etic aberrations in lymphoma will make the classification and
management of lymphomas more granular and personalized
through improved prognostication and by enabling individu-
alized treatment decisions [3,9,16]. To ultimately achieve this,
studies such as BioLymph are expected to be important.

As evident from this first report of 100 patients, the col-
lection of samples and questionnaires followed the study
protocol to a very high extent. Importantly, we also demon-
strate the feasibility of NGS analyses from FFPE tumor mater-
ial when using the hybrid-capture-based GMS-Lymphoid
panel, for which analysis of DNA from FF and FFPE material
provided highly concordant results. In other words, for most
patients where FFPE tumor material is the only material
available for diagnosis, NGS can still be performed. Among
the patients with B/T-cell lymphoma in this first analysis,
two-thirds (69%) had at least one clinically relevant genetic
alteration in the tumor tissue. However, only 43 genes were
evaluated (i.e, genes covered by both panels). In the next
phase of the Biolymph study, we will expand the analysis to
the full GMS Lymphoid panel and thus, we expect the num-
ber of cases with detected alterations, and the number of
alterations per case, to increase. The GMS Lymphoid panel,
here encompassing 252 genes, is being further developed to
include other important features, such as structural aberra-
tions (e.g, MYC, BCL2, and CCND1 translocations) and
immunoglobulin and T-cell receptor gene rearrangements, all
important biomarkers in lymphoma diagnostics.

An important challenge with the implementation of preci-
sion medicine in lymphoma is to define how specific molecu-
lar findings should be interpreted in the clinical routine. This
is particularly relevant for cases with multiple genetic aberra-
tions, where the presence of one aberration may affect the
impact of another [14]. To address this challenge, MTBs with
multidisciplinary participation has proven helpful in the
BioLymph study. Moreover, portals in which genomic data
can be entered and processed through several online genetic
databases leading to a report can be important future tools
for clinical decision-making [34]. Several studies have
reported the potential of analysis of ¢fDNA to assess treat-
ment response and aid diagnosis and early detection of
relapse in lymphomas [18,35,36]. For lymphomas that are
anatomically hard to access, such as primary mediastinal B-
cell lymphomas or CNS lymphomas, detection of tumor-
derived cfDNA could also add diagnostic value. This may also
be the case for classical HL where analyses of Hodgkin-Reed-
Sternberg cells are complicated by their scarcity [18,37].
However, time points for when measurements of cfDNA are
of the most value remain to be established, and more data
and validation of analytical methods are needed to deter-
mine the clinical utility of this new tool. The use of question-
naires in BioLymph will enable studies on the association of
lymphoma diagnosis and treatment with general well-being,
fatigue, and neuropathy. In addition, the linkage of data
from BioLymph to other national registers will offer
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opportunities to study an array of other adverse outcomes,
both short and long-term.

In conclusion, with this first report, we show that the
BioLymph study protocol and patient inclusion is feasible,
that completion rates in the initial study phases are high,
and that sequencing of tumor material adds clinically rele-
vant information in at least two-thirds of the patients. In
view of the integration within clinical health care and the
confluence of multidisciplinary experts, the study promises
to contribute substantially to the development and imple-
mentation of precision medicine approaches in lymphoma
patient care in Sweden and abroad.
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