Received: 21 May 2022 Accepted: 27 June 2022

DOI: 10.1111/bjh.18352

BJHaem
O R I G I N A L P A P E R BRITISH JOURNAL OF HAEMATOLOGY

Clonally unrelated Richter syndrome are truly de novo diffuse
large B-cell lymphomas with a mutational profile reminiscent of
clonally related Richter syndrome
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INTRODUCTION

Richter syndrome (RS) is defined by the occurrence of an ag-
gressive lymphoma in patients with a previous or concomitant
diagnosis of chronic lymphocytic leukaemia (CLL) or small
lymphocytic lymphoma (SLL)."* RS is a rare, but frequently le-
thal, disease with an incidence ranging from 2% to 10% among
CLL patients. A recent report analysing patients enrolled in
first-line prospective clinical trials of the German CLL study
group (GCCLSG) showed an incidence of RS of 3.6%.”

Analysis of the immunoglobulin heavy-chain gene (IGHV)
rearrangement allows assessment of the clonal relationship be-
tween the RS and the CLL phase of the same patient and iden-
tifies two distinct RS types, namely clonally related RS (80% of
the cases) and the less frequent clonally unrelated RS (20% of
the cases).”®* From the biological standpoint, clonally related
RS derives from the direct transformation of the CLL clone
into an aggressive lymphoma due to the acquisition of detri-
mental genetic lesions.*” Conversely, clonally unrelated RS is
considered a de novo lymphoma arising from a different clone
and conceivably favoured by the intrinsic higher incidence of
secondary tumours in CLL patients.8

From a clinical standpoint, patients with unrelated RS are
characterized by a better prognosis than clonally related RS.®’
Consistently, patients with clonally related RS are treated with
intensive chemotherapy and, if suitable, are candidate for al-
logeneic haematopoietic stem cell transplantation (HSCT),
whereas clonally unrelated RS patients are managed as de novo
lymphomas without the need of consolidation by transplant."’
Whereas the molecular histogenesis and pathogenesis of clon-
ally related RS has been investigated in detail, the biological
knowledge regarding clonally unrelated RS is scant.

Till now, the clonal relationship of RS has been investigated
by DNA Sanger sequencing that allows the identification of
the major IGHV clone but, due to the sensitivity limits of the
technique, is not able to identify smaller IGHV subclones."
Conversely, IGHV mutational analysis by next-generation se-
quencing (NGS) is able to overcome this technical hurdle and
is able to identify small IGHV subclones in up to 20%-25% of
cases in CLL."" On these bases, we used an ultra-deep NGS ap-
proach to investigate the CLL phase of patients who developed
clonally unrelated RS to test whether the RS clone was already
present, albeit undetectable by conventional DNA sequencing,
at the time of CLL prior to clinicopathologic transformation.
In parallel, to clarify the molecular pathogenesis of clonally
unrelated RS, we used a targeted resequencing NGS approach
to investigate the mutational profile of cancer-related genes in-
volved in this rare, but clinically relevant, RS variant.

PATIENTS AND METHODS
Patients and samples
This study included paired CLL and RS tumour samples from

eight CLL patients who transformed into clonally unrelated
RS and for whom biological material was longitudinally
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available. Four patients with clonally related RS were also
included for comparative purposes. Diagnosis of RS was as-
sessed by two experienced pathologists (Annalisa Andorno
and Renzo Boldorini). Tumour genomic DNA (gDNA) from
both the CLL and the RS clone was retrospectively analysed.
Patients provided informed consent in accordance with in-
stitutional review board requirements and the Declaration of
Helsinki. The study was approved by the Ethical Committee
of the Ospedale Maggiore della Carita di Novara associated
with the Universita del Piemonte Orientale (study number
CE 67/14 and CE 120/19).

Peripheral blood was collected during the CLL phase,
mononuclear cells were isolated by centrifugation using the
Ficoll density gradient and genomic DNA (gDNA) from the
CLL clone was extracted using the ‘salting out’ protocol."
The diagnosis of RS was based on the histology of lymph
node or extra-nodal tissue excisional biopsies according to
the World Health Organization Classification of Tumours
of Haematopoietic and Lymphoid Tissues.? In RS samples,
tumour gDNA was extracted from formalin-fixed paraffin-
embedded (FFPE) tissue specimens using the NucleoSpin kit
(Macherey-Nagel) or from fresh tissues, using the ‘salting
out’ protocol.

Immunoglobulin gene rearrangement analysis

To test the IGHV-D-J (IGH variable-delta-joining region)
gene rearrangement harboured by CLL and RS samples and
to investigate the clonal relationship between the two phases
of the disease, the gDNA from the CLL phase and the gDNA
from the RS sample were amplified by a polymerase chain
reaction (PCR) with family-specific primers that hybridize
to sequences in the IGHV leader region in conjunction with
the IGH] primers. PCR products were then subjected to bi-
directional Sanger sequencing using the BigDye®Terminator
v1l.l Cycle Sequencing kit (Applied Biosystems) and sub-
jected to capillary electrophoresis with the automated ABI
PRISM 3130XL Genetic Analyser (Applied Biosystems) se-
quencer. Following the European Research Initiative on
CLL (ERIC) guidelines for IGHV mutational analysis,'
the nucleotide sequences obtained were aligned using the
IMGT/V-QUEST tool and the ARResT/AssignSubsets tool.
The clonal relationship between the CLL phase and the RS
phase was established by comparing IGHV-D-] and VH
CDR3 (complementarity-determining region 3) sequences.
To test whether the RS clone was already present in the
CLL phase at low frequency also in cases of clonally unre-
lated RS, 2 pug of gDNA of the CLL clone was subjected to
ultra-deep NGS analysis to obtain a sensitivity of 107, The
IGHV rearrangement in the CLL phase was also tested in
four patients with clonally related RS for comparative pur-
poses. Libraries were prepared using the LymphoTrack® Dx
IGH FR3Assay-MiSeq® Kit (Invivoscribe). The amplicon li-
braries were quantified by using the Quant-iT™ PicoGreen
dsDNA Assay kit (ThermoFisher Scientific) and the
Bioanalyzer 2100 (Agilent Technologies) was used to verify
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the size of the PCR products. The libraries were then pooled
together to obtain a concentration of 4 nM and were sub-
jected to paired-end sequencing using a 300-bp paired-end
cycle kit on the MiSeq sequencer (Illumina) platform. The
FASTQ files obtained by this approach were then processed
into fully analysed data and the immunogenetic sequence
of the IGHV region was assessed using the LymphoTack®
Dx Data Analysis-MiSeq v2.0.1 Application. The total read
counts for each IGHV rearrangement are reported in sup-
plementary Table S1. The sequences were aligned with the
IMGT/V-QUEST tool to investigate the IGHV-D-] gene re-
arrangement and VH CDR3 sequences.

Mutational analysis by CAPP-Seq

The LyV4.0 Cancer Personalized Profiling by deep
Sequencing Assay'® was used for the study; it comprised a
panel of 124 genes known to be relevant for B-cell malig-
nancies. A background error-suppressed approach was used
for variant calling. The NGS libraries for gDNA were con-
structed using the KAPA Library Preparation Kit (Kapa
Biosystems) and were sequenced using 300-bp paired-end
runs on a MiSeq sequencer (Illumina). A robust and previ-
ously validated bioinformatics pipeline was used for variant
calling "'

RESULTS

Clinical features of patients with clonally
unrelated RS

The present study was based on eight patients with clonally
unrelated RS for whom DNA was available from both the CLL
phase and the RS transformed phase. The median age at the
time of RS diagnosis was 65 years, five patients were male and
all eight patients presented with lactate dehydrogenase (LDH)
above the upper limit of normal with a median LDH of 971 u/L
(upper limit of normal 450u/L). At the time of RS diagnosis,
CLL scored as stage Binet A in three patients, as Binet B in two
patients and as Binet C in three patients. Six patients received
R-CHOP (rituximab, cyclophosphamide, doxorubicin, vin-
cristine and prednisone)-like therapy and two patients were
treated with an intensified schedule (Table S2).

Ultra-deep NGS of IGHV genes reveals that
clonally unrelated RS are truly de novo
aggressive lymphomas

As a first step, the immunogenetic features of the CLL phase
before transformation to RS were analysed. By applying
the cut-off value of 98% sequence identity to the germline
counterpart that is conventionally used to distinguish
IGHV-mutated CLL from IGHV-unmutated cases, the im-
munogenetic analysis of the CLL phase documented that

six out of eight cases had a CLL carrying unmutated IGHV
genes. In particular, three out of eight cases harboured the
IGHV 1-69 rearrangement and one case (ID2) was assigned
to the B-cell receptor stereotyped subset #1.

We then proceeded to analyse the immunogenetic fea-
tures of the RS phase of each of the eight patients. The IGHV
gene rearrangements harboured by tumour cells, their sim-
ilarity to the germline IGHV sequence and the CDR3 uti-
lized by each case of clonally unrelated RS are reported in
Table 1. Three patients harboured unmutated IGHV genes
and five patients carried mutated IGHV rearrangements
in the lymph node biopsy. Two RS cases utilized the IGHV
1-69 gene, but none of the eight cases of clonally unrelated
RS was assigned to a specific stereotyped subset.

By conventional Sanger sequencing, the IGHV rearrange-
ment carried by the cases of clonally unrelated RS was un-
detectable in the corresponding samples of the CLL phase.
Because of the low sensitivity of Sanger sequencing, how-
ever, this observation could not rule out that traces of the
RS clone might be already present before clinicopathologic
transformation, albeit undetectable by conventional DNA
sequencing.

To test whether traces of the RS clone were already pres-
ent at the time of the CLL phase prior to clinicopathologic
transformation, ultra-deep NGS analysis with a sensitivity
of 107 was applied to investigate the presence or absence
of RS-specific IGHV rearrangements in the corresponding
CLL phase of each patient of clonally unrelated RS. In seven
out of the eight patients, the RS clone was not identifiable in
the CLL phase even with a deep sensitivity of 107°. In only
one case (ID1), the RS clone was identified at a very low fre-
quency in the CLL phase, accounting for 0.9% of the total
reads of the NGS output. Notably, as opposed to the other
seven samples in which the CLL diagnosis and sampling
were performed prior to RS diagnosis, in ID1 the diagnosis
of RS was concomitant to the diagnosis of CLL.

In cases ID5 and ID8, the lymph node biopsy was affected
by both CLL and RS (Figure 1A). As expected, in both these
patients IGHV analysis in the lymph node biopsy revealed
two IGHYV clones, one related to the CLL phase and one re-
lated to the RS clone. However, as previously stated, in these
cases the IGHV rearrangement specific to the RS phase was
not identified in the peripheral blood, thus confirming the
clonally unrelated origin of the RS phase. In ID8, who showed
both CLL and RS in the same tissue biopsy, the V-gene of
the IGHV rearrangement of the CLL clone had acquired six
point mutations and one in-frame insertion that could be
ascribed to the phenomenon of intraclonal diversification.

Ultra-deep NGS of IGHV genes

corroborates the origin of clonally related RS
from the CLL clone that is already predominant
at the time of diagnosis

To evaluate the presence of additional clones in the periph-
eral blood of patients with clonally related RS, we analysed
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FIGURE 1

(A) This figure depicts the lymph node biopsy of case ID5 representative of clonally unrelated Richter syndrome (RS) and affected by

both chronic lymphocytic leukaemia (CLL) and RS phases. In the top left part of the panel, the physiological lymph node structure is disrupted by the
proliferation of large B cells with prominent nucleoli consistent with the RS diffuse large B-cell lymphoma (DLBCL) variant. In the bottom right part
of the panel, the lymph node biopsy is affected by the proliferation of small lymphocytes consistent with CLL infiltration. (B) The heatmap shows the
mutational profile of the RS clone in the eight cases of clonally unrelated RS. Rows correspond to the indicated genes and columns represent samples.
Genes are coloured-coded and grouped for pathways. [Colour figure can be viewed at wileyonlinelibrary.com]

for comparative purposes the CLL phase of four clonally re-
lated RS patients. Ultra-deep NGS analysis of the CLL phase
did not detect any additional rearrangements in addition to
the one related to the CLL clone that transformed into clon-
ally related RS (Table S3). These data validated the notion
that clonally related RS stems from the CLL clone that is al-
ready predominant at the time of diagnosis.”

Analysis of the mutational profile of clonally
unrelated RS reveals the involvement of genes
that regulate DNA damage response and

cell cycle

Ultra-deep NGS analysis confirmed that clonally unrelated
RS does not stem from a circulating clone already present
at the time of the CLL phase. In order to analyse the muta-
tion profile of this rare variant of RS, all eight lymph node
biopsies of clonally unrelated RS were subjected to NGS by
targeted resequencing using a panel of 124 cancer-related
genes that are known to be involved in mature B-cell neo-
plasia. At least one somatic and non-synonymous mutation
in the genes included in our panel was found in seven out of
eight patients (Table S4). Disrupting mutations of the TP53
tumour suppressor gene were present in four (50%) patients.
The analysis of the CLL phase of these patients did not iden-
tify TP53 mutations, thus demonstrating that this mutation
emerged in the tumour cell population of clonally unrelated
RS at the time of clinicopathologic transformation. In ad-
dition to TP53 disruption, the other mutations identified in
clonally unrelated RS affected genes that are known to be

also involved in the pathogenesis of clonally related RS, in-
cluding mutations of NOTCHI, ATM, MYC, CDKN2A and
CCND3 (Figure 1B).”"""*

Notably, mutations of genes that are frequently involved
in de novo diffuse large B-cell lymphoma (DLBCL) with-
out a previous history of CLL, including KMT2D, EZH2,
CREEBP, BCL2, PIMI, were not found in this cohort of
clonally unrelated RS.***!

DISCUSSION

In this study, we aimed at characterizing the molecular ori-
gin and the pathogenesis of a cohort of the rare, but clini-
cally important, variant of clonally unrelated RS that is
known to develop in a fraction of CLL patients, accounting
for approximately 20% of all RS cases. Our comprehensive
approach by ultra-deep and highly sensitive NGS unequivo-
cally documents that clonally unrelated RS represent cases of
DLBCL that truly arise de novo and may display a different
mutational profile compared to that of DLBCL in patients
without CLL.

One unresolved question concerning the molecular or-
igin of clonally unrelated RS is whether the DLBCL clone
might be already detectable in the CLL phase before trans-
formation and whether the DLBCL cells might derive from
one of the subclones that are known to co-occur in several
cases of CLL." Our analysis of IGHV gene rearrangements
of clonally unrelated RS documents that, in seven out of
eight cases, the RS clone was undetectable in the CLL
phase explored at different time points even with the use


https://onlinelibrary.wiley.com/

FAVINIET AL.

JHa 1021

of an ultra-deep NGS approach reaching a sensitivity of
107%. These data clearly define that the overwhelming ma-
jority of clonally unrelated RS arise as a de novo DLBCL
in the context of a disease, i.e. CLL, that predisposes to the
development of secondary tumours, including secondary
lymphoid malignancies, because of the profound immune
suppression of the host.”>**

Only in one case of our cohort (ID1) the RS clone, that
carried a different IGHV rearrangement, was present at
very low frequency also in the leukaemic phase. This find-
ing might be explained by two different scenarios. The
first scenario is consistent with the inter- and intraclonal
diversity of CLL, that may favour the selection of a CLL
subclone undergoing clonal evolution and Richter trans-
formation.”* However, is important to note that, in this
specific patient, the date of CLL sampling was one week
after the lymph node biopsy. Therefore, a second possible
scenario is that the surgical procedure may have led to the
dissemination of the RS clone into the bloodstream and
that the presence of the RS clone at a very low abundance
in the CLL phase and detectable only by ultra-deep NGS
analysis may reflect the concomitance of CLL sampling
with RS diagnosis, rather than the pre-existence of a cir-
culating RS clone. Blood samples of this patient before the
time of the lymph node biopsy were not available for fur-
ther characterization.

Since clonally unrelated RS represents only 20% of all
RS cases and is a rare disease, the genetic landscape of these
tumours has not yet been characterized. Our CAPP-Seq
(cancer personalized profiling by deep sequencing) analysis
exploiting a well-characterized panel of 124 genes involved
in mature B-cell neoplasia provides insights into the muta-
tional profile of clonally unrelated RS. This mutational anal-
ysis revealed that genetic lesions primarily affected tumour
suppressor genes that are involved in DNA damage response
and in the regulation of cell cycle and cell proliferation such
as TP53, ATM, NOTCH1, ID3 and MYC. Mutations of genes
specific to B-cell signalling pathways and other mutations
that frequently occur in DLBCL patients without a history
of CLL, such as alterations of KMT2D, CREBBP, EP300
and TNFAIP3, were not identified in any of these patients.
Overall, the mutational profile of the cases of clonally un-
related RS included in this study appears to be reminis-
cent, at least in part, of that previously described in cases
of clonally related RS."” The observation that clonally unre-
lated RS shares several genetic lesions with clonally related
RS deserves further investigations and might be potentially
ascribed to commonalities in the lymph node microenvi-
ronment and degree of immune suppression in both condi-
tions, and/or to previous exposure to anti-leukaemic therapy
that might have favoured the accumulation specific genetic
lesions.

The stringent requirements of the ultra-deep NGS inves-
tigations performed in this study, coupled with the rarity of
clonally unrelated RS that accounts for only 20% of all RS
developing in CLL patients, posed limitations to the num-
ber of cases that could be tested. Future investigations on

BRITISH JOURNAL OF HAEMATOLOGY

multicentric series of RS are needed to assess whether the
CLL microenvironment favours the accumulation and/or se-
lection of some specific genetic lesions that are common to
both clonally unrelated and clonally related RS.

The treatment algorithm of clonally unrelated RS dif-
fers from that of clonally related RS, especially in young
and transplant-eligible patients.' In view of precision med-
icine, this fact mandates the need for a better understand-
ing of the molecular origin and pathogenesis of clonally
unrelated RS, that until now has not been extensively in-
vestigated with next-generation approaches, also due to
the disease rarity. This study provides evidence that clon-
ally unrelated RS is represented by a truly de novo lym-
phoma and that it does not derive from one of the minor
subclones detectable in the CLL phase.'" Besides docu-
menting the truly de novo origin of clonally unrelated RS,
our data show a certain degree of commonality between
the pathogenetic lesions of clonally unrelated and clonally
related RS, including a high frequency of TP53 disruption.
Importantly, TP53 disruption predisposes to failure of R-
CHOP-like chemoimmunotherapy regimens® in de novo
DLBCL without a history of CLL.” The molecular pattern
of clonally unrelated RS identified in this study might
deserve consideration when designing future treatment
algorithms of RS. For clonally related RS, expert opin-
ions propose transplant consolidation after the achieve-
ment of first remission in transplant-eligible patients.”®"
Conversely, transplant consolidation is not currently in-
dicated for clonally unrelated RS." On these grounds, the
high prevalence of TP53 disruption in clonally unrelated
RS prompts the need for large collaborative studies for de-
vising a precision medicine approach for this neoplasm.
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