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Editorial on the Research Topic

The promise of immunogenetics for precision oncology
The concept of precision medicine (PM) was introduced as early as the times of

Hippocrates and later emphasized by Sir William Osler, both fostering the perception that

“It is much more important to know what sort of patient has a disease than what sort of

disease a patient has”. In the last 20 years, rapid advances in diagnostic technologies along

with the development of novel targeted therapies have paved the way for the

implementation of PM approaches in cancer treatment and prevention, based on the

individual’s tumor characteristics, such as the genomic profile and the composition of the

microenvironment of the malignant cells (1).

In the context of hematological malignancies, the distinctive features of the patients’

immune repertoires, namely the unique B-cell receptor (BcR) and/or T-cell receptor (TR)

genetic rearrangements within their adaptive immune system, have evolved as highly

promising tools for PM in patient stratification and disease monitoring. In the clinical

setting, immunogenetics is the basis for clonality assessment which allows to chartacterize

at the molecular level the architecture of a lymphoproliferation (2, 3). Additionally,

immunogenetics has been proposed as a means of reliably assessing measurable residual

disease (MRD) (4). Turning to translational research, immunogenetic analysis of immune

repertoires has shed light on the complex biological heterogeneity of lymphoid

malignancies, which is reflected in the observed clinical variability in everyday practice.

Furthermore, accumulating evidence on intraclonal diversification of the immunoglobulin

genes has further enhanced our understanding of the mechanisms driving disease

ontogeny (5).

In this Research Topic of Frontiers in Oncology, a collection of ten papers provides different

perspectives on the promise of immunogenetics in hemato-oncology, highlighting on the one

hand the contribution of immunogenetics to the deeper and more precise understanding of the
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natural history of lymphoid malignancies, and on the other hand its

value for tracking individual immunopathogenetic trajectories in

hematological malignancies (Figure 1).

In more detail, Michaeli et al. identify distinct mutational

patterns of the clonotypic immunoglobulin heavy variable

(IGHV) genes in longitudinal biopsies from patients with

follicular lymphoma (FL) versus transformed aggressive FL (t-FL),

compared also with healthy control germinal center (GC) samples.

The authors highlight different signatures of clonal evolution and

somatic hypermutation (SHM) in the FL tumor clones in sequential

biopsies from the same patient, in which SHM leads to the

accumulation of novel potential N-glycosylation sites. Along

similar lines, two independent papers by Sofou et al. and Neuman

et al. describe distinct selection processes that shape the malignant

clone in patients with chronic lymphocytic leukemia (CLL) bearing

unmutated or mutated IGHV genes, respectively. The findings

discussed in both papers strongly attribute this feature to

alterations in SHM mechanisms. Moreover, for the first time,

intra-VH CDR3 variations due to SHM were documented within

cases bearing ‘truly unmutated’ IGHV genes i.e. those lacking any

SHM over the sequence of the rearranged, clonotypic IGHV

gene. (Sofou et al.) As described by Gkoliou et al. distinct features

in the IGHV gene repertoires and SHM profiles have also been

observed in cases with multiple myeloma expressing IgA or IgG

isotype , a l lud ing to unique immune tra jec tor i es to

disease development.

Considering the technical aspects of immunogenetics analysis,

several publications within this Research Topic present different

methodologies for capturing the immune repertoire diversity, while

also offering novel insights into the value of early detection of clonal

events in different hematological malignancies and their diagnostic

implications. Groenen et al. provide a detailed description of the

next-generation sequencing (NGS)-based clonality assay applied
Frontiers in Oncology 026
across a wide spec trum of ent i t ie s , spanning f rom

immunodeficiency and autoimmunity to lymphoma and solid

tumors. The authors emphasize the contribution of NGS-based

immunogenetics to the sensitive diagnosis and early distinction of

malignant lymphoproliferations in complex clinical and

histopathological contexts.

In a similar vein, Kolijn et al. document that immunogenetic

profiling of pre-diagnostic samples could predict the transformation

of primary Sjögren’s syndrome (pSS) lesions to B-cell lymphoma.

They report that clonotypes of extranodal marginal zone lymphoma

(eMZL) are detectable prior to overt eMZL diagnosis in the

repertoire of activated B cells from pSS patients. Darzentas et al.

present novel tools for the identification and characterization of

clonal evolution of the malignant cells in B cell precursor acute

lymphoblastic leukemia (BCP-ALL) with direct application for

initial marker identification and MRD monitoring. As an

alternative methodology for MRD detection in hematological

malignancies, overcoming the demanding validation experiments

and laboratory accreditation requirements of the NGS-based

clinical tests, Schilhabel et al. present a robust and reproducible

monitoring assay based on patient-specific, allele-specific

oligonucleotide PCR, targeting the patient- and tumor-restricted

clonally rearranged IGHV genes.

In-depth immunogenetic analysis of bystander immune cells

within a tumor also provides valuable information regarding cell

communication within the tumor microenvironment, thereby

contributing to the development of patient-specific immune-

based therapeutic interventions. In this Research Topic,

Vlachonikola et al. describe restrictions in the TR gene repertoire

in patients with CLL, likely arising from distinct genomic

aberrations. This evidence supports the design of strategies to

guide immune recognition by CLL-specific T cells as a

complementary or alternative treatment in CLL.
FIGURE 1

Applications of immunogenetics for precision hemato-oncology. High-throughput studies on the features and dynamics of antigen receptor gene
repertoires contribute to a refined understanding of the natural history of lymphoproliferative disorders, shedding light on the mechanisms that drive
malignant transformation and disease progression. In parallel, immunogenetics also offers valuable insights into the interactions occurring within the
tumor microenvironment and the intricate communication between bystander immune cells and tumor cells. This, in turn, establishes the basis for
patient-specific immunotherapeutic interventions.
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While these manuscripts underline the huge potential of

immunogenetics to transform patient management and cancer

treatment, it is important to also acknowledge the limitations of

the available techniques. Although NGS-based approaches offer

great analytical depth, immunogenetic analyses typically rely on a

single biopsy or a small sample, which may not fully capture the

entire tumor’s complexity. To overcome this pitfall, high-resolution

mapping at the single-cell level has been proposed as the upcoming

breakthrough strategy, enabling the identification of novel

biomarkers for disease monitoring and response to treatment. In

this Research Topic, a review article focusing on the employment of

single-cell technologies in CLL by Oder et al. describes in detail the

current status of single-cell transcriptomics, genomics,

epigenomics, immunogenetics and profiling of cellular

subpopulations, of both malignant and non-malignant cells

within the tumor microenvironment. Single-cell sequencing

technology has already shown its potential in dissecting the

complex landscape of CLL, with similar applications in other

immune-mediated malignancies, however, as highlighted by the

authors, several challenges still exist that must be addressed through

an integrated multi-omics approach.

In summary, the articles in this Research Topic illustrate the

vital role of immunogenetics in precision hemato-oncology by

providing insights into the tumor’s intratumor heterogeneity and

immunogenicity; the interaction between the tumor and immune

system; and, potential targets for immunotherapies. By harnessing

this knowledge, researchers and clinicians are entering a new era

with more tailored and effective stratification and treatment

schemes for patients with cancer.
Frontiers in Oncology 037
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Mutational patterns along
different evolution paths
of follicular lymphoma

Miri Michaeli 1, Emanuela Carlotti2, Helena Hazanov1,
John G. Gribben2 and Ramit Mehr1*

1The Mina and Everard Goodman Faculty of Life Sciences, Bar Ilan University, Ramat Gan, Israel,
2Center for Haemato-Oncology, Barts Cancer Institute – a CR-UK Centre Of Excellence, Queen
Mary University of London, London, United Kingdom
Follicular lymphoma (FL) is an indolent disease, characterized by a median life

expectancy of 18-20 years and by intermittent periods of relapse and

remission. FL frequently transforms into the more aggressive diffuse large B

cell lymphoma (t-FL). In previous studies, the analysis of immunoglobulin heavy

chain variable region (IgHV) genes in sequential biopsies from the same patient

revealed two different patterns of tumor clonal evolution: direct evolution,

through acquisition of additional IgHV mutations over time, or divergent

evolution, in which lymphoma clones from serial biopsies independently

develop from a less-mutated common progenitor cell (CPC). Our goal in this

study was to characterize the somatic hypermutation (SHM) patterns of IgHV

genes in sequential FL samples from the same patients, and address the

question of whether the mutation mechanisms (SHM targeting, DNA repair

or both), or selection forces acting on the tumor clones, were different in FL

samples compared to healthy control samples, or in late relapsed/transformed

FL samples compared to earlier ones. Our analysis revealed differences in the

distribution of mutations from each of the nucleotides when tumor and non-

tumor clones were compared, while FL and transformed FL (t-FL) tumor clones

displayed similar mutation distributions. Lineage tree measurements suggested

that either initial clone affinity or selection thresholds were lower in FL samples

compared to controls, but similar between FL and t-FL samples. Finally, we

observed that both FL and t-FL tumor clones tend to accumulate larger

numbers of potential N-glycosylation sites due to the introduction of new

SHM. Taken together, these results suggest that transformation into t-FL, in

contrast to initial FL development, is not associated with any major changes in

DNA targeting or repair, or the selection threshold of the tumor clone.

KEYWORDS

somatic hypermutation, high-throughput sequencing, follicular lymphoma, clonal
evolution, B lymphocytes
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Introduction

Follicular lymphoma (FL) is the second most common

non-Hodgkin lymphoma. It is an indolent disease, clinically

characterized by intermittent relapses and remissions (1)

with about a third of cases transforming into a more

aggressive lymphoma, most commonly diffuse large B cell

lymphoma (t-FL) (2–4).

Previous analysis of immunoglobulin heavy chain variable

region (IgHV) genes performed on sequential biopsies from the

same patient revealed at least two different patterns of clonal

evolution: direct evolution through acquisition of additional

somatic mutations over time, and divergent evolution, in

which later FL clones come from a less-mutated common

progenitor cell (CPC) (5–9), that has escaped treatment and

given rise to new diverse tumors.

High-throughput sequencing (HTS) has a great advantage

over classical sequencing methods in the field of immunoglobulin

(Ig) gene research, as it enables us to simultaneously analyze and

compare many samples at a great depth (10–19). By analyzing the

qualitative and quantitative pattern of SHM we were able to

understand whether changes in the mutation pathways, including

the creation of U:G mismatches by the enzyme activation-induced

cytidine deaminase (AID), and their correction by error-prone

DNA repair mechanisms, may be responsible for some

transformation events [reviewed in (20)]. More recently, lineage

tree-based mutation analysis has proven to provide better

mutation counts than the sequence-based analysis, allowing to

count only once the mutations shared between different progeny

cells and enabling us to identify reversal mutations (21, Neumann

et al., Front. Immunol., in press). In a previous lineage tree-based

analysis, performed on 40 indolent and 39 aggressive lymphomas,

we showed that lymphoma trees were more branched and had

longer trunks – features of higher intraclonal diversification and a

longer mutational history – compared to those from controls (21).

However, tumor clones exhibited similar mutation frequencies

(numbers of mutations per sequence) and identical SHMmotifs to

those observed in not-tumor B cells. These results suggested that

the observed differences were probably a consequence of the

longer diversification times of lymphoma clones rather than

changes in their mutation rates (numbers of mutations per

sequence per cell division). FL, which is considered a less

aggressive lymphoma, displayed higher intraclonal diversity

than Diffuse Large B Cell Lymphoma (DLBCL) and higher

numbers of recent diversification events, confirming that the

most aggressive lymphoma diversifies the least as it usually has

less time to diversify until it is discovered and treated.

Our goal in the present study was to characterize at a greater

depth the SHM patterns of FL tumor clones from sequential

relapsed/transformed samples. One of SHM outcomes is the

creation of N-glycosylation sites (22). N-glycosylation sites are

rare in germline (GL) sequences from healthy individuals (23),

but FL clones have been proven to acquire N-glycosylation sites
Frontiers in Oncology 02
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on the heavy or light chains of the immunoglobulin gene (24).

Recently, N-glycosylation sites have been also described in some

autoimmune diseases (25). Thus, N-glycosylation sites, whether

in the germline or acquired, may have a critical role in the

development and selection of malignant clones.
Materials and methods

Samples, RNA extraction, amplification
and sequencing

Biopsies were obtained after written informed consent in

accordance with the Declaration of Helsinki and approval from

the North East London Research Committee. Three patients were

included in the study: Patient no.1 (Pt1) had three samples, one t-

FL and two FL; Patients no. 2 and 3 (Pt2 and Pt3) had 2 FL

samples each. All tumor samples carried an IgH-VH3 rearranged

major tumor clone; they were selected, and RNA extracted and

amplified, as previously described (26). Briefly, 37 libraries (seven

from the whole lymph node biopsies corresponding to the three

patients, and the rest from flow-sorted B cell sub-populations)

were prepared in the Gribben lab using JH consensus and VH3-

FR1 primers (5) containing unique molecular identification

(MID) tags for sample identification. Libraries were sequenced

using the Roche 454 Life Sciences Genome Sequencer FLX

following the manufacturer’s instructions for the Titanium

series (454 Life Science, Roche).

In addition, 32 FL samples (FL-S) containing 772 sequences

(21) and nine healthy germinal center (GC) samples from spleen

and Peyer’s patches containing 129 sequences, previously

analyzed by the Mehr lab (27, 28), were also included in the

analysis and used as controls. Comparisons were performed

between tumor and non-tumor clones from the three FL patients

of this study (FL-HTS), and between them and the previously

studied FL-S and healthy GC clones. An intra-patient analysis

was also performed by comparing tumor clones from sequential

samples from the same patient, collected from different

anatomical sites (Pt3) or at different stages of the malignancy

or treatment (Pt1 and Pt2, FL/t-FL, Table S1).
Data pre-processing

Reads of the tumor clone in each sample were first processed

as described (26). Briefly, data were identified by BLAST against

the sequences obtained by homo/heteroduplex analysis,

separated by their sample molecular identification (MID) tags,

and filtered to remove reads of length ≤60 nucleotides (excluding

MID tags and primers) or reads captured only once. Reads

captured only twice were examined manually and included in

the study only if the pyrograms showed high quality throughout.

Remaining paired-end reads were assembled, annotated by
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SoDA (29) and aligned by ClustalW2 (30, 31) before and again

after removal of insertions and/or deletions suspected to

be artifacts.

In order to discard artifactual insertions and/or deletions

(henceforth called indels, typically introduced during the 454

Roche sequencing) we used our program Ig-Indel-Identifier (Ig

Insertion –Deletion Identifier) (32).We assumed that the two other

datasets (32 FL samples and 9 GC samples), generated by using the

Sanger method, did not contain any such artifacts and were

therefore excluded from this initial analysis. In order to include as

large a number of reads as possible in the analysis, we ran the Ig-

Indel-Identifier program with the following, permissive parameter

values: the minimum homopolymer tract (HPT, a stretch of

identical nucleotides) length that must be checked was set to 2

nucleotides, the minimum number of sequences from the same B

cell clone that must share the same indel or a low quality score point

mutation for this indel or mutation to be considered legitimate was

set to 1, and no exclusion of low-quality point mutations. Only

unique sequences, which differ from all other sequences by one or

more mutations, were kept for further analyses. A total of 2,381

unique sequences without suspected artifact indels were used for

further analyses (Table 1).
Germline VDJ segment identification and
assignment into clones

Clonally related sequences were defined as reads having

identical V,D, and J segments according to SoDA (29); if there
Frontiers in Oncology 03
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were two or more clones with the same V, D and J segments in a

sample (as shown in Table S2), only sequence groups with highly

homologous sequences of complementarity determining region 3

(CDR3) were considered as clones, as confirmed by visual

examination of the alignments after sequences with the same V,

D and J segments were aligned using ClustalW2 (30, 31). Since

libraries were prepared using VH3-FR1 primers, VH3 genes from

non-tumor B cells (NT) were also amplified and sequenced.

Tumor-related reads (T) were defined as the reads identical to

the dominant sequence plus those sequences that, based on the

SHM pattern of IgH-VH, were clonally related to the dominant

tumor sequence. Clones with the same V(D)J segments but with

completely different CDR3 sequences (no shared nucleotides) and

no shared mutations elsewhere were considered as non-tumor

clones. Table 1 shows the numbers of clones, unique sequences and

mutations in the tumor and non-tumor clones in each sample, in

each patient.
Mutational analyses

Ig lineage tree analyses
Clonally-related Ig gene sequences were used to generate

lineage trees (Figure S1) using our program IgTree© (33), as

previously described (21, 34). The lineage trees were then

measured using our program MTree© (35, 36). In a previous

study, a thorough statistical analysis performed on simulated

data has established the quantitative relationships between

lineage tree characteristics and the parameters characterizing
TABLE 1 Numbers of clones, unique sequences and mutations in tumor and non-tumor clones in each sample, in each patient.

Patient Sample* Clones** No. of clones No. of unique sequences*** No. of mutations****

Total Min Max Med

Pt1 1 T 1 166 263 NA NA NA

NT 21 51 548 3 44 34

2 T 1 141 229 NA NA NA

NT 11 22 373 11 42 37

3 T 1 235 368 NA NA NA

NT 34 99 731 3 55 19.5

Pt2 1 T 2 108 257 33 224 128.5

NT 9 13 279 27 39 30

2 T 1 407 622 NA NA NA

NT 7 23 206 4 44 30

Pt3 1 T 2 345 438 209 229 219

NT 13 42 443 5 49 33

2 T 2 721 813 406 407 406.5

NT 4 8 175 33 51 45.5
frontiers
*Samples are numbered chronologically. **T, tumor clones; NT, non-tumor clones; clones are defined as described in the methods. ***Unique sequences are sequences that differ from all
other sequences by one or more mutations. ****The numbers of mutations were calculated from the lineage trees. This way, we counted each mutation only once if it happened earlier in the
clone. We present the total, minimum (Min), maximum (Max) and median (Med) numbers of mutations. The V(D)J gene segment combinations detected in all samples analyzed on the 454
Roche sequencer are given in Supplementary Table S2.
NA, Not Applicable.
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affinity maturation dynamics (proliferation, differentiation

and mutation rates, initial affinity of the Ig to the antigen,

and selection thresholds); seven specific characteristics (the

minimum root to leaf path length, the average distance from

a leaf to the first split node/fork, the average outgoing degree,

that is the average number of branches coming out of any

node, the root’s outgoing degree, the minimum distance

between adjacent split nodes/forks, the length of the tree’s

trunk and the minimum distance from the root to any split

node/fork) were the most informative (37). The comparison

between lineage tree characteristics from different patients or

between different datasets was done using the non-

parametric Mann-Whitney U-test, as these characteristics

are not always normally distributed. To correct for multiple

comparisons, we used the false detection rate (FDR)

correction method (38).

Mutation distributions
The analysis of mutation distributions (or mutation

spectra, together with targeting motif analysis described in

the next section) enables us to characterize the SHM

mechanisms operating in the B cell clones. The numbers of

mutations from A, C, G, and T were counted for each sample

and expressed as percentages of the total number of mutations

detected in each sample. When different samples were

compared, the expected numbers of mutations from A, C, G,

and T in each sample were calculated as the observed number

of mutations from either A, C, G, or T in that sample,

multiplied by the total number of mutations in that sample

and divided by the total number of mutations of the two

samples. A c² analysis was then performed on all mutation

numbers, comparing between the sets of observed and expected

mutation numbers. In addition, the ratios of the percentages of

transition and transversion mutation (from the total number of

mutations for each group) were examined in each sample. A c²
test was performed to compare the tumor and non-tumor

transition and transversion percentage ratios in all patients

and samples.

SHM targeting motif analysis
It is established that SHMs occur at higher frequency in

specific sequence motifs (39, 40). Identification of SHM targeting

motifs around mutated positions was performed as described

(41) to further examine the mechanism of SHM. This analysis

was based on a previous published work by Spencer and Dunn-

Walters (42). Briefly, the base composition at positions flanking

a mutation (three nucleotides on either side) was determined

and then, for each nucleotide, a c² test was performed to check

whether the frequency of each type of mutation was statistically

significant compared with the background frequency observed

in the germline (GL) sequence. The F-test was used to compare

the base compositions surrounding the mutations from

different datasets.
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N-glycosylation analysis
We first analyzed the potential glycosylation sites in the GL

sequences, and then the acquired glycosylation sites (AGS)

introduced by SHM in the mutated sequences. The N-

glycosylation motif included in the analysis was Asn–X–Ser/Thr,

where X is any amino acid except Pro, Asp or Glu. To analyze the

potential glycosylation sites in the GLs, we counted the number of

occurrences of the full motif, and – separately – the occurrences of

motifs which differ by one nucleotide from the full motif. We

compared the two numbers between tumor vs. non-tumor clones,

in order to establish whether N-glycosylation may have affected

clonal dynamics. The c² test was used to compare the groups; in

clones with less than five GLs and more than one glycosylation

site, for which the c² test did not apply, a likelihood ratio was used
instead. In the analysis of AGS, we compared the number of

clones with AGS and the number of AGS per clone between

tumor and non-tumor clones in each sample and patient.
Results

SHM mechanisms in FL clones may be
different from those in normal clones

Our hypothesis is that changes in mutational mechanisms,

including AID targeting and the subsequent error-prone

correction by DNA repair mechanisms, may be responsible for

some transformation events. Several lines of evidence in this

study show that in some cases a change in SHM mechanisms

may have occurred in the tumor clone between biopsies. First,

we observed that the mutation spectra of tumor clones were

different from that of non-tumor clones at both the patient and

the sample levels; the only exception was sample number 2 of

Pt2, displaying similar mutation spectra in both tumor and non-

tumor clones. The mutation spectra of tumor clones from all

patients were similar (Figure 1A), while the non-tumor clones

from all patients presented unusual and highly variable mutation

spectra, mostly in the non-tumor clones of sample 2 from Pt3

and samples 1, 2 and 3 from Pt1; this variability may be due, in

part, to the relatively low numbers of unique sequences detected

in these NT clones, combined with the intrinsic randomness of

SHM. Tumor clones from all three Pt1 samples were similar in

their mutation spectra (Figure 1B), suggesting that the mutation

mechanisms did not change over the elapsed time. On the other

hand, mutations from G to any other nucleotide were found to

be more frequent than mutations from C to any other nucleotide

in tumor clones of the second (later) biopsies of both patients 2

and 3 than in the earlier samples, implying that some mutational

mechanisms (possibly the targeting) may have changed between

the two consecutive biopsies of each of these patients.

Second, the transition-transversion mutation ratios greatly

varied between patients and samples. Transition mutations are

point mutations that replaces a purine nucleotide by another
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purine or a pyrimidine by another pyrimidine, while a

transversion is a replacement of a purine by a pyrimidine or

vice-versa. A transition-transversion ratio larger than 1 means

that there were more transition mutations than transversion,

and vice versa for a ratio smaller than 1; in normal B cell clones,

this ratio is larger than 1, as in the healthy control GCs used in

this study and various others [e.g. (43)]. Pt2 had transition-

transversion ratios larger than 1 in all clones in both samples

except the tumor clone in sample 1, while Pt3 presented

transition-transversion ratios smaller than 1 (Figure 2) in all

clones. In non-tumor clones from Pt1 the ratios were ~1:1,

while they were <1 in the tumor clones. Note that, when

samples were combined together to look at a more complete

picture for each clone, the lineage tree structure of each clone –

and hence the characteristics of some mutations – may have

changed. Significant differences between tumor and non-tumor

clones were found only in the second FL sample of Pt1 and in
Frontiers in Oncology 05
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the first FL sample of Pt2. These results raise the question of

whether DNA repair mechanisms are altered with

transformation in these FL cases. According to a previously

published paper, the polymerase Rev1 may promote

transversions at C:G pairs, while the low-fidelity polymerase

q can introduce both transitions and transversions at abasic

sites (44). Alternatively, BCR-based selection may be impaired,

if it operates at all, in FL clones, as in other lymphomas

(21, 43).

Third, all FL-HTS samples presented different mutation

targeting motifs for mutations from G relative to the reported

motif (Figure 3). The healthy GCs samples, used as controls,

presented the reported motif but not the new motifs, supporting

the hypothesis that a possible change in the SHM mechanism

occurred in at least one FL case. When we examined how many

positions in the motif for each mutation contained significant

differences between the tumor and non-tumor clones in each
B

A

FIGURE 1

Mutation spectra (distribution among nucleotides). The number of mutations from each nucleotide, presented as a fraction out of the total
number of mutations, for (A) tumor and non-tumor clones in each patient analyzed (also including the reference FL samples from a previous
study and control GC samples) and (B) for tumor and non-tumor clones in each sample analyzed. Significant differences are indicated with lines
between pie-charts (*p-value < 0.05; **p-value < 0.0005). Data regarding the numbers of mutations from each nucleotide and p-values of the
comparisons between the different groups are shown in Tables S3, S4 and Tables S5, S6, respectively.
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patient, we observed that T and NT clones from Pt1 were the

most similar in terms of motif usage. In addition, consecutive

tumor samples from the same patient did not have statistically

significantly different mutation targeting motifs (Tables S9-S12).

Taken together, the differences presented above suggest that

SHM mechanisms (targeting, DNA repair or both) may be

different in FL compared to normal B cell clones.
Tumor clones acquire more new
potential N-glycosylation sites than
non-tumor clones

It is known that only a minority of GL V segments and

normally-developed memory B cell V region genes contain
Frontiers in Oncology 06
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potential N-glycosylation sites (PGS) (23). In contrast, human

B-cell malignancies, and FL in particular, are characterized by an

extremely variable incidence of acquired N-glycosylation sites

(AGS) in their Ig variable region sequences (23, 24, 45–47).

Hence, we examined the potential and acquired N-glycosylation

motifs in GL sequences and in tumor and non-tumor clones in

order to determine whether potential N-glycosylation sites are

more frequent in FL and t-FL than in healthy B cell clones.

As shown in Figure 4A, Pt1 had no GL sequences with

existing N-glycosylation motifs, while Pt2 and Pt3 had no more

than one GL sequence each that contained such motifs.

However, in Pt1 and Pt3 there were, on average, 12 motifs

that were only one mutation away from becoming a potential

AGS. In all patients, these average numbers were similar both in

tumor and non-tumor clones. After examination of the tumor
B

A

FIGURE 2

Transition-transversion mutation ratios. (A) In tumor and non-tumor clones per patient analyzed and (B) In tumor and non-tumor clones per
sample. Additional information regarding the numbers of transition and transversion mutations in tumor and non-tumor clones of FL patients,
and in healthy GCs are provided in the Tables S7 and S8. According to the c² test, no significant differences were observed between tumor and
non-tumor clones across different patients. Significant differences were found when tumor and non-tumor clones from sample 2 from patient 1
and sample 1 from patient 2 (*p-value < 0.005) were compared. (See also Tables S7 and S8).
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and non-tumor clones from each sample (Figure 4B), we

observed similar average numbers of PGS in clonal GL

sequences, with motifs that were only one mutation away from

a potential AGS in both tumor and non-tumor samples of Pt1.

Pt2 presented the highest average numbers in both tumor and

non-tumor GLs samples (p-value < 0.005 for both patients 1 and

3 compared to Pt2, Table S13).

The percentages of clones that acquired at least one new

potential glycosylation site were calculated and found

significantly higher in Pt2 as compared to other patients, in

both tumor and non-tumor clones. Moreover, all tumor clones

and 92% of non-tumor clones of Pt2 acquired at least one AGS.

This is not surprising, as Pt2 had the highest percentages of
Frontiers in Oncology 07
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clonal GL sequences with motifs that were only one mutation

away from AGS. In patients 1 and 3 there were more tumor

clones than non-tumor clones that acquired AGS (Figure 4C).

Although the average numbers of motifs that are only one

mutation away from becoming a potential AGS were similar

between tumor and non-tumor clones in all patients (Figure 4A),

there were more AGS per clone in tumor clones than in non-

tumor clones in each patient (Figure 4D). Interestingly, the

highest numbers of AGS per clone were found in the latter

samples in each patient (Figure 4E). AGS in all tumor clones

were present along the sequence, ranging from CDR1 to CDR3.

In both Pt2 and Pt3, the highest numbers of AGS in the later

tumors correlated with the highest number of mutations in the
FIGURE 3

Mutation targeting motifs. On the top we show the 3 nucleotides examined upstream and downstream, for each mutated nucleotide, denoted
as -1, -2, and -3, for the 3 positions flanking the mutation upstream and 1, 2, and 3 for those flanking the mutation downstream. The positive
and negative sides of the Y axis denote excess or paucity of the indicated nucleotide in that position, respectively. The size of each letter is
given by the “% difference”, calculated as percentage of each base at each position flanking a particular mutation, minus the percentage
composition of the GL sequence at that position. Asterisks represent levels of significance (*p-value < 0.05; **p-value < 0.005;
***p-value < 0.0005). Previously reported motifs are shown at the bottom of the figure; the mutated nucleotide is colored and the flanking
nucleotides are shown for reported positions.
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later tumors (Table 1). However, in Pt1, the numbers of SHMs

observed in the third sample was not significantly higher than

that detected in the two former samples, while the number of

AGS in the third sample was much higher than the rest, implying

that in addition to the influence of the number of SHMs on the

number of AGS (22), there might be additional selection for N-

glycosylated sequences in FL cases (or impairment of selection

against them).
FL tumor clones display more branched
lineage trees and may have had lower
initial affinities and selection thresholds
than non-tumor and healthy GC clones

In order to further quantify the differences between the

dynamics of SHM and antigen-driven selection in healthy GCs,

FL-S and FL-HTS, we performed a quantitative analysis of
Frontiers in Oncology 08
15
lineage tree topologies, using our program MTree© (35, 36).

Tumor clones from the three FL-HTS patient samples presented

significantly larger average outgoing degree (OD-avg, that is,

number of children per node), which is a branching measure,

when compared to the non-tumor clones detected with HTS

(Figure 5A). Non-tumor clones presented values around 1,

indicating that most non-tumor trees were not highly

branched. According to simulations (37), when trees are not

highly branched, it suggests that either the initial affinity of the

clone’s B-cell receptor to the driving antigen was not very high,

or that antigen-driven selection was rather stringent. As in the

present study we analyzed fewer sequences than in the

simulations, many of the non-tumor clones contained only

one sequence and (creating “sticks” rather than branched

trees), although some of those may have been part of larger,

branched clones that were undetected. However, we believe that

this could not account for the large, significant differences in the

degree of branching between tumor and non-tumor clones, as all
B

C

D

E

A

FIGURE 4

Analysis of PGS and AGS in FL samples. (A) Average numbers of existing potential PGS (0) and number of motifs that are only one mutation
away from becoming an AGS (1) in clonal GL sequences, in tumor and non-tumor clones in each patient, and (B) in each sample in each
patient. In case there was only one clonal GL sequence, the average number is the actual number. (C) Percentages of clones with AGS out
of all clones in each patient. (D) Average numbers of AGS in tumor and non-tumor clones from each patient, and (E) from each sample in
each patient. **p-value < 0.005.
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our other studies show that OD-avg is always close to 1 in non-

tumor clones (Mehr lab, unpublished data). Furthermore, tumor

clones from the later biopsies of patients 2 and 3 showed

significantly larger OD-avg values than those of tumor clones

from the earlier biopsy in each case (Figure 5B). This may imply

that the later tumors are more diversified than the earlier tumor

clones, possibly due to weakening of the selection forces

operating on the tumor clone with time.

We also observed differences in tree length measures: trunk

length, minimum root to leaf path length (PL-min) and

minimum distance from the root to any split node/fork

(DRSN-min) (37). However, PL-min and DRSN-min mostly

include the trunk length, which in turn includes the clone’s

history of mutations, some of which may have been acquired

before the transformation event into FL (or t-FL). Thus, in

Figure 5 we only show the average distance from a leaf back to

the first split node/fork (DLFSN-avg), that is, the paths to leaves

without the trunks, which were found in simulations to be

correlated with lower initial affinity and selection thresholds

(37). Tumor clones presented larger DLFSN-avg values than

non-tumor clones, which supports the suggestion that

transformation (and possibly also relapse) decreases the

sensitivity of the clone to selection. This result was significant

only in Pt3; although the same trend also appeared in patients 1

and 2 (Figures 5C, D), it was not statistically significant; this

could stem from the low number of non-tumor sequences

compared with tumor sequences. Overall, the larger branching
Frontiers in Oncology 09
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and length tree measurements presented by tumor clones from

the three FL-HTS samples indicate larger trees, and thus more

diversification than those in healthy subject GCs.
Discussion

Our goal in this study was to characterize the clonal evolution

and SHM mechanisms of FL tumor clones, across sequential LN

biopsies from the same patient (26). We observed large, highly

branched lineage trees with long trunks that, together with the

mutation patterns, clearly support the GC origin ascribed to FL. FL

tumor clones presented more branched trees than healthy GC

samples and even non-tumor clones in the same patients, with

lineage tree topological measures indicative of lower initial affinities

and/or selection thresholds. Moreover, these measures were similar

in FL and t-FL samples from Pt1, but increased between biopsies of

patients 2 and 3. Indeed, it has previously been shown that antigen-

driven selection may persist after transformation and participate in

diversification and progression (48–50).

We identified both direct and divergent clonal evolution

patterns in the studied samples, and this was supported by

mutation analyses. The similar mutation patterns in the FL/t-FL

tumor clones of Pt1 may fit the hypothesis of direct evolution,

while the different mutation patterns in consecutive biopsies from

patients 2 and 3 may point at the existence of a CPC, different

descendant clones of which were sampled in each biopsy.
B

C D

A

FIGURE 5

Lineage tree topologies. (A) Outgoing degree (OD-avg) of tumor and non-tumor clones of the three FL-HTS patients, FL-S and healthy GC
samples. (B) OD-avg of tumor and non-tumor clones in each sample from all three FL-HTS patients. (C) The average distance from a leaf to the
first split node/fork (DLFSN-avg) of tumor and non-tumor clones of the three FL-HTS patients, FL-S and healthy GC samples. (D) DLFSN-avg of
tumor and non-tumor clones in each sample in each of the three FL-HTS patients. *p-value < 0.05; **p-value < 0.005.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1029995
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Michaeli et al. 10.3389/fonc.2022.1029995
Moreover, the similar tree topological properties of the FL and t-FL

samples in Pt1 were consistent with direct evolution, while different

and, in particular, increased tree measures (that suggest a possible

decrease in selection) between two consecutive biopsies in pt2 and

in pt3 are also in line with the existence of a CPC.

Previous studies have shown that the analysis of DNAmotifs

around mutated nucleotides in the Ig genes can reveal many

aspects concerning the targeting of SHMmechanism induced by

AID to conserved sequence motifs (39, 40, 42, 51–57), while the

analysis of mutation spectra can reveal changes in repair

mechanisms (58, 59). We thus analyzed the mutation

characteristics, including targeting motifs, of the seven

sequential FL samples collected from the three patients, in

search for evidence of such changes. Mutation distributions of

tumor and non-tumor clones were different, while FL and t-FL

tumor clones had similar mutation distributions. This may

imply that there was no change in the SHM mechanism

between t-FL and FL tumors , and that the lat ter

transformation event did not affect these mutations. In

addition, as samples from Pt1 were taken after different

treatments, we may speculate that the observed SHM patterns

were intrinsic to FL B cells and were not affected by the therapy.

In contrast, tumor clones from consecutive samples of patients 2

and 3 differed in their mutation frequencies, suggesting that

either the SHM mechanisms have changed, or there was a

decrease in the tumor cell sensitivity to selection (9).

Compared to a recently published analysis (60), our analysis of

mutations is, on one hand, more precise, as it is done on lineage

trees so that each mutation is defined relative to the closest

known or deduced ancestor (Neumann et al., Front. Immunol.,

in press); and, on the other hand, it was limited to IgH coding

regions, so we have no findings on non-Ig regions.

The biased frequencies of mutations from G over C we

observed in FL may suggest that there was a bias for generating

these mutations on only one strand during the second phase of

SHM. Moreover, an elevated number of mutations from G was

ascribed to DNA mismatch repair protein MutS homolog 2

(MSH2), uracil-DNA glycosylase (UNG) or DNA repair protein

REV1 deficiency (61). This mutation pattern also suggests the

possible intervention of a reverse transcription step in fixing the

pattern in DNA (62). Furthermore, the difference in transition-

transversion mutation ratios between samples raised the

question of whether DNA repair mechanisms are altered in

FL. Healthy replication over abasic sites after U removal by base

excision repair (BER) followed by UNG can lead to G/C targeted

transversion mutations (62). Thus, UNG overexpression or

enhanced activity may cause transition-transversion ratios

smaller than 1 in FL. Thus, SHM mechanisms in FL have to

be more thoroughly examined by gene expression or proteomics

for detecting enzyme expression levels.
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Finally, the number of AGS was higher in tumor clones

than in non-tumor clones in all FL-HTS samples, implying it is

likely that AGS have some role in FL development, at least in

the initial stage, as was previously suggested (47). In addition,

because the later samples from all patients had the highest

numbers of AGS per clone, we may conclude that the tumors

accumulate AGS over time. This fits with the model of a B cell

tumor population entrapped in the germinal center that keep

undergoing SHM, with selection against AGS – and possibly

other potentially harmful mutations – being impaired in the

tumor B cells.

To summarize the mutation analyses, we found differences

in the mutation distributions from each of the nucleotides, in

initial clone affinity and in selection thresholds between tumor

and non-tumor clones, but no differences between FL and t-FL

clones. Additionally, we observed that tumor clones tend to

accumulate larger numbers of potential N-glycosylation sites

due to SHM. Taken together, these results suggest that

transformation from FL into t-FL, in contrast to the initial

transformation to FL, is not characterized by any major

changes in DNA repair mechanisms, SHM, or shape of lineage

trees, although the possibility of subtle changes in enzyme

expression or activity should still be investigated. On the other

hand, selection – at least against accumulation of AGS – seems to

be impaired in FL and t-FL. This study also shows that even a

few samples can provide many interesting insights, provided that

these samples contain sufficient numbers of sequences

and mutations.
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Evidence of somatic
hypermutation in the antigen
binding sites of patients with
CLL harboring IGHV genes with
100% germline identity

Electra Sofou1,2, Laura Zaragoza-Infante1,
Nikolaos Pechlivanis1, Georgios Karakatsoulis1,
Sofia Notopoulou1, Niki Stavroyianni3, Fotis Psomopoulos1,
Elisavet Georgiou2, Anne Langlois de Septenville4,
Frederic Davi4, Andreas Agathangelidis5,
Anastasia Chatzidimitriou1,6 and Kostas Stamatopoulos1,6*

1Institute of Applied Biosciences, Centre for Research and Technology Hellas, Thessaloniki, Greece,
2Laboratory of Biological Chemistry, School of Medicine, Faculty of Health Sciences, Aristotle
University of Thessaloniki, Thessaloniki, Greece, 3Hematology Department and HCT Unit, G.
Papanicolaou Hospital, Thessaloniki, Greece, 4Department of Hematology, APHP, Hôpital Pitié-
Salpêtrière and Sorbonne University, Paris, France, 5Department of Biology, School of Science,
National and Kapodistrian University of Athens, Athens, Greece, 6Department of Molecular
Medicine and Surgery, Karolinska Institute, Stockholm, Sweden
Classification of patients with chronic lymphocytic leukemia (CLL) based on the

somatic hypermutation (SHM) status of the clonotypic immunoglobulin heavy

variable (IGHV) gene has established predictive and prognostic relevance. The

SHM status is assessed based on the number of mutations within the IG heavy

variable domain sequence, albeit only over the rearranged IGHV gene

excluding the variable heavy complementarity determining region 3 (VH

CDR3). This may lead to an underestimation of the actual impact of SHM, in

fact overlooking the most critical region for antigen-antibody interactions, i.e.

the VHCDR3. Here we investigated whether SHMmay be present within the VH

CDR3 of cases bearing ‘truly unmutated’ IGHV genes (i.e. 100% germline

identity across VH FR1-VH FR3) employing Next Generation Sequencing. We

studied 16 patients bearing a ‘truly unmutated’ CLL clone assigned to

stereotyped subsets #1 (n=12) and #6 (n=4). We report the existence of SHM

within the germline-encoded 3’IGHV, IGHD, 5’IGHJ regions of the VH CDR3 in

both the main IGHV-IGHD-IGHJ gene clonotype and its variants. Recurrent

somatic mutations were identified between different patients of the same

subset, supporting the notion that they represent true mutational events

rather than technical artefacts; moreover, they were located adjacent to/

within AID hotspots, pointing to SHM as the underlying mechanism. In

conclusion, we provide immunogenetic evidence for intra-VH CDR3
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variations, attributed to SHM, in CLL patients carrying ‘truly unmutated’ IGHV

genes. Although the clinical implications of this observation remain to be

defined, our findings offer a new perspective into the immunobiology of CLL,

alluding to the operation of VH CDR3-restricted SHM in U-CLL.
KEYWORDS

CLL (chronic Lymphocytic Leukemia), B cell receptor, antigen binding, somatic
hypermutation, immunoglobulin genes
Introduction

The somatic hypermutation (SHM) status of the clonotypic,

rearranged immunoglobulin heavy variable (IGHV) gene is a

cornerstone for risk stratification of patients with chronic

lymphocytic leukemia (CLL) (1–4). Depending on the SHM

burden, i.e. the number of mutations within the sequence of the

rearranged IGHV gene, cases are classified in two categories,

namely unmutated CLL (U-CLL) and mutated CLL (M-CLL),

with different biological background and clinical behavior (5–8).

The established approach for determining the SHM burden

relies on the robust identification of nucleotide changes across

the sequence of the rearranged IGHV gene, excluding the heavy

variable complementarity determining region 3 (VH CDR3).

This is mostly due to the difficulty in discriminating between

actual SHM and random nucleotides added in the junction

between the recombined IGHV, IGHD and IGHJ genes (9–

11). However, this approach may result in the underestimation

of the actual impact of SHM, in fact overlooking the most critical

region for antigen-antibody interactions, i.e. the VH CDR3.

Here we investigated the possibility that SHM may also be

present in CLL cases bearing ‘truly unmutated’ clonotypic IGHV

genes (i.e. those with 100% germline identity across the VH FR1-

VH FR3). To that end, we focused on two well characterized major

stereotyped subsets: subset #1 (clan I IGHV genes/IGHD6-19/

IGHJ4) and subset #6 (IGHV1-69/IGHD3-16/IGHJ3), displaying

germline-encoded amino acid (aa) motifs QWL and YDYVWGSY

within the respective VH CDR3 that originate from the IGHD6-19

and the IGHD3-16 gene, respectively (12). However, as reported by

previous Sanger-based studies, patients assigned to both subsets can

exhibit variations in these motifs that could potentially represent

SHM events (12).

In order to address our starting question, we studied the IG

gene repertoire of cases assigned to subsets #1 and #6 utilizing

next generation sequencing (NGS), which enables the

assessment of the subclonal architecture of antigen receptor

gene repertoires at a high resolution (13, 14). We report VH

CDR3-focused variations, very likely attributed to SHM, in CLL

patients carrying ‘truly unmutated’ IGHV genes. While the small
02
21
number of our cohort limits our capacity to safely predict the

clinical relevance of this observation, our findings highlight the

possible need to reappraise definitions regarding the

characterization of the SHM status in CLL.
Materials and methods

Patient cohort

The study group comprised 12 patients assigned to the

stereotyped subset #1 and 4 patients assigned to stereotyped

subset #6. Detailed information on the immunogenetic features

of the clonotypic IGHV-IGHD-IGHJ gene rearrangements is

provided in Supplemental Table 1. All 16 patients were selected

for exhibiting a ‘truly-unmutated’ IGHV status i.e. 100%

germline IGHV identity as determined by Sanger sequencing.

The study was approved by the local Ethics Review Boards of the

participating institutions and was conducted in accordance with

the declaration of Helsinki.
IGHV-IGHD-IGHJ amplification
and high-throughput
sequencing methodology

Total RNA was isolated from Peripheral Blood Mononuclear

Cells (PBMCs) and 1 mg was reverse transcribed to cDNA with the

SuperScript™ II Reverse Transcriptase (Invitrogen, UK). IGHV-

IGHD-IGHJ rearrangements were PCR amplified from 40

nanograms of cDNA using the Platinum™ Taq DNA

Polymerase (Invitrogen, UK). IGHV subgroup-specific forward

primers annealing to the leader region of the respective IGHV

gene (depending on the case), and reverse primers annealing either

to the IGHJ gene or the IGHC genes were utilized, the latter in order

to amplify isotype-specific transcripts (15, 16). All amplicons were

gel-purified with the Monarch® DNA Gel Extraction Kit (New

England Biolabs, USA) and 85 ng were used for library preparation.

NGS libraries were prepared with a Dual Indexing sequencing
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approach according to the manufacturer’s instructions (NEBNext®

Ultra™ II FS DNA Library Prep Kit, New England Biolabs, USA).

Library quantification was performed with Qubit™ (ThermoFisher

Scientific), whereas purity and size were checked with the Fragment

Analyzer™ Automated CE System (Agilent Technologies, USA).

Paired-end NGS was carried out on a MiSeq Benchtop Sequencer

(MiSeq reagent kit v3, 2x300 bp, Illumina Inc.)
Bioinformatics analysis

Base calling, adapter trimming, and demultiplexing were

performed by the Illumina signal processing software. Quality

control of the raw NGS data was performed with a purpose-built,

in-house pipeline. Briefly, we performed length and quality

filtering, excluding low quality reads, then merged the paired-

end NGS reads, followed again by length and quality filtering of

the joined, full-sequence reads. Finally, to ensure high sequence

quality in the VH CDR3 region, we included an additional filter

that ensured a Qscore>=30 for nucleotides in the 30-45

nucleotide stretch ahead of the GXG motif in the FR4 region

(Supplemental Table 2). High-quality sequences were then

annotated with IMGT/HighV-QUEST (https://www.imgt.org)

and meta-data analysis was performed with tripr (17) and

custom scripts in R. To further ensure that biases due to

sequencing errors would not be taken into account, we used

the OLGEN coverage limit calculator (18) (http://app.olgen.cz/

clc) in order to determine the minimum number of reads per

variant that should be considered for analysis, based on the

sequencing error induced during the NGS process. In our case,

for a sequencing error of 2.4%, determined by the percentage of

sequences aligned to PhiX, we set the minimum cutoff of reads

at 66.
Definitions

Clonotypes were defined as unique IGHV-IGHD-IGHJ

nucleotide gene rearrangement sequences. The clonotype

accounting for the majority of reads in a given sample was

characterized as the main variant. All clonotypes utilizing the

same IGHV gene and bearing a VH CDR3 amino acid sequence

of same length as the main variant but exhibiting a maximal

difference of up to two amino acids were defined as subclonal

variants. Subclonal variants displaying different isotypes, namely

IGHG or IGHA, were defined as switched variants.
Statistical analysis and data visualization

Descriptive statistics for clonotype computation included

counts and frequency distributions. For quantitative variables,

we calculated the mean, median and minimum/maximum
Frontiers in Oncology 03
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values. The Mann-Whitney U test was used to compare the

levels of subclonal heterogeneity between subsets #1 and #6. The

Kruskal-Wallis test was used to assess the presence of any amino

acid positions in the VH CDR3 germline-encoded regions with

significant differences in mutation frequencies. The Wilcoxon

rank sum test was then used for post-hoc comparisons, in order

to identify the exact amino acid positions for which the

aforementioned significance was observed. P-values were

adjusted using the Holm-Bonferroni correction. A significance

level of a=0.05 was set. Data visualization was performed with

custom R scripts.
Results

Overview of the NGS output

Forty PCR amplicons were sequenced, in particular: 36

amplicons corresponded to the mu, gamma and alpha

transcripts of 12 cases assigned to subset #1, while 4

amplicons corresponded to mu transcripts of 4 cases assigned

to subset #6.

In total, 8,955,886 raw reads were generated (median

215,546 reads/sample, range 109,639-466,729) corresponding

to 5,855,795 merged, full-sequence reads (median 142,719

reads/sample, range 63,298-341,654), of which 5,329,188

(median 123,323/sample, range 55,282-320,999) represented

productive IGHV-IGHD-IGHJ gene rearrangements. As the

scope of the study was to examine the impact of SHM within

the VH CDR3 region of ‘truly unmutated’ gene rearrangements,

we excluded from downstream analysis any subclonal variants

that exhibited nucleotide changes across the germline VH FR1 -

VH FR3 part of the VH domain. Hence, we ended up with a total

of 2,409,663 ‘truly-unmutated’ IGHV-IGHD-IGHJ gene

rearrangement sequences (median 109 sequences/sample,

range 33-198,699) as defined by their 100% identity to the

respective IGHV germline gene.
Clonal distribution and subclonal
heterogeneity of ‘truly-unmutated’
IGHV-IGHD-IGHJ gene rearrangements
in the BcR IG repertoire

After identifying all ‘truly-unmutated’ clonotypic IGHV-

IGHD-IGHJ mu transcripts in each patient, we computed the

number of the corresponding clonotypes as well as the number

of the respective subclonal variants. In subset #1, the main CLL

variant was present at a median frequency of 63.9% (range

56.2%-71.2%), whereas subclonal variants were identified in all

cases (median: 22, range: 7-39 subclonal variants) accounting for

a minor fraction of the respective repertoire (median frequency:

0.1%, range: 0.02%-2.27%). In subset #6, the main CLL variant
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was present at a median frequency of 54.0% (range: 41.1%-

63.7%), while subclonal variants were again identified in all cases

(median 7, range 1-10 subclonal variants) again accounting for a

minor fraction of the total repertoire (median frequency: 0.1%,

range: 0.03-0.21%). The remaining clonotypic background

consisted of: (i) clonotypes unrelated to the main CLL

clonotype, (ii) CLL-related subclonal variants with <100%

IGHV identity, and (iii) subclonal variants of very small

frequencies, which were discarded due to the high possibility

of representing artefacts. (Figure 1).
Evidence for SHM within the VH
CDR3 in CLL cases assigned to
stereotyped subset #1

Stereotyped subset #1 cases carry a 13 amino acid-long VH

CDR3 with a highly conserved QWL motif at positions 4-6

encoded by the IGHD6-19 gene in reading frame 1. Our findings

from the present NGS analysis were in line with this, since all

subset #1 patients carried this QWL motif at the exact same

positions. However, NGS also revealed subclonal variants in

both this motif but also in other IGHV and IGHJ germline-

encoded codons within the VH CDR3. The topological analysis

of these variations revealed a preferential targeting of VH CDR3
Frontiers in Oncology 04
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amino acid positions 2, 4 and 12 versus the remaining

codons (p<0.05).

In more detail: (i) all 12 patients carried a subclonal R>G aa

substitution at position 2 of the VH CDR3 (IGHV-encoded;

median frequency: 0.12%, range: 0.08-0.13%); (ii) 11/12 patients

(91.6%) carried a subclonal Q>R aa substitution at position 4

within the QWL motif (IGHD-encoded; median frequency: 0.1%,

range: 0.09-0.12%); and, finally, (iii) all 12 patients carried a

subclonal D>G aa substitution at position 12 (IGHJ-encoded;

median frequency: 0.11%, range: 0.08-0.13%). Notably, all three

aforementioned subclonal substitutions resulted from an a>g

nucleotide transition at the respective codons, with the resulting

amino acid changes conferring different physicochemical

properties from the germline-encoded ones (Figure 2).

Next, in order to further characterize recurrent SHMs

identified within the VH CDR3 of subset #1 cases we

investigated whether these SHMs were also present in

switched gamma and alpha clonotypic variants. The main

switched variants were 100% identical to the main mu variant

in all cases. To ensure that this finding reflects actual

immunogenetic relatedness, the respective primer sets used for

the amplification of gene rearrangements of different isotypes

were different, while the respective PCR amplicons were

prepared and sequenced in different batches. Indeed, 8/12

(75%) patients shared the R>G aa substitution at VH CDR3
A

B

FIGURE 1

VH CDR3-derived, subclonal heterogeneity in ‘truly unmutated’ BcR IG rearrangements. (A) Comparison of subclonal branching of the VH CDR3
between the two stereotyped subsets shows significant differences (p = 0.005) in the number of subclonal variants, with subset #1 displaying
higher VH CDR3 intraclonal variability. (B) Contribution of ‘truly unmutated’ IGHV-IGHD-IGHJ rearrangements to the total repertoire, for
stereotyped subsets #1 and #6. The main CLL clonotype and its respective CLL-related, ‘truly unmutated’ subclonal variants are depicted in
different shades of blue. The clonotypic background consists of either sequences bearing SHM in the rearranged IGHV gene, subclonal variants
with very small frequencies or CLL-unrelated rearrangements. **, p=0.005.
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position 2 in either the gamma or the alpha switched variants or

both (median frequency: 0.11% for both transcripts, range: 0.05-

1.08%, median frequency for gamma and alpha trasncripts: 0.08

and 0.14%, respectively). Moreover, the Q>R aa substitution at

VH CDR3 position 4 was shared by 8/12 (75%) patients in at

least one gamma (median frequency: 0.08%, range: 0.05%-0.1%)

or alpha switched variant (median frequency: 0.09%, range: 0.05-

0.13%). Finally, the D>G aa substitution at VH CDR3 position

12 was shared by 7/12 (66%) patients in at least one gamma

(median frequency: 0.1%, range: 0.09-0.13%) or alpha switched

variant (median frequency: 0.09%, range: 0.05-0.12%). Cases

where we did not document switched variants with the

aforementioned replacement SHMs exhibited overall lower

levels of VH CDR3-derived subclonal heterogeneity in the

switched variants compared to the main, mu-expressing CLL

variant (median 22 subclonal variants for the main variant vs.

median 15 and 8 subclonal variants for gamma, alpha switched

variants respectively); this explains, at least in part, the absence

of VH CDR3-focused SHM in some of these cases.
Evidence for SHM within the VH
CDR3 in CLL cases assigned to
stereotyped subset #6

Stereotyped subset #6 is characterized by the expression of a

21 amino acid-long VH CDR3 with high conservation regarding

not only the IGHV-, IGHD- or IGHJ-encoded codons but also
Frontiers in Oncology 05
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the IGHV-IGHD and IGHD-IGHJ gene junctions. However,

VH CDR3 codon 9, which is IGHD-encoded, has been reported

to display variation (12): indeed, a significant fraction of cases

analyzed by Sanger sequencing bear an Isoleucine (I) residue

rather than the Valine (V) residue encoded by the germline

sequence of the IGHD3-16 gene in reading frame 2.

In the present series, 2/4 (50%) subset #6 patients were

known by previous Sanger sequencing to carry a clonal V>I aa

substitution at VH CDR3 codon 9. Results from the current NGS

experiments confirmed this finding; in more specific, ‘truly

unmutated’ clonotypic rearrangement sequences bearing this

change represented 64.7% of the total repertoire of patient H73

and 41.2% of patient H74, respectively. The V>I aa substitution

was also identified in all subclonal variants of these patients with

a median frequency of 0.1% (range: 0.08%-0.21%). Unlike subset

#1, switched variants are not detected in subset #6 (19), therefore

we could not assess recurrence of the documented V>I aa

substitution in a similar manner to that of subset #1. That

notwithstanding, it is worth noting that we detected a minor

variant (33 reads) carrying the germline-encoded V residue at

codon 9 in patient H73 (Figure 3), which we report despite being

below the adopted cutoff of 66 reads on the grounds that V is the

germline residue. On this evidence, it becomes apparent that the

clonal V>I substitution in patient 73 represents a true SHM

result rather than a sequencing artefact.

Similar to subset #1, NGS analysis disclosed additional

recurrent SHMs at the subclonal level, clustered at particular

VH CDR3 codons. In more detail, 3/4 (75%) subset #6 patients
FIGURE 2

VH CDR3 amino acid sequence logos for subset #1 patients showing in color the positions with the most frequent substitutions in the VH CDR3
of the dominant mu and the switched gamma or alpha variants, as well as the most frequent substitutions at these positions. Each amino acid is
colored according to its physicochemical properties, using the IMGT coloring system (https://www.imgt.org/IMGTeducation/), namely the basic
(red) arginine as well as the acidic (yellow) aspartic residues mutate to the nonpolar (green) uncharged glycine residue, whereas the uncharged
and polar (dark yellow) glutamine is replaced by a basic arginine residue (red).
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carried a R>G aa substitution at VH CDR3 position 2 (IGHV-

encoded; median frequency: 0.11%, range: 0.09%-0.13%),

whereas all 4 patients (100%) carried a F>V aa substitution

resulting from a t>g transversion at VH CDR3 codon 19 (IGHJ-

encoded; median frequency: 0.2%, range: 0.13%-0.21%).
SHM topology in relation to AID hotspots

In order to obtain more supportive evidence for the origin of

the identified variations, we scanned the IGHV, IGHD, IGHJ

germline nucleotide sequences of the VH CDR3 for the

topological overall between the identified variants and hotspots

of the activation-induced deaminase (AID). Starting from subset

#1, all three mutations that were subclonally detected in the

majority of patients resulted from a>g transitions. Such

mutations usually arise after U:G mismatch repair via the

mismatch repair machinery pathway (MMR) and are adjacent

to the deaminated cytosine of the AID WRC/GYW hotspots

(W=A/T, R=A/G, Y=T/C. Indeed, the 3’ IGHV-encoded

arginine (R) residue, as well as the IGHJ4-encoded aspartic

acid (D) residue were localized in close proximity with two of

these hotspots, namely TGC/GCA in the IGHV gene, and AAC/

GTT in the IGHJ gene. The Q>R aa substitution found within

the IGHD6-19-encoded QWL motif and detected in 91.6% of

subset #1 patients, also resulted from an a>g transition.

Interestingly, in 9/11 patients in which a detected subclonal

variant was found to bear the Q>R aa substitution, we observed
Frontiers in Oncology 06
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generation of an overlapping WGCW SHM hotspot or a WRC

motif (AGCA or AAC) either at the N1-IGHD junction, or

directly at the IGHV-IGHD junction, adjacent to the codon

encoding for the glutamine (Q) residue. These findings indicate

that there may be selective pressure for SHM targeting at this

particular position.

For subset #6, the clonal V>I aa substitution results from a

g>a transversion located within an overlapping motif present in

both strands (AGCT/ACGT), likely generated after mismatch

repair from the replication system (Figure 4).

Altogether, this analysis supports the notion that the

mutations occuring within the VH CDR3 likely represent bona

fide SHM rather than NGS artefacts.
Discussion

Determination of the SHM status in CLL is key to disease

prognostication and prediction of clinical outcome (20). Going

beyond the binary distinction between U-CLL versus M-CLL,

increasing evidence supports the theory that BcR IG stereotypy

may assist in refining risk stratification, given that cases

belonging to the same stereotypd subset share several clinical

and biological features, including recurrent SHMs (12, 21–23).

The study of SHM in various B cell malignancies, including

CLL, has offered valuable insight into disease ontogeny and

evolution, particularly as it concerns derivation and interactions

with antigens (24, 25). Particularly for U-CLL, which is the focus
FIGURE 3

Alignment of the IGHD3-16-encoded region of the VH CDR3 of the main clonotype and subclonal variants for patient H73. The sequences of all
variants (at the amino acid level) that display a V>I aa substitution at position 9 are depicted, as well as a single subclonal variant bearing the
germline IGHD3-16-encoded Valine at the same position.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1079772
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sofou et al. 10.3389/fonc.2022.1079772
of the present work, the prevailing view is that U-CLL likely

derives from a cell differentiating independently from a germinal

center reaction, yet the cell(s) of origin remain to be conclusively

defined (26–29). That notwithstanding, U-CLL is defined based

on the 98% germline identity cutoff, thus it represents an

assortment of cases with varying SHM status, ranging from

limited to none, the latter referred to as ‘truly-unmutated’. This

definition implies a complete absence of SHM, which may be

misleading considering that the prognostically relevant

determination of SHM status is confined to the sequence of

the rearranged IGHV gene. Hence, the VH CDR3, i.e the most

diverse part of the BcR IG and most relevant for antigen

recognition, is completely ignored.

In the present work we sought to obtain evidence for the

existence of SHM in IGHV-IGHD-IGHJ gene rearrangements

from ‘truly unmutated’ CLL clones. To that end, we focused on U-

CLL stereotyped subsets #1 and #6 and selected cases expressing

IGHV genes with 100% identity to the respective germline IGHV

gene, as previously documented by Sanger Sequencing. We

applied NGS in order to obtain a comprehensive view of the

(sub)clonal architecture of the BcR IG gene repertoire (30).

Moreover, given our choice to study ‘truly unmutated’

rearrangements, we applied a series of stringent filters to our

NGS data in order to ensure the absence of SHM in the VH FR1 to

VH FR3 as well to exclude potential sequencing artefacts.

Intraclonal diversification analysis revealed the presence of

subclonal branching in both subsets #1 and #6. This is in keeping
Frontiers in Oncology 07
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with previous studies reporting the existence of subclonal

heterogeneity within the clonotypic CLL BcR IG gene

rearrangements likely in the context of ongoing antigen

interactions (31–33). That said, the aforementioned studies

focused on the IGHV-encoded regions (VH FR1 to VH FR3)

and, moreover, examined mainly M-CLL cases. Hence, our

results show not only that subclonal heterogeneity is present

in U-CLL, but also that this diversification can be the result of

specific SHM targeting of the VH CDR3, even if the clonotypic

IGHV gene exhibits complete lack of SHM. The observed

differences in the levels of subclonal branching between

stereotyped subsets #1 and #6 are not entirely surprising since:

(i) subset #6 is known for very high levels of conservation in

terms of the aa composition of the VH CDR3 (12), which could

be likely reflected at the subclonal level, and (ii) each stereotyped

subset represents a distinct entity, with notable differences in the

aa composition and, thus, structure of the BcR IG, arguably

affected by distinct factors/stimuli driving (sub)clonal evolution

(34–36).

In regard to stereotyped subset #1, we detected recurrent

subclonal events within the IGHD-encoded QWL motif as well

as in the IGHV- and IGHJ- encoded parts of the VH CDR3.

Such recurrence combined with the presence of the same events

in the respective switched variants strengthens the argument

that these substitutions are indeed true SHM-induced

mutational events, likely attributed to ongoing antigenic

interactions post-transformation in subset #1. Turning to
FIGURE 4

Topology of SHMs observed within the VH CDR3 in relation to AID hotspots. The size of each node represents the percentage of patients
exhibiting a particular SHM, while the graph coordinates of each node correspond to the AID hotspot involved in each SHM. Different colors are
used to distinguish between clonal (blue) and subclonal (red) SHMs.
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subset #6, both the F>V aa substitution subclonally detected in

the IGHJ3-encoded FDIW motif of all patients, as well as the

clonal V>I aa substitution observed in half the cases resulted in a

conservative substitution that is not anticipated to affect

significantly the overall physicochemical properties of the

respective regions, maintaining their nonpolar profile.

Similar to normal B cells (37), SHM in CLL preferentially

clusters within certain hotspot motifs which represent targets of

the AID enzyme (38). Of note, all VH CDR3 nucleotide changes

identified in subset #1 as well as the respective changes in the

subclonal variants of subset #6 patients were located at a/t sites

adjacently to AID hotspots, consistent with a non-canonical

SHMmechanism (39). These findings strengthen our hypothesis

that the mutations reported in the present work are indeed

results of the SHM process. The clonal V>I aa substitution in

subset #6 resulted from a g>a transversion at the respective

codon, which is located at an overlapping WGCW hotspot,

pointing to canonical SHM as the underlying mechanism.

Overall, the herein reported VH CDR3-focused SHM,

present in all patients of our cohort, may imply that U-CLL

BcR IG may diversify post-transformation through ongoing

antigen interactions critically mediated via the VH CDR3

region. These results question the existence of ‘truly-

unmutated’ CLL, with important ontogenetic implications.

Their clinical relevance cannot be determined presently,

especially given the limited cohort size, and will require formal

investigation in large, well characterized clinical cohorts.
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Detection of patient- and tumor-specific clonally rearranged immune receptor

genes using real-time quantitative (RQ)-PCR is an accepted method in the field of

precisionmedicine for hematologicmalignancies. As individual primers are needed

for each patient and leukemic clone, establishing performance specifications for

the method faces unique challenges. Results for series of diagnostic assays for CLL

and ALL patients demonstrate that the analytic performance of the method is not

dependent on patients’ disease characteristics. The calibration range is linear

between 10-1 and 10-5 for 90% of all assays. The detection limit of the current

standardized approach is between 1.8 and 4.8 cells among 100,000 leukocytes.

RQ-PCR has about 90% overall agreement to flow cytometry and next generation

sequencing as orthogonal methods. Accuracy and precision across different labs,

and above and below the clinically applied cutoffs for minimal/measurable residual

disease (MRD) demonstrate the robustness of the technique. The here reported

comprehensive, IVD-guided analytical validation provides evidence that the

personalized diagnostic methodology generates robust, reproducible and

specific MRD data when standardized protocols for data generation and

evaluation are used. Our approach may also serve as a guiding example of how

to accomplish analytical validation of personalized in-house diagnostics under the

European IVD Regulation.

KEYWORDS

MRD, RQ-PCR, IG rearrangement, TR rearrangement, personalized diagnostics, IVDR,
method validation, EuroMRD
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1 Introduction

Allele-specific oligonucleotide real-time quantitative PCR (ASO-

PCR) is an accepted method in the field of specialized diagnostics for

hematologic malignancies to analyze minimal residual disease

(MRD). It is being used for several decades, has been established as

a prognostic marker (1–4) and clinical standard in many different

lymphatic neoplasms (5–8). The test results guide clinical decisions in

the therapy of acute lymphoblastic leukemia (ALL) and highlight the

influence of analytical methods in precision medicine. MRD is

the term used for small numbers of malignant cells that remain in

the peripheral blood (PB) or bone marrow (BM) during or after

treatment. Its detection is based on the junctional region of

rearranged immunoglobulin (IG) heavy and light chain genes and

T-cell receptor (TR) genes, which are fingerprint-like sequences that

can be used as clone-specific PCR targets for the vast majority of B-

and T-cell neoplasias (9, 10). In contrast to methods that detect a

common target in different samples, for each patient and each

individual PCR target an allele-specific oligonucleotide (ASO-

primer) is designed. The ASO primer is combined with an adequate

primer/probe system to generate a specific real-time quantitative PCR

assay, which detects the tumor-related junctional region (CDR3)

identified by combination of multiplex PCR and nucleic acid

sequencing at the time point of diagnosis or relapse.

High analytical standardization of this methodology has been

reached by an international collaboration, the EuroMRD Consortium,

which published a data evaluation and interpretation guideline for

ASO-PCR (11). The current level of analytical standardization has

been reached by the quality objectives of the EuroMRD Consortium

organizing round robin testing, training meetings and carefully

evaluating the results and pitfalls of the method, as well as by

addressing the biology of the targeted molecules and the principles

of PCR amplification (11–13). Due to the patient-specific nature of

the test, the required validation evidence for a diagnostic assay has

only been assessed in a limited way for ASO-PCR. Repeated analysis

under different conditions using a defined number of samples to

address precision, accuracy or robustness of each individual ASO-

PCR assay would require a major investment in time and costs to

establish such a test for each patient. Additionally, due to the lack of

sufficient reference materials, medical samples for e.g. ALL will only

be available by additional bone marrow aspirations from patients.

Several scientific reports from different fields (14–17), regulatory

guidelines (18, 19) or standards from different sources (Clinical

Laboratory Improvement Amendments (CLIA), Clinical Laboratory

Standards Institute (CLSI), International Organization for

Standardization (ISO)) exist, addressing the scope and amount of

validation activities. There is considerable variation in the suggested

scope of a validation and it is necessary to adapt them to the specific

analytical method and its intended use. Nevertheless, validation of a

method is a formal requirement, both in applicable international

standards for the quality management of analytical laboratories, and

in regulations from health authorities. It is also included in the

European IVD regulation (20) as part of Article 5.5, which besides

other declarations and justifications force the laboratories’

documentation to adequately address analytical and clinical

performance of the used methods.
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The current report summarizes retrospective and prospective

analytic studies for the validation of the ASO-PCR method. It

shows that despite the need for patient-specific reagents, sensitive,

precise and accurate results can be obtained, even in the context of the

latest developments in MRD techniques. The described approach may

serve as a practical guide to laboratories, which have to adequately

and reliably align their methods with regulatory requirements.
2 Materials and methods

The scope of the validation was defined from the frequency of the

possible PCR targets evaluated from actively managed assays for B-

cell chronic lymphocytic leukemia (CLL) (520 assays) and ALL

patients (2110 assays B-ALL, 614 assays T-ALL, Figure 1).

Preliminary results and further planned activities have been

presented to the US Food and Drug Administration (FDA) at

several meetings in the application process for ASO-PCR as a drug

development tool for CLL clinical trials. After collecting the

performance data for CLL, a comparable data set was selected for

actively used ALL ASO-PCR assays considering the proportion of the

different rearrangement types determined during the preparation of

the work and B- and T-ALL frequencies (21–23).

Materials: The validation approach included analytical data from

peripheral blood samples collected during the clinical trials CLL11

(NCT01010061), CLL14 (NCT02242942) and bone marrow samples

collected during GMALL trials 07/03 (NCT00198991), 08/13

(NCT02881086) and GMALL registry, as well as prospectively analyzed

blood samples evaluated in two EuroMRD laboratories. Informed

consent was obtained from all subjects involved in the study. Samples

for retrospective analysis were randomly selected from a data pool that

fulfilled the necessary criteria according to the EuroMRD guidelines (11).

Methods: ASO-PCR of the patient-specific and the control gene

assays was performed using the BCR master and detection kit (Roche

Diagnostics GmbH, Penzberg, Germany) for CLL, the Lightcycler 480

Probe Master buffer (Roche Diagnostics GmbH, Penzberg, Germany)

or QPCR Mastermix Plus (Eurogentec, Seraing, Belgium) for ALL as

described by Cazzaniga et al. (24). Assay results were evaluated

according to the EuroMRD guidelines (11). MRD values were

calculated as the ratio of tumor cells per number of analyzed

nucleated cells as assessed by RQ-PCR of the albumin single copy

housekeeping gene. Whenever possible the guidelines and standards

from the Clinical Standards Laboratory Institute (CLSI) (25–29) were

used to derive an appropriate experimental set up and the

recommended statistical analysis. Two EuroMRD laboratories were

involved in the validation activities. Statistical computing was

performed using R (30) and R studio (31).

The considered parameters, the way these were experimentally

addressed, as well as the method and standards used for statistical

analysis are summarized in Supplementary Table 1. For easier reading

throughout the report the term Cp will be used for results obtained by

the different data evaluation techniques for RQ-PCR (Cp representing

the cycle crossing point of the second derivative of the measured

fluorescence intensities during the PCR amplification and Ct

representing the cycle threshold set by the user at which

exponential amplification during the PCR reaction starts).
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3 Results

Critical performance parameters in the process of MRD

assessments concerned the primer design (resulting in success and

ability of specifically quantifying the rearrangement of interest), the

precision, and the accuracy of the method. These were then addressed

in prospective validation activities for CLL, which is characterized by

the expansion of the malignant clone in peripheral blood, and thus no

additional bone marrow samples from patients were required.

Additional performance parameters evaluated from retrospective

data were the linearity and the lower limits of the calibration range

for detection and quantitation, the stability of the medical specimen

and the reagents, the interference from endogenous sample

ingredients that influence DNA quality or PCR amplification, and

the recovery of the amount of malignant cells from a given sample

when different DNA extraction methods are used.
3.1 Analytical specificity of ASO-PCR is
influenced by non-specific amplification

Analytical specificity is defined by the primer sequence derived

from the CDR3 sequence of the different IG and TR gene

rearrangements. Although, specificity of a primer has to be

determined by sequence comparisons to known IG or TR
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sequences prior to assay establishment, non-specific amplification

might still occur and is addressed according to the EuroMRD criteria

using the negative control from PB buffy coat DNA. Variability in

non-specific amplification has been reported to depend on the type of

target, the type of sample (BM or PB) and the time point during or

after therapy for ALL (32). For CLL restriction of the IG receptor

repertoire is well known (33), and stereotyped sequences as well as

biased somatic hypermutation patterns can be a source of non-

specific amplification. When analyzed with one or more non-

patient-specific assay, 8.4% (7/83) of the technical replicates of 22

MRD samples of 6 CLL patients showed non-specific amplification.

Applying the clinical cut-off <10-4 for MRD negativity in CLL, four of

the replicates were recorded as MRD negative, and only the remaining

three replicates were recorded as false positives due to non-specific

amplification. The observed overall ASO-PCR specificity is 96.4%

(confidence interval, CI: 89.9; 98.8).
3.2 Accuracy of ASO-PCR is high

Comparison of the accuracy of ASO-PCR to an orthogonal

method is influenced by the sensitivity (cells or cell equivalents

used for testing) of both compared methods. Currently, two

additional methods are routinely used to assess MRD. The first

method, multiparametric flow cytometry, relies on the detection of
FIGURE 1

Frequency of IG and TR rearrangements as ASO-PCR targets in actively used MRD assays of patients with CLL (N=520), B-ALL (N=1078), and T-ALL
(N=322). In accordance with the literature (21), 23% of the ALL patients in our assessment had a T-ALL diagnosis and 77% were diagnosed with B-ALL.
For 88% of the patients two MRD assays are established, and ~10% of patients have only one assay for MRD assessment in both ALL sub-entities, thereby
allowing assessments on the distribution of ASO-PCR targets from 520, 2110, and 614 assays for CLL, B-ALL and T-ALL, respectively.
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an aberrant immunophenotype on vital cells, whereas the second

approach, high-throughput next generation sequencing (NGS),

detects PCR amplified rearranged IG or TR genes in a patients PB

or BM DNA. The accuracy of ASO-PCR was therefore determined

from comparisons with both methods, flow cytometry and

NGS (Table 1).

Compared to flow cytometry the overall qualitative agreement

(OA) of ASO-PCR at a MRD cut-off 1x10-4 (used in CLL to score

MRD negativity of patients and assign them to the MRD low risk

group in survival assessments in clinical trials, and often used to attest

an MRD response in ALL (34)) is about or above 90% for ALL and

CLL. Additionally, the agreement for samples with positive MRD

status in both methods (positive agreement) as well as the agreement

for the negative samples in both methods (negative agreement) at a

1x10-4 cut-off is balanced at levels >90% (Table 1) for ALL and CLL.

For ALL the agreement of ASO-PCR to NGS (OA 94.3%) is

comparable to the agreement reported by Svaton et al. (35) (80.6%)

for both methods, as well as to the one observed for flow cytometry

(OA 94.1%). The CLL samples show lower agreement to NGS than to

flow cytometry, with only 76% OA. This potentially results from the

high number of MRD low positive samples (25/62) in the CLL data

set, which were all confirmed as MRD positive by the NGS method.

These samples are scored as MRD negative at the applied cut-off.

Additionally the sensitivity of the NGS analysis is about three times

lower compared to ASO-PCR, as the MRD is derived from a single

measurement from a pool of 0.25 - 1.5 million cells compared to the

mean of a triplicate measurement of up to 150,000 cells for ASO-PCR.

For both entities and comparator methods the Bland-Altman plots

show an underestimation of the MRD by ASO-PCR. For CLL this

underestimation is 7.6% compared to NGS and 16.3% compared to

flow cytometry (Figure 2, flow cytometry yellow, NGS blue). In ALL

MRD is underestimated at 1.4% compared to NGS and 26.2%

compared to flow cytometry. No systematic bias depending on the

MRD level of the samples was detected, although the slope of the linear

regressions were between 0.95 and 0.68 for CLL (R2 = 0.9 and 0.64, flow

and NGS, respectively) and 0.81 and 1.02 for ALL (R2 = 0.86 and 0.8;

flow and NGS, respectively). About 6.0% (72/1205 flow cytometry; 3/

49 NGS) of the CLL samples, and 2.3% to 4.7% (1/44 NGS; 8/168 flow

cytometry) of the ALL samples were outside the 2-sigma range.

An inter-lab comparison between our laboratories showed 93.5%

and 86.4% OA (CLL and ALL, respectively) and details are

summarized in Table 2. Values of positive MRD samples showed
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high concordance (R2 = 0.94 ALL; R2 = 0.97 CLL), which underline

the specificity of the different primers for a given biomarker, and the

accuracy of the MRD values assessed by two different, albeit

technically identical, personalized diagnostic tests.
3.3 Precision of the ASO-PCR is acceptable
despite multiple sources of variability

According to the currently applied EuroMRD criteria, precision

of ASO-PCR is estimated from the Cp- differences observed in

replicate measurements of the standards or samples. This criterion

(1.5 Cp) has been derived from the variation of the reporting signals

mean to the minimum and maximum reporting signals from >100

samples (10). No estimates for the variance for the calculated MRD

values have been published so far. Therefore an experiment was set up

to investigate the influence of different sources of variation on the

MRD assessment by ASO-PCR. A spike-in approach using 3 CLL

patient samples was used to evaluate the effect of random factors on

the variance of the method at different MRD levels. Intermediate

precision for the MRD range ≥10-4 was <50% at both laboratories,

and increased further for MRD levels of ~10-5 due to the exponential

character of the conversion of Cps to copy numbers (Table 3).

Considering the data of both labs, none of the tested random

factors can be determined as having an equal impact on the total

variance of the method across the complete MRD range. Within-day

precision (including the within-run precision) contributes evenly and

significantly to the overall precision. The MRD status determined

from the 144 spiked samples in the two laboratories were highly

concordant with an OA of 89.2% (CI: 83.5; 93.1) using the clinical

MRD negativity cut-off 10-4, which does not consider qualitative and

quantitative RQ-PCR results at concentrations <10-4. The OA

increased to 97.0% (CI: 93.0; 98.7) when the limit of detection was

used for the definition of negativity.

Results of repeated measurements to evaluate intermediate

precision for the assessment of clinical specimen can be found in

the Supplementary Material (Supplementary Table 2). The precision

estimate for the clinical samples are in good accordance to the

precision estimates determined from the spike-in experiment,

demonstrating the applicability of the spike-in approach using only

a very small number of patient samples to establish a precision

estimate for ASO-PCR.
TABLE 1 Accuracy of ASO-PCR at the MRD cut-off 10-4.

Comparator
method Entity Median Sensi-

tivity ASO-PCR
Median Sensitiv-
ity comparator Samples Patients

Overall
agreement

[%]

Positive
agreement

[%]

Negative
agreement

[%]

Flow cytometry* CLL 7.90E-06 4.70E-06 2233 PB 304 92.7 (91.5/93.7) 92.7 (90.7/94.2) 92.7 (91.2/93.9)

NGS** CLL 7.80E-06 2.70E-06 62 PB 23 75.8 (63.8/84.8) 84.1 (70.6/92.1) 55.6 (33.7/75.4)

Flow cytometry* ALL 1.30E-05 5.00E-06
357 (104
PB, 253
BM)

137 94.1 (91.2/96.1) 94.2 (89.7/96.8) 94.0 (89.6/96.6)

NGS ALL 4.60E-06 4.60E-06
105 (24 PB,
81 BM)

14 94.3 (88.1/97.4) 91.3 (73.2/97.6) 95.1 (88.1/98.1)

* 4-color or 8-color flow cytometry, no bulk lysis performed, sensitivity was calculated from a threshold of 20 positive events per measured number of nucleated cells.
** high number of ASO-PCR low positive samples (<1x10-4) included in data set.
95% confidence interval is given in parentheses.
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3.4 Linearity and LOD of ASO-PCR easily
reach the 10-4 level and even beyond

The linearity and limits of the calibration range might be affected

by a number of factors that influence the amplification of the target

during the PCR reaction like starting concentration, reagent quality,

amplification efficiency (influenced by factors like mutation status of

the target), or primer design. Linearity and limit of detection (LOD)

were evaluated from a total of 90 assays (60 CLL, 30 ALL). Deviations

from linearity can be visually recognized from a number of standard

curves (Supplementary Figure 1), and statistical analysis of the linear

and nonlinear models revealed significant nonlinearity for 26/60 CLL

assays and 21/30 ALL assays (p<0.05). The deviation from linearity

for each of the technical replicates from these assays was tested (2nd

and 3rd order models) against the set acceptance limit of ≤1.32 Cp

deviation from linearity. This acceptance limit is based on the

estimated maximum Cp difference that would be observed if the

slope differs at acceptable levels (EuroMRD: -3.1 to -3.9 (11),) from

the theoretical slope -3.3 for a PCR amplification efficiency of 2. Thus,

in total 91.9% (55/60) of CLL assays and 96.7% (29/30) of ALL assays

show a linear calibration range from 10-1 to 10-5.
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Due to the methodological limitations of the assays, leading to

measurements without fluorescence signals in the PCR amplification

of low concentrated samples and no template controls (blanks), the

limit of blank (LOB) for ASO-PCR was determined non-

parametrically from the measured Cps using the signal reporting

limit of 45 Cp. Based on the Cp, the LOB for CLL were 45 and 40.8 for

the two participating laboratories, respectively. Using a probit

approach with a hit rate of 95%, where a hit is defined by Cp<LOB,

the corresponding LODs were calculated at 5.1x10-5 and 6.3x10-5. For

ALL the Cp for LOB was determined at 43.5, and LOD was 5.8x10-5.
3.5 Sample quality and reagent stability
effects on ASO-PCR MRD measurements
are minor

Usually, medical samples are processed within a short time after

sample collection, whereas reagents are used over a longer time period

according to the shelf life given by the manufacturer, but storage time

of samples and reagents, or repeated freeze-thawing of reagents might

influence the quality of MRD assessments. In a global survey to assess
TABLE 2 Personalized ASO-PCR assays independently developed in the two participating laboratories are highly accurate and allow quantitation of MRD
samples across different laboratories.

Entity Study design* Samples Patients OA
[%](CI)

PPA
[%](CI)

PNA
[%](CI)

ALL EuroMRD QA task 2, 3 44 13 86.4 (73.3/93.6) 85.7 (68.5/94.3) 87.5 (64.0/96.5

CLL equal to EuroMRD task 3 46 10 93.5 (82.5/97.8) 95.2 (84.2/98.7) 75.0 (30.0/95.4)

* The EuroMRD quality assurance program task 3 provides the biomarker sequences to the participating labs, which have to establish the ASO-PCR assay (design and test the primers, and define
LOD and LOQ) before analyzing the follow-up samples. Task 2 includes the identification of the marker from the diagnostic sample.
OA, overall agreement; PPA, percent positive agreement; PNA, percent negative agreement; CI 95%, confidence interval.
FIGURE 2

Bland-Altman plots of concordant positive MRD samples analyzed by ASO-PCR and 4-color or 8-color flow cytometry (yellow) and NGS (blue). 1205
CLL samples and 169 ALL samples were compared using flow cytometry, and 49 CLL samples and 44 ALL samples were compared using NGS. Bias (solid
line) and 1S and 2S intervals (dotted lines) are shown.
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the short-term stability of medical samples based on the DNA quality

of >17,000 samples received for MRD analysis, a significant drop in

DNA quality is seen after 6-7 days after sample collection (Figure 3A),

but 89.4% of samples are received within 3 days. Additionally, no

significant MRD drift upon storage of initial whole blood samples of 3

CLL patients for up to 5 or 6 days on ambient temperature was

observed (Figure 3B). A similar experiment with bone marrow

samples from either ALL or CLL patients was not performed, as the

sample amount required to provide enough material for repeated

DNA extractions and subsequent analysis in general exceeds the

available surplus of samples from daily routine.

Results for the short-term stability of reagents subjected to repeated

freeze-thaw cycles can be found in the Supplementary Material

(Supplementary Figure 2). Laboratory supplied reagents kept under

quality control are not affected by freeze-thawing during short time

periods and seem to be highly stable for up to at least ~3-4 years. From

the standard dilution series of 10 CLL assays, 0.04% (1/264) of the

repeated standard measurements in the range of 10-1 to 10-4 showed a

DCp ≥ ± 1.5 compared to the mean Cp determined during first analysis

using the same DNA dilution and the same primer stock solution

(Figure 3C). For ALL this ratio was 1.3% (6/458) using the standards

from 24 assays of 14 patients. Signal drift over time, albeit not

statistically significant (p>0.05), was observed for most standards.

Although 10-15% of the standards had a significant signal drift (6/60

CLL; 7/48 ALL), it was observed, that only single standards from

individual assays but no complete dilution series were affected.
3.6 Effects of DNA extraction methods and
inhibitory effects of endogenous substances
on ASO-PCR MRD measurements are minor

The recovery of MRD values from clinical samples was

determined from spike-in samples at MRD levels of 10-2, 10-3 and

2x10-4. The recovered mean MRD values were twice as high as

expected (Supplementary Table 3, automated DNA extraction using

Qiasymphony). The constant overestimation of MRD values in the

samples is probably derived from a systematic error introduced by the

use of frozen CLL cells for the preparation of the spike-ins, but may

also be related to deviations in the flow cytometric CLL count used to

prepare the spike-in samples. An underestimation of MRD has
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already been reported from a comparison of median MRD values

obtained by flow cytometric and RQ-PCR based MRD detection (36),

but dilution factors between the different spike-in levels indicate that

the experimental design established the correct level differences

compared to the highest CLL/PBMC ratio (nominal MRD value).

Results for the influence of endogenous substances on the PCR

amplification are summarized in Supplementary Table 4.
4 Discussion

ASO-PCR has so far been validated by means of ongoing round

robin testing in international reference laboratories and the results of

these and regular training meetings of the participating laboratories

have been used by the EuroMRD Consortium to highly standardize

the methodology to the best laboratory practice. The study reported

here demonstrates how to use retrospective and prospective data to

establish general technical performance parameters of the technique.

During the preparation of the validation plan the lack of official

international standards or any specific published guideline for the

validation of patient-specific diagnostics was noted. Validation of a

method is a formal requirement included in both the applicable

international standards for the quality management of certified

analytical laboratories, and the national as well as international

legislations like e.g. the European IVDR (20). Neither publications

by the scientific community (15, 16) nor applicable official guidelines

provided satisfactory guidance to accept and qualify a patient-

specific biomarker.

Additionally, because patient material is very limited for patient-

specific diagnostics, it is mandatory for clinically relevant diagnostics

like ASO-PCR to conclude on the type of experiments and number of

samples or patients needed at an early time point in the validation

process. The general performance parameters of ASO-PCR could be

established using FDA recommendations resulting from the pro-

active dialog between the authors and health authorities. Although,

only runs previously accepted according to the EuroMRD criteria

were included in the data set, the results showed that the validation

method and the acceptance criteria for ASO-PCR evaluation as

developed from the technical understanding of the methodology

and the EuroMRD harmonization efforts (10, 11) are equally

effective for the assessment of the assay parameters. Whereas
TABLE 3 Precision estimates derived from a mixed effects regression model of a spike-in experiment of different patient assays (n=3) for different random
factors.

nominal MRD mean MRD SD
Lot

SD
Operator

SD
Day

SD
Repeat SDtotal CVtotal [%]

1.00E-02 1.08E-02 3.10E-07 1.93E-03 1.47E-07 3.64E-04 3.97E-03 36.79

1.00E-03 1.13E-03 6.49E-08 2.17E-04 6.56E-05 1.04E-09 5.23E-04 46.32

3.20E-04 3.58E-04 1.97E-08 6.39E-05 2.39E-05 1.10E-11 1.70E-04 47.44

1.00E-04 1.04E-04 7.12E-09 1.78E-05 1.11E-05 1.85E-11 6.33E-05 60.91

3.20E-05 4.02E-05 6.27E-09 9.02E-06 9.05E-06 3.89E-12 4.29E-05 106.8

1.00E-05 2.41E-05 4.58E-06 7.46E-06 8.92E-06 1.97E-09 4.42E-05 183.4

Assays have been performed using different reagent lots (n=2) by different operators (n=4, 2 at each laboratory), and repeated on different days (n=3) including technical replicates (n=3) per
analysis to evaluate influence on the variance of MRD measurements.
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EuroMRD criteria are applied to an individual assay, the results

described here enabled to establish the general performance of this

diagnostic method across different patients, entities and clinical time

points. Still, there are parameters that need to be evaluated and

validated on an individual patient’s basis, like the primer specificity

and specific LOD. Inter- and intra-patient variability has also been

discussed as limitation for the molecular gene fusion BCR::ABL as a

surrogate endpoint in clinical trials of CML (37). As no patient
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specific reagents must be provided for the detection of BCR::ABL,

this method performs at a different level than ASO-PCR. The FDA

premarket clearance of a MRD detection kit for CML in 2016 pushed

the method from a laboratory developed test to a standardized IVD

kit. The validation of ASO-PCR to IVD standards has not been the

focus of this work, but results reported here may be used to adapt the

routine evaluation practice for ASO-PCR. E.g. acceptance or rejection

of standards or samples which is currently evaluated by the Cp
A

B C

FIGURE 3

Assessment of short-term stability of medical samples (A, B) and long-term stability of reagents (C). (A) Short-term stability was evaluated based on the
need to adapt the analytic sensitivity of an MRD assessment due to a lower number of cell equivalents per ng of DNA in a test. If ≥50% of the required
cell equivalents could be tested no adaptation of analytic performance was required (LOQ/LOD, green). LOQ and LOD is reduced by 1 LOG or 0.5 LOG
level if <10% or <50% of the required cells would be tested, respectively. Cell equivalents were calculated from the copy number of the albumin gene
determined by RQ-PCR according to (9). (B) PB was used to evaluate the potential drift of the MRD value from 3 CLL samples up to 6 days ambient
storage after sample collection to prospectively assess short-term stability of medical samples. (C) Long-term stability was assessed from the Cp signal
drift of a total of 60 primer and standard combinations from 10 CLL assays and during time periods of up to 4 years (only standards with significant Cp-
drift are colored).
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differences of the technical replicates could be assessed based on the

precision of the individual standard or sample measurements as in

common procedures of clinical biochemistry (38).

One limitation of our study is that even though we did address the

effect of reagent stability on MRD measurements, it has not been

possible to precisely evaluate the influence of long term storage of the

laboratory supplied reagents using identical reagent lots for the time

span needed for a clinical study. Shelf life and turnover times of

purchased reagents were too short to cover repeated analysis within 3

years using the same reagent lot, and the amount of patient material

was limited. The slow, although not significant increase of the Cp

observed for most of the standards could result from the variability

caused by the use of different reagent lots over the required time span

or by other causes that affect the stability of the reagents over time

such as freeze-thawing or chemical processes occurring upon

prolonged storage. However, most of these causes would affect

standards, samples and albumin measurements in the same way,

and should therefore have only minor influence on the MRD results.

First evidence has been published showing that additional MRD

scoring at concentrations <10-4 would show a benefit for prediction of

progression free or overall survival in patients with ALL (1, 39, 40)

and CLL (41, 42). Nevertheless, a difference in relapse-free survival of

patients being clearly MRD negative compared to patients being

MRD positive ≤10-4 has already been observed at early treatment

time points using ASO-PCR (43, 44) and flow cytometry (2) for

childhood and adult ALL. Low level positivity in ASO-PCR is strongly

influenced by the data interpretation using the PCR signals of

polyclonal healthy control samples. An investigation of the

specificity of the reaction products from ASO-PCR of healthy

control samples reported 30-40% (IG) and even up to 90% (TR)

nonspecific positive signals, which can affect 10-65% of the measured

samples depending on the time point the sample was collected (32).

Fronkova et al. reported, that 15-20% of clinical samples can give

nonspecific positive RQ-PCR signals when tested with a non-patient-

specific assay (44), while NGS confirmed low-level positive ASO-PCR

results in 61% of cases at treatment week 16 (40). Additionally, the

definition of MRD negativity is for both reasons, specificity and

sensitivity, under continuous discussion, especially for those cases,

where the MRD evaluation has been implemented in the patient care

and is no longer merely a research tool (12). The pros and cons of

ASO-PCR and flow cytometry to assess MRD levels in CLL patients

within the boundaries of clinical studies but also in clinical routine

have also been extensively discussed (45–47) and the necessary

regulatory requirements were included in the European Medicines

Agency guideline on the evaluation of anticancer medicinal products

in man effective since July 2016 (48).

As Wendtner (49) pointed out in a comment to the article by

Thompson et al. (41) it needs sophisticated standards to provide

reliable MRD data at the currently aimed sensitivity level of one in a

million cells, independently of the investigated entity. Multicolor-flow

cytometry or next generation sequencing being equally or more

sensitive or less time consuming than ASO-PCR for MRD

assessment, are currently either on the technical level or on the

clinical level not validated and standardized to the same degree as

ASO-PCR. Especially the NGS methodology which is strongly pushed

to diagnostic use in the field of hematology and precision medicine

(35, 41, 42, 50–52) and could be used to quantify MRD without the
Frontiers in Oncology 0837
use of personalized standards and reagents, requires profound

validation and experience from clinical trials to circumvent false

negative results and to deliver valuable disease prognosis. This is also

underlined by the accreditation requirements of the laboratory

standard released from the College of American Pathologists for

NGS-based clinical tests (53), which does not include requirements

for quantitative aspects of molecular oncology and emphasizes that a

consensus on practice must be built from professional experience.

In summary, our results demonstrate that comprehensive technical

performance level validation according to regulatory requirements can

also be achieved for the patient specific ASO-PCR approach.
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Background: Microenvironmental interactions of the malignant clone with T cells

are critical throughout the natural history of chronic lymphocytic leukemia (CLL).

Indeed, clonal expansions of T cells and shared clonotypes exist between different

CLL patients, strongly implying clonal selection by antigens. Moreover,

immunogenic neoepitopes have been isolated from the clonotypic B cell

receptor immunoglobulin sequences, offering a rationale for immunotherapeutic

approaches. Here, we interrogated the T cell receptor (TR) gene repertoire of CLL

patients with different genomic aberration profiles aiming to identify unique

signatures that would point towards an additional source of immunogenic

neoepitopes for T cells.

Experimental design: TR gene repertoire profiling using next generation

sequencing in groups of patients with CLL carrying one of the following copy-

number aberrations (CNAs): del(11q), del(17p), del(13q), trisomy 12, or gene

mutations in TP53 or NOTCH1.
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Results: Oligoclonal expansions were found in all patients with distinct recurrent

genomic aberrations; these were more pronounced in cases bearing CNAs,

particularly trisomy 12, rather than gene mutations. Shared clonotypes were

found both within and across groups, which appeared to be CLL-biased based

on extensive comparisons against TR databases from various entities. Moreover, in

silico analysis identified TR clonotypes with high binding affinity to neoepitopes

predicted to arise from TP53 and NOTCH1 mutations.

Conclusions: Distinct TR repertoire profiles were identified in groups of patients

with CLL bearing different genomic aberrations, alluding to distinct selection

processes. Abnormal protein expression and gene dosage effects associated with

recurrent genomic aberrations likely represent a relevant source of CLL-specific

selecting antigens.
KEYWORDS

T cell receptor (TR) gene repertoire, chronic lymphocytic leukemia (CLL), recurrent
genomic aberrations, neoepitopes, T cell based immunotherapies
Introduction

In recent years, novel agents targeting critical processes and

pathways such as microenvironmental interactions (e.g. BTK

inhibitors) and apoptotic cell death (e.g. BCL-2 inhibitors) have

revolutionized the management of chronic lymphocytic leukemia

(CLL), leading to high overall response rates (often exceeding 90%)

and superior progression-free and, at least in some trials, overall

survival compared to classic chemoimmunotherapy (1). Nevertheless,

relapses still occur and CLL remains an incurable malignancy,

highlighting the need for alternative therapeutic approaches aiming

at more effective disease control (2). Immunotherapy that engages

immune responses against targets on the malignant cells could, at

least in principle, represent such an approach also for CLL. However,

despite initial promising results, it has become apparent that not all

patients with CLL benefit from (different forms of) immunotherapy,

highlighting the need for further research into the underlying

mechanisms, particularly focusing on T cells (3, 4).

Multiple lines of evidence support that T cells present in the

tumor microenvironment (TME) are implicated in the natural history

of CLL, albeit in rather contrasting ways (5). On the one hand, T cells

provide trophic signals for CLL cell survival. This is evidenced by the

fact that transfer of autologous activated T cells is required for the

successful engraftment of CLL cells in murine models; and that

efficient proliferation of CLL cells was observed after the

engraftment of CD4+ T cells bearing a T cell receptor (TR) with

CLL-unrelated specificity (6–8). On the other hand, CLL cells induce

various changes in the T cell compartment, leading to functional

exhaustion as a consequence of persistent antigenic stimulation,

which underlies tumor evasion and immune suppression (9–12).

Molecular studies by us and others revealed skewing of the TR

repertoire and clonal expansions of T cells in CLL, supporting antigen

drive (13–15). Moreover, different patients were found to share TR

clonotypes, many of which were ‘CLL-biased’ i.e. not present in other

settings (16, 17). Altogether, these findings strongly imply ongoing
0241
antigenic triggering in a CLL-specific context (16, 17). The cognate

antigens remain to be determined and could arguably be those

selecting the malignant clone or unrelated ones, including tumor-

derived antigens.

Particularly regarding the latter, we have previously demonstrated

that immunogenic epitopes can be isolated from the heavy

complementarity-determining region 3 (VH CDR3) sequence of

both human and murine CLL bearing stereotyped [i.e. (quasi)

identical] B cell receptors (BcR), efficiently processed and presented

by CLL cells and effectively recognized by specific T cells (18). Of

note, immunization of Em-TCL1 CLL mice model reduced leukemia

development and increased overall survival of the animals (18).

Subsequently, we provided evidence that the targeted somatic

hypermutation operating on the BcR immunoglobulin (BcR IG)

repertoire may produce idiotypic targets for the cognate T cells (19).

Taken together, the clonotypic BcR IG expressed by CLL cells can be

envisioned as a source of neoepitopes selecting T cells in the TME. That

said, recurrent genomic aberrations associated with distinct abnormal

expression profiles could represent an alternative, non-mutually

exclusive, pool of such potent immunogenic neoepitopes. Judging from

a great variety of other malignancies shown to harbor reactive T cells

against epitopes arisen from recurrent genomic aberrations, this may

prove clinically relevant, especially if one considers the promising results

of immunotherapy in e.g. patients with melanoma or lung cancer

exhibiting a high mutational load (20–22).

On these grounds, here we interrogated the TR gene repertoire in

groups of patients with CLL carrying specific single genomic

aberrations, one of del(11q), del(17p), del(13q), trisomy 12, TP53 or

NOTCH1mutations. We report oligoclonality in all groups of patients

with distinct recurrent genomic aberrations, albeit more pronounced

in cases bearing copy number aberrations (CNAs), particularly

trisomy 12. This, combined with the existence of group-specific

clonotypes, suggest that abnormal protein expression and gene

dosage effects can lead to the emergence of CLL-specific selecting

epitopes that likely restrict the TR gene repertoire.
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Materials and methods

Patient group

The study cohort included 44 patients with CLL from 4 different

centers in Thessaloniki, Greece; Milan, Italy; Munich, Germany; and

Stockholm, Sweden. The local Ethics Review Committees approved

the study, while written informed consent was obtained from all study

participants, in accordance with the Declaration of Helsinki.

Patients were selected on the basis of carrying one of the following

genomic aberrations: del(11q) (n=10), del(13q) (n=7), trisomy 12

(n=17), NOTCH1 mutation (n=5) or TP53 mutation (n=5). The

possible confounding effects of multiple aberrations were

minimized, as we previously established that the analyzed patients

carried only one of the aforementioned aberrations through

comprehensive genomic characterization (including FISH, SNP

arrays, gene panels and WES; for methodological details, see

Supplementary Methods). Demographic and clinicobiological

characteristics are provided in Supplementary Table S1. In all

patients, samples were collected before the initiation of any

treatment and there was no evidence of infection (either signs or

symptoms), or recent vaccination at sampling that could bias

the results.
Next-generation sequencing: Library
preparation, analysis and interpretation

T cell receptor beta chain (TRB) gene rearrangements were

amplified on either genomic DNA or complementary DNA

(cDNA) isolated from peripheral blood mononuclear cells

(PBMCs). In all samples, the starting absolute PBMC count was set

at 5x106 cells in order to determine actual repertoire diversity while

avoiding to over-amplify the same TRBV-TRBD-TRBJ gene

rearrangements, hence further normalizing the different samples.

PCR amplification of the TRBV-TRBD-TRBJ gene rearrangements,

library construction and next generation sequencing (NGS) were

performed as previously described (23). A paired-end sequencing

protocol was followed in order to achieve double coverage in the TRB

complementarity-determining region 3 (TRB CDR3) for each

amplicon, thus increasing the accuracy of the results (for

methodological details, see Supplementary Methods).

Paired-end read merging and strict length/quality filtering was

performed by a purpose-built bioinformatics pipeline, as previously

described; details are provided in Supplementary Methods (17, 24).

Annotation of the TRBV-TRBD-TRBJ gene rearrangements was

carried out by the IMGT/HighV-QUEST tool (25). Meta-data

analysis was performed using the T cell Receptor/Immunoglobulin

Profiler (TRIP) tool (26).

For the interpretation of the NGS results, the term “clonotypes” as

used in this study refers to TRBV-TRBD-TRBJ gene rearrangements

with unique pairs of TRBV genes and identical TRB CDR3 amino

acid (aa) sequences within a sample. For the computation of

clonotypes, we assessed only productive TRBV-TRBD-TRBJ gene

rearrangements. Rearrangements carrying TRBV genes with <95%

germline identity were discarded, being considered as sequences with
Frontiers in Oncology 0342
unacceptable error rate. Details of the overall metrics regarding the

NGS data are given in Supplementary Table S2.

The 10 clonotypes with the highest frequency within a sample are

herein referred to as “major”. The relative frequency of each

clonotype/sample was calculated as the number of TRBV-TRBD-

TRBJ gene rearrangements corresponding to this particular clonotype

divided by the total number of productive, filtered-in TRBV-TRBD-

TRBJ gene rearrangements of the sample.

To overcome empirical assumptions regarding the fraction of

clonal expansions that was represented at a meaningful frequency,

hence potentially claiming biological relevance, “significantly

expanded clonotypes” were further defined based on a data-driven

statistical analysis. The frequency distribution of clonotypes from all

samples were transformed to z-scores; clonotypes with z-scores

greater that 2 were selected. The minimum frequency of those

clonotypes was set as the per sample threshold. The median value

of all individual thresholds led to the identification of 0.216% as the

discerning frequency above which a given clonotype would be

considered as significantly expanded (27). A table listing the

number of significantly expanded clonotypes per sample in each

group is provided in Supplementary Table S3.
Repertoire diversity and clonality

In order to characterize the complexity of the repertoire in each

group, two different metrics were estimated: (i) repertoire diversity,

describing the number of the different clonotypes present in each

sample, and (ii) repertoire clonality, referring to skewed clone size

distribution in a given sample or group of samples.

Regarding the former, repertoire diversity was described by Hill

numbers (1D) using Recon for the calculations (28, 29). This

algorithm is based on a modified maximum-likelihood method that

calculates diversity not only by counting the different number of

clonotypes identified per sample but also by evaluating the clonotype-

size distribution, and further reconstructs the overall diversity of the

initial samples. To assess the sensitivity of the calculated diversity

value comparing the rare versus the abundant clonotypes, 1D

numbers were considered for the analysis, meaning that each

clonotype was exactly weighted by its proportional abundance (30).

Through this approach, sampling biases, experimental errors, as well

as the variable number of T cells that were captured in different blood

samples can be normalized (29). Moreover, comparability of the

results between different samples was reinforced through utilizing

identical numbers of isolated cells as starting material for nucleic acid

isolation, identical quantity of genomic DNA or cDNA for PCR

amplification of TRBV-TRBD-TRBJ gene rearrangements, and

s imi lar number of sequencing reads for downst ream

bioinformatics analysis.

Regarding the assessment of repertoire clonality, the following

values were determined: (i) the cumulative frequency (CF-10) of the

major (top-10) clonotypes within a given sample; (ii) the median CF-

10 value of all the samples within a given group (MCF-10) (17); (ii)

the cumulative frequency of the significantly expanded clonotypes

(CFEx) per sample; and (iv) the median CFEx value of all the samples

within a given group (ex-MCF).
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TRBV gene repertoire

In order to evaluate the relative frequency of each TRB gene that

partakes in the clonotype formation, clonotypes rather than

individual TRBV-TRBD-TRBJ gene rearrangements were

considered. In more detail, TRBV gene frequencies within a sample

were calculated as the number of clonotypes using particular TRBV

genes over the total number of clonotypes. For comparisons of the

TRBV gene repertoire between the significantly expanded clonotypes

and the remaining polyclonal background, an approach similar to

differential expression analysis was implemented using limma, an R/

Bioconductor software package (31).
Clonotype comparisons

Extensive comparisons of the clonotypes between patients within

a given group have been undertaken in order to identify common

clonotypes in patients sharing the same genomic aberration (“group-

specific” clonotypes). Furthermore, in order to identify common

clonotypes regardless of the background of genomic aberrations

(“public” clonotypes) comparisons between patients in different

groups have been also pursued. Finally, cross comparisons have

been performed against: (i) a well-annotated database of TR

clonotypes with known antigen specificities (n=47,107 TR

clonotypes), and (ii) TR clonotypes from our published NGS

studies in monoclonal B-cell lymphocytosis (a potential precursor

state to CLL), chronic idiopathic neutropenia and benign ethnic

neutropenia (n=1,033,310) (32–34).
Prediction of neoepitopes and search for
neoepitope-specific clonotypes

In the case of NOTCH1 and TP53 mutations, each mutant

nucleotide sequence was translated in silico into a protein sequence

that was used as input for the TAP 1.0 tool (35). Based on the

prediction model implemented by the tool, each examined epitope

was characterized either as a tumor or non-tumor antigen with a

given probability score. This score was estimated by TAP 1.0 based on

the selected datasets of human tumor and non-tumor antigens that

were used for the development and training of the tool (35).

For the prediction of possible neoepitopes deriving from the

mutant p53 and Notch1 proteins in samples of the studied cohort,

a region of 15aa length stretching in both sides of each particular

mutated position was dissected into k-mers whose immunogenicity

was calculated by TAP 1.0. In cases where an insertion/deletion

occurred and led to a frameshift, the complete altered aa sequence

downstream of this position was used for epitope prediction. All k-

mers that were characterized as tumor antigens by TAP 1.0 with high

probability score (over 0.9 in order to ensure stringency), were

selected (‘filtered-in’) for further analysis. The lists of the filtered-in

tumor-derived epitopes for each case are given in Supplementary

Table S4.

Each group of possible tumor epitopes produced from a particular

sample was used as input for ERGO-II (pEptide tcR matchinG
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predictiOn), a highly specific and generic TR-peptide binding

predictor, allowing the in silico identification of specific TR

clonotypes with high affinity for these epitopes (36). To that

purpose, all the TR clonotypes of a given sample were checked for

their binding affinity against all the respective filtered-in tumor-

derived epitopes. The complete list of the MHC alleles

(Supplementary Table S5) expressed in each sample was used as an

additional feature in ERGO-II in order to refine the predicted

interactions. Pairs of clonotypes and epitopes - MHC alleles with

high binding affinity greater than 0.8, were further analyzed.
HLA genotyping

Typing of the HLA-A, -B, -C (low resolution) and -DRB1 (allelic

level high resolution determination) loci was performed by reverse

PCR-SSOP (sequence specific oligonucleotide probe) using a

commercially available kit (LABtype ® RSSO, One Lambda,

Thermo Fisher, CA, USA).
Statistical analysis

Descriptive statistics (median, mean, min, max) were computed

to characterize gene counts and clonotype frequency distribution. The

non-parametric Kruskal Wallis and Mann–Whitney tests were used

in order to identify differences between the studied variables at the

distinct groups, while ANOVA was applied to compare diversity

distributions amongst the different groups. Correction for multiple

comparisons was obtained using the Benjamini-Hochberg post hoc

test and the significance level was set at a = 0.05. All statistical

analyses were performed with the statistical Package GraphPad Prism

version 8 (GraphPad Software, Inc., San Diego, CA, USA) and R

version 4.1.3.
Results

Distinct TR gene repertoire profiles in
different groups of patients with CLL with
distinct genomic aberrations

A total of 12,607,219 sequences were obtained by the sequencing

experiments (median: 293,122/sample). After strict quality filtering,

synthesis of the paired-end sequencing reads and annotation with the

IMGT/HighV-QUEST tool, we finally evaluated 8,989,297 high-

quality sequences corresponding to productive TRBV-TRBD-TRBJ

rearrangements (median: 185,420/sample). Overall, we identified

465,401 distinct clonotypes with a median of 10,608 clonotypes/

sample (Supplementary Table S2).

In general, cases carrying CNAs tended to display less diverse TR

repertoires than cases carrying mutations in the NOTCH1 and TP53

genes, though not reaching statistical significance (a=0.06) likely due
to the relatively small numbers of cases in each group. In more detail,

the average Hill diversity numbers (1D) per group were 850, 1301 and

636 for cases carrying isolated del(11q), del(13q) or trisomy 12,
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respectively, versus 2051 and 1917 for cases carrying isolated

NOTCH1 or TP53 mutations, respectively. (Supplementary Figure 1).
Prominent oligoclonal expansions in cases
with copy number aberrations

All groups of the present study displayed repertoire restriction

characterized by oligoclonal expansions. More precisely, the cumulative

frequency of the major clonotypes (CF-10) ranged between 11.5-46.3,

17.3-37.1, 17.7-66.5 for cases carrying isolated del(11q), del(13q) or

trisomy 12, respectively, versus 8.4-20.9 and 7.4-53.7 for cases carrying

isolated NOTCH1 or TP53 mutations, respectively (Figure 1A). We

detected similar patterns when assessing the expanded clonotypes (range:

5-31 expanded clonotypes/sample; median: 17 expanded clonotypes/

sample) (Figure 1B).

The only difference concerned the TP53-mutation group, where

the median cumulative frequency of the expanded clonotypes (MCF-

Ex) was larger compared to the del(13q) group (Figure 2). The

Kruskal-Wallis test documented a significant difference in the

clonality profiles of the various groups of our study. More

particularly, cases bearing CNAs displayed a significantly more

oligoclonal repertoire compared to cases carrying TP53 or NOTCH1

mutations, irrespective of which repertoire fraction was tested (MCF-

10, a=0.05; ex-MCF: a=0.03). Interestingly, post-hoc comparisons

using Benjamini-Hochberg correction revealed that significant

statistical differences (a=0.03) held mainly for the MCF-10 values

of the trisomy 12 versus the NOTCH1 mutation group (Figure 2).
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Distinct TRBV gene repertoires in groups of
patients with CLL with distinct genomic
aberrations

The TRBV gene repertoires of all groups were restricted

(Figure 3). In more detail, TRBV12-3, TRBV29-1, TRBV19,

TRBV5-1 and TRBV6-5 accounted for one-third of the total

repertoire in all groups, except the TP53-mutation group, where the

TRBV29-1 gene was under-represented (a=0.002) and, in contrast,

the TRBV11-3 and TRBV6-9 genes were over-represented (a=0.01).
However, when we focused only on the major (top-10)

clonotypes, differences in the TRBV gene rank became more

obvious: TRBV29-1 was the most frequent TRBV gene in the major

clonotypes of all groups, except for the TP53-mutation group, where

TRBV12-3 predominated. In general, cases carrying NOTCH1 and

TP53 mutations demonstrated more prominent, ‘group-biased’

differences in the usage of particular TRBV genes in the repertoire

of major clonotypes (a<0.05) (Figure 4).
Skewing was also noted in the TRBV gene repertoire of the

significantly expanded clonotypes in different groups. In more

detail, TRBV29-1 appeared with increased frequency (a<0.05) in

the repertoire of the significantly expanded clonotypes in the del

(11q), trisomy 12 and NOTCH1-mutation groups when compared to

the remaining polyclonal background (Figure 5A). On the other hand,

the significantly expanded clonotypes of the TP53-mutation group

displayed increased frequency in TRBV12-3 (a=0.02) (Figure 5A). In
addition, differential expression analysis highlighted several genes in

each group that were significantly depressed in the repertoire of the
A B

FIGURE 1

Clonality profiles of individual cases with CLL bearing distinct genomic aberrations. (A) Frequency (%) of the major clonotypes per sample of a given
group. (B) Cumulative frequency (%) of the significantly expanded clonotypes per sample of a given group. Colored tiles depict each of the 10 major
clonotypes within a sample and the fraction occupied by the significantly expanded clonotypes, respectively; the remaining clonotypes (polyclonal
background) are depicted in grey.
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significantly expanded clonotypes versus the remaining clonotypes

(Figure 5A and Supplementary Table S6).

Finally, comparisons of the repertoires of the significantly

expanded clonotypes in the different groups highlighted asymmetric

usage of certain TRBV genes (Figure 5B). In more detail, TRBV3-1

and TRBV25-1 were found exclusively in cases carrying del(13q)

(a<0.0002). Additionally, TRBV2 was found exclusively in cases

bearing CNAs, while TRBV7-4 prevailed only in cases with trisomy

12 (a<0.0003).
Clonotype sharing: “Public” and “group-
specific”

Comparisons of the clonotype repertoires of the various groups

identified a total of 1,252 “public” clonotypes (0.26% of all analyzed

clonotypes) that were shared by 2-7 samples of the present cohort

regardless the background of genomic aberrations. Cross-

comparisons against TRB gene rearrangement sequences from

various other entities documented that none of these “public”

clonotypes had been previously described in any other context,

thus, they could be deemed as “CLL-biased”. Interestingly, patients

of a given group also displayed a number of exclusive shared

clonotypes (“group-specific”). In more detail, we identified 321

clonotypes exclusively shared between cases with del(11q), 55 in the
Frontiers in Oncology 0645
del(13q) group, 180 in the trisomy 12 group, and, finally, 70 and 56

clonotypes in the NOTCH1- and TP53-mutant groups, respectively.
In silico prediction reveals putative
neoepitopes derived from NOTCH1 and
TP53 gene mutations in CLL

The search for putative specific epitopes is far more

straightforward in cases bearing point mutations or small

insertions/deletions compared to cases with large genomic

aberrations, since the latter involve many genes and affect many

different pathways. On these grounds, we focused on the NOTCH1-

mutation and TP53-mutation groups in order to explore the

hypothesis that mutations in these genes could lead to the

expression of neoepitopes that might select specific TR clones.

To that purpose, the mutant amino acid sequences of the Notch1

and p53 proteins from cases in the respective groups were dissected

into epitopes of different length (k-mers of 9-15 amino acids)

containing the mutant positions and all the produced epitopes were

checked for their immunogenicity as described in the Materials and

Methods section. In cases where the mutation resulted to a frameshift,

the entire abnormal part of the protein was used for T-cell class I

epitope prediction (Figure 6) Interestingly, mutations in the TP53

gene led to the identification of greater number of possibly
FIGURE 2

More pronounced TR repertoire skewing in cases bearing copy number aberrations, particularly trisomy 12, versus gene mutations. The bars represent
the median cumulative frequency of the major clonotypes in each group (MCF-10) in dark grey color, and the median cumulative frequency of the
significantly expanded clonotypes in each group (ex-MCF), in light grey color. The asterisk (*) refers to statistical significance at the level of a=0.03
following post-hoc comparisons using Benjamini-Hochberg correction.
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immunogenic neoepitopes, in sharp contrast to the cases with a 2-

base pair frameshift deletion in NOTCH1: 1-182 predicted putative

neoepitopes (median: 20 neoepitopes) in cases with mutations in

TP53 versus 3 predicted immunogenic neoepitopes derived from the

2-base pair deletion in NOTCH1 (Supplementary Table S4). All

examined cases are listed in Table 1, which also gives information

about the identified mutations, their postulated molecular
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consequences and the number of filtered-in putative tumor-

derived neoepitopes.

TR clonotypes from each of these cases along with the respective

MHC alleles and the predicted putative neoepitopes were used as an

input for the ERGO-II tool in order to predict their binding affinity. A

different fraction of the repertoire (0.31-26.79% of all identified

clonotypes) in each case corresponded to TR clonotypes identified
FIGURE 3

TRBV gene usage in different groups of patients with CLL carrying distinct genomic aberrations. The area including the frequency values of 50% of all
observations in a given group is depicted in darker shade.
FIGURE 4

Biased TRBV gene usage in the major clonotypes in groups of patients with CLL bearing distinct genomic aberrations. The size of each bubble is
proportional to the mean frequency (%) of each TRBV gene in the repertoire of the major clonotypes of all patients within a given group.
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by ERGO-II as displaying high binding affinity against putative

neoepitopes derived from a particular genomic lesion (Table 1).

Such postulated neoepitope-specific clonotypes ranged significantly

in size from immunodominant to singletons i.e. clonotypes called out

from a single sequencing read. Interestingly though, the most

immunodominant clonotype (clonotype frequency: 11.1%) of Pt4

was characterized as neoepitope-specific displaying great binding

affinity (score=0.85) against a 10-aa mutant epitope of p53 bound

to HLA-B*27 based on ERGO-II. TR clonotypes identified by ERGO-

II as high-affinity against putative neoepitopes were cross-compared

against the complete clonotype repertoires of cases in the TP53-

mutation and NOTCH1-mutation groups. This comparison did not
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identify identical clonotypes and/or identical CDR3s shared between

the examined cases that belong to the same group. Interestingly,

within the NOTCH1-mutation group, despite the fact that the

examined cases bore the same 2-base pair frameshift deletion

leading to same predicted neoepitopes, only 2 putative ‘epitope-

specific’ TR clonotypes (TRBV12-3 - CASSLKSAGRNNSPLHF |

TRBV29-1 - CSVVATVSGNTIYF) were shared between 2 of 3

examined cases. Moreover, no statistically significant differences

were identified regarding the CDR3 length distribution and TRBV

gene repertoire of the predicted neoepitope-specific TR clonotypes

versus the remaining clonotypes of either the TP53 or the NOTCH1

mutant groups. Particularly regarding TRBV gene repertoire, we
A

B

FIGURE 5

Differential usage of TRBV genes in the repertoires of the expanded clonotypes of the various groups in the study. (A) Volcano plots depict the significant
variation in the TRBV gene usage in the repertoire of expanded clonotypes’ compared to the remaining polyclonal background within a given group.
TRBV genes with decreased frequency in the repertoire of expanded clonotypes are depicted as petrol bubbles, whereas TRBV genes with increased
frequency are depicted as orange bubbles. (B) TRBV gene frequencies in the repertoire of expanded clonotypes in each group. The colored bars
represent TRBV genes with statistically significant differences between the different groups.
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noted that the predicted neoepitope-specific TR clonotypes displayed

the same group-specific restrictions (as documented above), with

TRBV genes retaining almost the same rank in the repertoire when

gene frequencies were considered.
Discussion

The advent of NGS coupled with robust bioinformatics tools have

revolutionized the field of immunogenetics towards precision

medicine approaches. High-throughput studies allow for in-depth

characterization of clonal dynamics of complex repertoires in various

clinical contexts, including cancer, offering important insight in the

implicated processes and mechanisms (37). In CLL, NGS

immunogenetics has documented repertoire restrictions consistent

with antigenic drive in the TR repertoire of the bystander T cells,

alluding to dynamic interactions operating within the TME that

arguably shape clonal behavior (16, 37–39). However, the exact

nature of the selecting antigens remains to be determined (17, 40).

In previous studies from our group, we have provided evidence

that at least a fraction of T cells in patients with CLL may specifically

recognize leukemia-associated antigens, with the clonotypic BcR IG

expressed by the malignant cells emerging as a potential source of

neoepitopes selecting T cells (17, 19, 24). In the present study, we

extended our analyses and examined common recurrent genomic

aberrations of CLL cells as another possible source of immunogenic

neoepitopes for T cells. More precisely, we assessed by NGS the TR

gene repertoire in groups of patients with CLL carrying as an isolated

genomic aberration one of del(11q), del(13q), trisomy 12, TP53 or

NOTCH1 gene mutations.
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In keeping with the literature, all cases of the present study

displayed an oligoclonal TR repertoire, regardless of the underlying

genomic background (13, 14, 16, 17). However, cases bearing CNAs,

particularly those with trisomy 12, presented with more pronounced

repertoire skewing compared to cases bearing isolated TP53 or

NOTCH1 mutations. On these grounds, we argue that the observed

differences may be linked to the particular genomic profile of each

group. The possible confounding effect of shared (stereotyped) BcR

IG was excluded since cases within a given group expressed unique

clonotypic BcR IG. Another possible confounding factor referring to

the well-known aged-related TR repertoire restriction was minimized

given that the studied groups were aged-balanced (41).

TRBV gene repertoires were biased in all groups, albeit with nomajor

differences between groups, possibly excepting the TP53-mutation group.

The herein reported overrepresentation of the TRBV12-3, TRBV29-1,

TRBV19, TRBV5-1 and TRBV6-5 genes has been previously described in

CLL and can be explained by naturally occurring convergence also

observed in the TR gene repertoires from healthy T cells (16, 42).

Nonetheless, significant differences between the groups emerged when

the analysis was restricted to either the major clonotypes or the

significantly expanded clonotypes. In this case, we noted asymmetric

usage of certain TRBV genes, prompting us to speculate that the

respective clones may represent the most biologically relevant ones,

possibly expanding in response to CLL-derived neoepitopes.

A notable finding of the present study concerns the identification

of ‘public’ clonotypes i.e. clonotypes shared by different patients,

which, however, had not been previously described in other contexts

beyond CLL: on these grounds, such clonotypes may be deemed as

“CLL-biased”. Moreover, certain “public” clonotypes were exclusive

to a given group of our study (“group-specific”), supporting the
FIGURE 6

Analytical workflow for the prediction of neoepitopes and search for neoepitope-specific clonotypes (Illustrative case of Pt3). Identification of putative
tumor-derived epitopes on TAP 1.0 tool using the mutant protein sequence of each case (Step 1 and 2). Lists of the TR clonotypes, in silico predicted
neoepitopes and MHC molecules from each patient used for prediction of their binding affinity in ERGO-II (Step 3). Created with BioRender.com.
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hypothesis of shared immunogenic neoepitopes originating from a

particular genomic aberration.

To validate this hypothesis, peptides derived from mutant

variants of p53 and Notch1 displayed by the patients of the

respective groups, were used along with their MHC alleles for the

in silico identification of neoepitope-specific TR clonotypes. Indeed,

patients with TP53 or NOTCH1 mutations presented a fraction of TR

clonotypes, reaching up to 26.8% of the total number of clonotypes

per case, that were identified in silico to bind with high affinity to

immunogenic neoepitopes predicted to arise from each respective

mutation in each case. Additional TRBV gene repertoire analysis on

these TR clonotypes revealed that the group-specific restrictions

identified in the particular fractions of the total repertoire (i.e.

major and significantly-expanded clonotypes) were retained also in

the fraction of neoepitope-specific TR clonotypes.

Postulated high affinity, neoantigen-specific clonotypes were ranging

in frequency from immunodominant to clonotypes corresponding to a

single sequencing read. This further highlights the value of the great

analytical depth achieved by NGS, while also providing novel

information regarding the diversity and frequency of such clonotypes

that could contribute to therapeutic benefit. Arguably, the significant

repertoire restrictions described in cases bearing CNAs may arise from

dosage changes: increase of gene expression levels progressively leads to
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cellular effects due to protein aggregation, proteotoxicity and stress

responses, that further shape T cell-mediated immunity, as described

elsewhere (43, 44). Tracking the abundance and the relative clonal size of

these neoantigen-specific clonotypes in the lymphoid tissues will offer

valuable insights into the clonal dynamics in the different anatomical sites

hosting microenvironmental interactions of the T cells with the CLL and

antigen-presenting cells.

The strict inclusion criteria applied in the present study regarding the

presence of isolated genomic aberrations led to a limited number of

patients in each group, which is unsurprising considering that CLL clones

are often characterized by multiple aberrations. Despite this limitation,

our findings support our starting hypothesis and represent the first

evidence that abnormalities in gene expression as well as gene dosage

alterations caused by recurrent genomic aberrations in CLL may actively

shape the TR gene repertoire. Admittedly, the presented immunogenetic

evidence would require future formal validation, whereby the herein

reported library of predicted neoantigens could serve as input for further

experimentation using peptide-MHC-I multimers aiming to detect

neoantigen-specific T cells circulating on the blood that could be

engaged in anti-tumor responses against CLL cells. Arguably, relevant

knowledge can meaningfully contribute to increasing the efficacy of T

cell-based immunotherapeutic approaches driven by the ability to select

and guide immune recognition by CLL-specific T cells.
TABLE 1 Putative neoepitopes and predicted neoepitope-specific TR clonotypes in cases with TP53 or NOTCH1 mutations.

Case
ID Gene Variant

name
Molecular

consequence Structural motif
No of puta-

tive
neoepitopes

No of neoepitope
specific TR
clonotypes

Percentage (%) of
neoepitope specific TR

clonotypes

Pt3 TP53 NM_000546.6:
c.100C>T
(p.Pro34Ser)

Substitution -
Missense

N-term/
Transactivation

19 789 9.21

Pt14 TP53 -
NM_000546.6:
c.733G>A
(p.Gly245Ser);
-
NM_000546.6:
c.1146del
(p.Lys382fs)

Substitution -
Missense;
Deletion

/Insertion -
Frameshift

L2/L3 |
C - terminal

182 6,427 26.79

Pt21 TP53 NM_000546.6:
c.464C>A
(p.Thr155Asn)

Substitution -
Missense

NDBL/beta-sheets 28 766 6.36

Pt22 TP53 NM_000546.6:
c.607G>C
(p.Val203Leu)

Substitution -
Missense

NDBL/beta-sheets 1 42 1.19

Pt23 NOTCH1 NM_017617.5:
c.7541_7542del
(p.Pro2514fs)

Deletion -
Frameshift

C-terminal
heterodimerization and

PEST domains
3 31 0.31

Pt24 NOTCH1 NM_017617.5:
c.7541_7542del
(p.Pro2514fs)

Deletion -
Frameshift

C-terminal
heterodimerization and

PEST domains
3 124 1.64

Pt26 TP53 NM_000546.6:
c.721T>C
(p.Ser241Pro)

Substitution -
Missense

L2/L3 20 194 3.24

Pt27 NOTCH1 NM_017617.5:
c.7541_7542del
(p.Pro2514fs)

Deletion -
Frameshift

C-terminal
heterodimerization and

PEST domains
3 69 0.70
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Differences in the
immunoglobulin gene repertoires
of IgG versus IgA multiple
myeloma allude to distinct
immunopathogenetic trajectories

Glykeria Gkoliou1,2, Andreas Agathangelidis3*,
Georgos Karakatsoulis1,4, Chrysavgi Lalayanni5,
Apostolia Papalexandri5, Alejandro Medina6, Elisa Genuardi7,
Katerina Chlichlia2, Evdoxia Hatjiharissi8, Maria Papaioannou8,
Evangelos Terpos9, Cristina Jimenez6, Ioanna Sakellari5,
Simone Ferrero7, Marco Ladetto7, Ramon Garcia Sanz6,
Chrysoula Belessi10 and Kostas Stamatopoulos1,11

1Institute of Applied Biosciences, Centre for Research and Technology Hellas, Thessaloniki, Greece,
2Department of Molecular Biology and Genetics, Democritus University of Thrace,
Alexandroupoli, Greece, 3Department of Biology, School of Science, National and Kapodistrian
University of Athens, Athens, Greece, 4Department of Mathematics, School of Sciences, University of
Ioannina, Ioannina, Greece, 5Hematology Department and HCT Unit, G. Papanikolaou Hospital,
Thessaloniki, Greece, 6Hematology Department, University Hospital of Salamanca, Salamanca, Spain,
7Department of Molecular Biotechnologies and Health Sciences, Hematology Division, University of
Turin, Turin, Italy, 8First Department of Internal Medicine, AHEPA University Hospital, Aristotle University
of Thessaloniki, Thessaloniki, Greece, 9Department of Clinical Therapeutics, National and Kapodistrian
University of Athens, Athens, Greece, 10Hematology Department, Nikea General Hospital,
Piraeus, Greece, 11Department of Molecular Medicine and Surgery, Karolinska Institute,
Stockholm, Sweden
The analysis of the immunogenetic background of multiple myeloma (MM) has

proven key to understanding disease ontogeny. However, limited information is

available regarding the immunoglobulin (IG) gene repertoire in MM cases carrying

different heavy chain isotypes. Here, we studied the IG gene repertoire in a series of

523 MM patients, of whom 165 and 358 belonged to the IgA and IgG MM groups,

respectively. IGHV3 subgroup genes predominated in both groups. However, at

the individual gene level, significant (p<0.05) differences were identified regarding

IGHV3-21 (frequent in IgG MM) and IGHV5-51 (frequent in IgA MM). Moreover,

biased pairings were identified between certain IGHV genes and IGHD genes in IgA

versus IgG MM. Turning to the imprints of somatic hypermutation (SHM), the bulk

of rearrangements (IgA: 90.9%, IgG: 87.4%) were heavily mutated [exhibiting an

IGHV germline identity (GI) <95%]. SHM topology analysis disclosed distinct

patterns in IgA MM versus IgG MM cases expressing B cell receptor IG encoded

by the same IGHV gene: the most pronounced examples concerned the IGHV3-

23, IGHV3-30 and IGHV3-9 genes. Furthermore, differential SHM targeting was
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also identified between IgAMM versus IgGMM, particularly in cases utilizing certain

IGHV genes, alluding to functional selection. Altogether, our detailed

immunogenetic evaluation in the largest to-date series of IgA and IgG MM

patients reveals certain distinct features in the IGH gene repertoires and SHM.

These findings suggest distinct immune trajectories for IgA versus IgG MM, further

underlining the role of external drive in the natural history of MM.
KEYWORDS

multiple myeloma, immunogenetics, immunoglobulin isotypes, immunoglobulin a,
immunoglobulin g, immunoglobulin gene repertoire, somatic hypermutation (SHM),
n-glycosylation
Introduction

Multiple myeloma (MM) is a malignancy characterized by the

accumulation of terminally differentiated clonal plasma cells (PCs) in

the bone marrow (BM). It accounts for 10% of hematologic

malignancies and 0.8% of all cancer diagnoses, respectively, with

130,000 new cases every year worldwide (1). The main feature of MM

is the secretion of a specific monoclonal immunoglobulin (IG) by the

malignant PCs which can be detected in the serum and/or the urine of

patients with MM. MM is classified into different types depending on

the isotype of the IG heavy and light chain. The predominant

myeloma type is IgG (52%), followed by IgA (21%), light chain

(16%), bi-clonal (2%), and IgM (0.5%), while IgD and IgE myelomas

are rather infrequent (2).

Immunogenetic analysis of MM has proven key to understanding

disease ontogenesis. Indeed, relevant studies have reported: (i) clonal

relationship between switch variants expressed by the BM PCs and

myeloma progenitors in the BM and blood (3, 4); (ii) virtual absence

of the inherently autoreactive IGHV4-34 gene (5–7); and, (iii)

patterns of somatic hypermutation (SHM) suggestive of a post-

germinal center (GC) derivation (8, 9). Yet, limited evidence exists

about the architecture of the IG gene repertoire in different types of

MM characterized by the expression of different heavy chain isotypes,

in particular IgA versus IgG. This is relevant for the ontogeny of MM,

especially in the context of conflicting evidence regarding the

immunogenetic profiles of IgA versus IgG memory B cells in non

neoplastic conditions. Indeed, a higher SHM burden has been

reported for CD27+IgA+ versus CD27+IgG+ normal memory B

cells, perhaps due to the distinct microenvironment of the

respective immune responses, especially given that IgA class

switching occurs mostly in mucosa-associated lymphoid tissues

(10). On the other hand, studies in IgA and IgG expressing B cells

in different settings (11–13) have found an overall similar burden of

SHM; finally, BM IgG PC may display higher SHM rates compared to

circulating IgG memory B cells (14). At the clinical level, patients with

IgA MM exhibit a higher incidence of t(4;14) (40% in IgA versus 13%

in IgG), shorter progression-free survival (PFS) and worse overall

survival (OS) compared to patients with IgG MM (15, 16).

Here, we investigated potential differences in the immunogenetic

profiles of IgA versus IgG MM in a large multi-institutional cohort.
0253
We report distinct profiles particularly regarding the individual

frequencies of particular IGH genes, the topology and molecular

features of SHM and the characteristics of the heavy variable

complementarity determining region 3 (VH CDR3). These findings

allude to different antigen exposure trajectories and/or affinity

maturation processes for MM subtypes, i.e. IgA and IgG MM,

further underscoring the key role of microenvironmental

interactions in the pathogenesis of MM.
Materials and methods

Study group

All patients were diagnosed with MM following the IMWG

criteria (17). Collected samples derived from collaborating

Institutions in Greece (n=176), Italy (n=72) and Spain (n=201) and

the IMGT/LIGM-DB public database (18) (n=74). The sequence

datasets from the Italian and Spanish groups have been reported

previously (references (19) and (20), respectively). The study was

approved by the local Ethics Review Committees of each participating

Institution and was conducted in accordance with the Declaration

of Helsinki.
Sample collection and sequencing analysis
of IGHV-IGHD-IGHJ gene rearrangements

BM aspirates were collected from 449 patients with MM with a PC

infiltration of at least 20%. Available immunogenetic data for the

remaining 74 cases were retrieved from the IMGT/LIGM-DB public

database (18). On the basis of serum immunoelectrophoresis/

immunoblot analysis, 165 and 358 cases expressed clonotypic IG gene

rearrangements belonging to the IgA and IgG isotypes, respectively.

BMmononuclear cells (BMMCs) were isolated by Ficoll-Hypaque

density centrifugation. Genomic DNA (gDNA) extraction, total

cellular RNA isolation and cDNA synthesis were performed as

previously described (7, 21, 22). IGHV-IGHD-IGHJ gene

rearrangements were PCR-amplified using Leader and IGHJ
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primers as previously described (7). PCR products were subjected to

bidirectional Sanger sequencing.
IGHV-IGHD-IGHJ gene rearrangement
sequence analysis

IGHV-IGHD-IGHJ gene rearrangement sequences were

annotated with the use of the IMGT/V-QUEST tool (23, 24). Only

productive rearrangements were subjected to further analysis. IGHV,

IGHD, and IGHJ gene usage, SHM molecular features and topology,

and the characteristics (amino acid length and composition) of the

VH CDR3 were extracted for each sequence.

IGHV-IGHD-IGHJ gene rearrangements were analyzed for VH

CDR3 stereotypy through the use of our validated bioinformatics

pipeline (25). In detail, a set of immunogenetic criteria were applied

on the clustering process: (i) utilization of IGHV genes originating

from the same phylogenetic clan, (ii) ≥ 50% amino acid identity and ≥

70% similarity of the VH CDR3, (iii) same VH CDR3 length and, (iv)

same offset of the common amino acid pattern.

The NetNglyc tool was used for the prediction of N-Glycosylation

sites across the IGHV-IGHD-IGHJ gene rearrangement sequences,

based on the application of artificial neural networks for the

examination of the sequence context of Asn-Xaa-Ser/Thr

sequons (26).
Statistical analysis and data
visualization tools

Descriptive statistics for qualitative variables included counts and

frequency distributions. To examine potential differences in terms of

immunogenetic characteristics between the two patient groups (IgA

MM versus IgG MM), the chi-square test and Fisher’s exact test were

applied. For all comparisons a significance level of a=0.05 was set. All
statistical analyses were performed in R v.4.1.1.

Data visualization was performed in the R environment, with the

open-source data visualization framework RawGraphs (https://

rawgraphs.io/) and the Circos software package (http://mkweb.

bcgsc.ca/tableviewer/).
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Results

The IGHV gene repertoires of IgA and IgG
MM patients display both shared but also
unique characteristics

All 7 IGHV gene subgroups were represented in our cohort. In

specific, IGHV3 predominated at cohort level (279/523

rearrangements; 53.3%), followed by IGHV4 (96/523 rearrangements;

18.4%) (Supplemental Table 1). At the individual IGHV gene level, 47

distinct IGHV genes were identified. Seven IGHV genes were defined as

frequent (individual frequency ≥4%), collectively accounting for 41.9%

of the total repertoire: IGHV3-30, IGHV3-23, IGHV3-9, IGHV3-33,

IGHV4-59, IGHV2-5 and IGHV1-69 (Supplemental Table 2).

Subsequently, IGHV gene repertoires were studied separately in

IgG MM and IgA MM. Predominance of the IGHV3 subgroup was

evident in both groups, accounting for 181/358 rearrangements

(50.6%) in the IgG group and 98/165 rearrangements (59.4%) in

the IgA group. Eight IGHV genes were characterized as frequent in

the IgG group and 9 in the IgA group, respectively. Of these, only 4

IGHV genes, namely IGHV3-23, IGHV3-30, IGHV3-9 and IGHV4-

59, were characterized as frequent in both groups. The remaining

frequent IGHV genes showed variations in utilization frequency

among the 2 MM types, with some differences reaching statistical

significance. The most prominent differences concerned the IGHV3-

21 gene, which exhibited a frequency of 4.2% in IgG MM versus only

0.6% in IgAMM (p-value <0.05), and the IGHV5-51 gene, accounting

for 4.7% in IgG MM versus 1.2% in IgA MM (p-value=0.05)

(Supplemental Table 2) (Figure 1).
Shared and distinct VH CDR3 characteristics
in IgA versus IgG multiple myeloma

IGHD gene repertoires
At cohort level, IGHD3 subgroup genes predominated (195/523

cases; 37.3%) followed by IGHD2 (99/523 cases; 18.3%) and IGHD6

genes (86/523 cases; 16.4%) (Supplemental Table 3). In total, 25

distinct IGHD genes were identified in the present cohort

(Supplemental Table 4); the most frequent was IGHD3-10 (54/523
FIGURE 1

Shared and unique IGHV gene repertoires in IgA versus IgM multiple myeloma. Comparison of the most frequently used IGHV genes in IgA (blue) and
IgG (gray) MM patients. Asterisks indicate the statistically significant differences between the two groups (p-value ≤ 0.05(*)).
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cases; 10.3%), followed by IGHD3-3 (45/523 cases; 8.6%) and

IGHD3-22 (44/523 cases; 8.4%).

IGHD gene repertoire analysis was also performed in relation

to heavy chain isotype expression, which confirmed the

predominance of IGHD3 subgroup genes in both MM groups.

However, the second most common IGHD gene subgroup differed,

being IGHD2 in IgG MM versus IGHD6 in IgA MM; moreover,

IGHD1 genes were twice as frequent in IgG versus IgA MM (p-

value <0.05) (Supplemental Table 3). At the individual IGHD gene

level, the only significant difference concerned the IGHD5-12 gene

that was more frequent in IgA MM compared to IgG MM (6.7%

versus 2.5%, respectively; p-value <0.05) (Supplemental Table 4)

(Supplemental Figure 1).

Analysis of the IGHD gene reading frames (RF) revealed an

overrepresentation of RF2 in both IgA MM and IgG MM (46.6% in

both groups) (Supplemental Table 5). RF1 and RF3 displayed similar

relative frequencies in IgA MM (45 cases; 27.2% and 43 cases; 26%,

respectively). In contrast, in IgG MM RF2 was followed by RF3 (118

cases, 32.9%), while RF1 displayed the smallest relative frequency (73

cases, 20.3%).

Subsequently, the distribution of RFs was compared at the

individual IGHD gene level. Focusing on IGHD genes that were

frequent in both MM types, we noted that the utilization of the

IGHD3-10 gene in RF2 was significantly more frequent in IgG MM

compared to IgA MM (57.9% versus 33.3%, p-value <0.05), whereas

RF3 predominated in cases expressing the IGHD5-12 gene belonging

to IgA MM versus IgG MM (63.6% versus 57.1%, p-value <0.05)

(Supplemental Table 6).
IGHJ gene repertoires

The IGHJ4 gene was identified in 252/523 rearrangements of the

total cohort (48.2%), followed by IGHJ6 (103/523 rearrangements;

19.7%) (Supplemental Table 7). At the heavy chain isotype level, the

IGHJ4 gene was the most common in both IgG and IgA MM,

followed in both cases by the IGHJ6 gene (Supplemental Table 7).
Biased pairings of IGHV/IGHD/IGHJ genes

Distinct patterns of associations of certain IGHV genes with

IGHD and IGHJ genes were identified between IgA MM versus IgG

MM (Figure 2). The most striking cases concerned: (i) IGHV3-30 in

IgA MM, where 4/20 cases (20%) recombined with IGHD3-10, (ii)

IGHV4-59 in IgG MM, where 5/16 cases (31%) recombined with

IGHD2-21.
VH CDR3 properties

The median VH CDR3 length at cohort level was 15 amino acids

(aa) (range: 6-29), with no differences between IgA MM versus IgG

MM. However, statistically significant differences were identified

regarding the distribution of IgA and IgG cases based on the VH

CDR3 length. More particularly, a higher frequency of IgG cases

expressed 14 aa long VH CDR3 (58/358 IgG cases; 16.2%) compared
Frontiers in Oncology 0455
to IgA cases (15/165 cases; 9.1%) (p-value <0.05). The opposite trend

was observed for cases carrying VH CDR3 of 19 amino acids, which

were enriched in the IgA group (16/165 cases; 9.7%) compared to the

IgG group (17/358 cases; 4.7%) (p-value <0.05) (Figure 3)

(Supplemental Table 8).

All productive IgA and IgG MM IGHV-IGHD-IGHJ gene

rearrangements of the present cohort were subjected to analysis for

VH CDR3 stereotypy using our established bioinformatics (25).

However, this analysis did not identify clusters of immunogenetically

related sequences, supporting that VH CDR3 stereotypy does not occur

(or is very infrequent) in MM.
Differential imprints of somatic
hypermutation in subgroups of IgA versus
IgG multiple myeloma

Cases were classified following the germline identity % (GI%) into

the following subgroups: (i) truly unmutated [=100%], (ii) minimally

mutated [>=99% and <100%], (iii) borderline mutated [>=97% and

<99%], (iv) mutated [>=95% and <97%] and (v) heavily mutated

[<95%]). The vast majority of rearrangements (471/523 cases, 90.1%)

were heavily mutated (Supplemental Table 9), with a median GI of 92%;

there was no difference in the median percent GI values burden between

IgA versus IgG MM (91.3 GI% in IgA MM versus 92% in IgG MM).

Only a single rearrangement from the IgA group was truly unmutated.

The analysis of SHM targeting at the individual IGHV gene level

initially focused on IGHV genes that were characterized as frequent in

both the IgG and IgA MM groups, namely IGHV3-23, IGHV3-30,

IGHV3-9 and IGHV4-59. Cases expressing the IGHV3-23 and

IGHV4-59 genes displayed significantly higher R:S ratios in VH

CDRs versus VH FRs in IgG MM (p-value <0.001 and p-value

< 0.01, respectively). When looking at individual regions of the VH

domain, both the IgG and IgA groups displayed higher R:S ratios in

VH CDR1 and VH CDR2 versus the VH FR regions (Figure 4). In

contrast, significant differences were identified regarding the R:S

ratios in the VH CDR1 domain between IgA and IgG patients

carrying the IGHV1-18, IGHV3-48 and IGHV5-51 genes. In detail,

the R:S ratio in the VH CDR1 of IGHV1-18 and IGHV5-51 gene

rearrangements in patients with IgG MM was significantly higher

compared to the respective IgAMM patients (10.5 in IgG versus 0.7 in

IgA for IGHV1-18 rearrangements and 2.5 in IgG versus 0 in IgA for

IGHV5-51 rearrangements, respectively; p-values <0.05 in both

cases). The opposite trend was observed in cases expressing the

IGHV3-48 gene, where the R:S ratio in the VH CDR1 in patients

with IgG MM was significant lower compared to the respective ratio

in IgA MM patients (0 in IgG versus 1.3 in IgA, respectively; p-value

<0.05) (Supplemental Table 10).

Using the NetNglyc tool we detected N-glycosylation sequons in

93/523 IGHV-IGHD-IGHJ gene rearrangements (17.8%), with no

significant differences between IgA MM (23/165 cases, 13.9%) versus

IgG MM (70/358 cases, 19.5%) (p-value = 0.15). Of these, 38 cases

carried novel N-glycosylation sequons introduced by SHM, again with

no significant differences in frequency between IgA MM (8/23 cases,

34.8%) versus IgG MM (30/70 cases, 42.8%) (Supplemental Table 11).

Removal of germline encoded N-glycosylation sequons due to

SHM was also observed in 18/430 cases (4.2%), again with a similar
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distribution among the 2 MM types [7/142 IgA cases (4.9%) versus

11/288 IgG cases (3.8%)]. Interestingly, 5/18 cases where such

removal was documented expressed the IGHV4-39 gene; in 4/5

cases (2 each concerning IgA or IgG MM) this was due to a

recurrent Proline for Lysine substitution at position VH FR3 69

(Supplemental Table 12).
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Discussion

In the present study we assessed the impact of antigen selection in

shaping the IG gene repertoire of MM through an in-depth analysis of

the clonotypic IGHV-IGHD-IGHJ gene rearrangements in patients

expressing alpha or gamma isotypes.
A B

DC

FIGURE 2

Biased IG gene pairings in multiple myeloma. Circos plot presenting IGHV-IGHD-IGHJ combinations of the 7 most frequent IGHV genes in IgA MM and
IgG MM. The Circos software package was used to depict the predominant combinations between IGHV and IGHD genes [(A) IgA and (C) IgG patients]
as well as between IGHV and IGHJ genes [(B) IgA and (D) IgG patients] in both MM groups.
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Overall, the IGH gene repertoire in the present series was similar to

those reported in previous reports (6, 7, 19), with the IGHV3-23,

IGHV3-30, IGHV3-9 and IGHV4-59 genes predominating. However,

certain IGHV or IGHD genes (e.g. IGHV2-5 and IGHD5-12) are herein

reported as frequent for the first time, highlighting the added value of

our study in offering a more comprehensive view of the immunogenetic

landscape of MM. In keeping with the literature (19, 20), IGHV3

subgroup genes predominated in both IgA MM and IgG MM. Such

predominance has also been noted in B cell lymphoproliferations,

including monoclonal gammopathy of undetermined significance

(MGUS) (27–29), chronic lymphocytic leukemia (CLL) and mantle

cell lymphoma (MCL) (30, 31). A significant difference concerned

IGHV4-34 that is conspicuously infrequent (<1%) in MM, yet it is

very frequent in both hematologic malignancies, such as CLL and MCL
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(25, 31). Moreover, our cohort was notable for underrepresentation of

the IGHV1-69, IGHV3-7 and IGHV1-8 genes, which have been

reported as frequent in CLL and/or MCL (30, 31).

Studies in memory B cells have not identified differences in IG

gene repertoires between IgA versus IgG memory B cells (10, 12, 32,

33). On these grounds, the herein reported distinctive features

between IgA versus IgG MM do not appear to reflect the normal B

cell differentiation, but rather allude to distinct selection forces

shaping, at least in part, the respective BcR IG repertoires. This

argument was reinforced by our finding of differential patterns of

associations of certain IGHV genes with certain IGHD and IGHJ

genes in IgG MM versus IgA MM types.

Overall, the present cohort of MM cases resembled normal B cells

in terms of VH CDR3 length distribution and amino acid
FIGURE 3

Skewed VH CDR3 length distribution in multiple myeloma. Distribution of VH CDR3 length of IgA MM (blue) and IgG MM (red). Significant differences
between the two MM types are observed for VH CDR3 lengths of 14 aa and 19 aa. Asterisks indicate the statistically significant differences between the
two groups (p-value ≤ 0.05 (*)).
A B

DC

FIGURE 4

Topology of somatic hypermutation in IgA versus IgG multiple myeloma. Ratio of replacement to silent mutations (R:S) in the VH FRs and VH CDRs in
cases expressing the 4 commonly frequent IGHV genes of MM patients with IgG and IgA isotypes: IGHV3-23 (A), IGHV3-30 (B), IGHV4-59 (C) and
IGHV3-9 (D). Asterisks indicate the statistically significant differences between the VH FR and VH CDR regions (p-value ≤ 0.05(*), p-value ≤ 0.01 (**) and
p-value ≤ 0.001 (***)).
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composition (34, 35), in sharp contrast to other malignancies of

mature B cells e.g. chronic lymphocytic leukemia (CLL), mantle cell

lymphoma (MCL) or marginal zone lymphoma (MZL) (31, 36, 37). In

keeping with the literature (19, 20) and in contrast with CLL, MCL or

splenic marginal zone lymphoma (SMZL) (31, 38–40), VH CDR3

stereotypy was not observed in our cohort. Of note, however, when

considering IgG MM and IgA MM cases separately, skewing to

particular CDR3 lengths was noted, in some instances reaching

statistical significance. Considering the fundamental role of the VH

CDR3 in antigen recognition, at least in the pre-immune repertoire

(41), this observation supports differences at the level of selection of

the corresponding MM progenitor cells, particularly regarding the

type of selecting elements, the timing and the precise location of

antigenic interactions within the secondary lymphoid tissues.

The vast majority of cases in our cohort bore a significant number

of SHMs, in line with previous studies (6, 7, 42), supporting the notion

that the MM transforming events concern post-germinal center B cell

progenitors (8, 43). This finding, along with SHM profiles characteristic

of encounter with classical antigen(s), typified by preferential targeting

of replacement mutations in VH CDRs rather than VH FRs, further

corroborates the notion that the MM progenitor cells were selected by

antigens during their process of differentiation into plasma cells (9, 44).

A noteworthy novel finding concerned the differences observed in at

least some subgroups of IgA MM versus IgG MM cases expressing BcR

IGwith the same IGHV gene. On these grounds, we argue that not only

antigen exposure trajectories but also affinity maturation processes may

differ for IgA MM versus IgG MM, further underlining the role of

microenvironmental interactions in the pathogenesis of the disease.

This notion is further supported by a recent study on transgenic mice

reporting the existence of similar SHM patterns between two B cell

subpopulations located at different tissues, i.e. Peyer’s Patches germinal

center B cells and splenic B cells (45). In this context, the identification

of different SHM imprints in IgA compared to IgG MM plasma cells

may allude to distinct modes of antigen exposure of MM progenitors in

different microenvironmental niches.

N-glycosylation concerns the modification of IGs (or other

proteins) by the addition of N-glycans to specific sequons; this

modification can have a significant impact on the structure,

stability, and biological function of the glycosylated molecules (46).

Novel N-glycosylation sites introduced by SHM in the clonotypic IG

are a very frequent feature in follicular lymphoma (FL) (~80%) and

diffuse large B-cell lymphoma (DLCL) (51% in germinal-center B-

cell–like DLBCL and 6% in activated B-cell–like DLBCL) (47–50).

Furthermore, N-glycosylation of the clonotypic BcR IG has also been

reported, albeit less frequently, in plasma cell disorders and B cell

malignancies, such as AL amyloidosis (51–53). Prompted by evidence

that SHM-induced changes in N-glycosylation of the IG variable

domains is a mechanism redeeming B cells away from autoreactivity

(54), here we sought to explore whether SHM within the clonotypic

VH domain may lead to the creation of novel N-glycosylation sites or

the disruption of germline-encoded ones. This is of potential clinical

relevance if one also considers the generally low incidence of

autoreactive phenomena in MM. Interestingly, examination of the

particular SHMs leading to the creation and/or disruption of N-
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glycosylation sequons revealed the existence of recurrent amino acid

substitutions at particular positions in certain IGHV genes (e.g.

IGHV1-46 and IGHV4-39), albeit with no distinguishing features

between IgA MM versus IgG MM.

In conclusion, in-depth analysis of the IG gene repertoire in the

largest so far series of MM patients offers evidence supporting a role

for antigens in disease pathogenesis. Distinct immunogenetic profiles

in IgA MM versus IgG MM allude to distinct ontogenetic trajectories

for particular subtypes of MM with potential impact on clonal

behavior and clinical outcome.
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Read the clonotype: Next-
generation sequencing-based
lymphocyte clonality analysis
and perspectives for application
in pathology

Patricia J. T. A. Groenen1,2*, Michiel van den Brand1,3,
Leonie I. Kroeze1,2, Avital L. Amir1 and Konnie M. Hebeda1

1Department of Pathology, Radboud University Medical Center, Nijmegen, Netherlands, 2Radboud
Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, Netherlands,
3Pathology-DNA, Location Rijnstate Hospital, Arnhem, Netherlands
Clonality assessment using the unique rearrangements of immunoglobulin (IG) and

T-cell receptor (TR) genes in lymphocytes is a widely applied supplementary test

for the diagnosis of B-cell and T-cell lymphoma. To enable a more sensitive

detection and a more precise comparison of clones compared with conventional

clonality analysis based on fragment analysis, the EuroClonality NGS Working

Group developed and validated a next-generation sequencing (NGS)-based

clonality assay for detection of the IG heavy and kappa light chain and TR gene

rearrangements for formalin-fixed and paraffin-embedded tissues. We outline the

features and advantages of NGS-based clonality detection and discuss potential

applications for NGS-based clonality testing in pathology, including site specific

lymphoproliferations, immunodeficiency and autoimmune disease and primary

and relapsed lymphomas. Also, we briefly discuss the role of T-cell repertoire of

reactive lymphocytic infiltrations in solid tumors and B-lymphoma.

KEYWORDS

immunoglobulin E, T-cell receptor, gene rearrangement, clonality assessment, NGS, pathology
1 Introduction

Assessment of the clonality of the immunoglobulin (IG) and/or T-cell receptor (TR)

genes is an important aid in the diagnosis of lymphoproliferative diseases. Lymphoma cells

originate from a single transformed lymphoid cell and therefore all malignant cells have the

same IG gene rearrangements in B-cell lymphoma (BCL) or TR rearrangements in T-cell

lymphoma (TCL). Clonality testing uses this feature and facilitates the discrimination

between clonally expanded cells and reactive cells with diverse IG and/or TR

rearrangements. The BIOMED-2/EuroClonality assays for clonality testing have been used

worldwide for more than a decade now. The strength of these assays is the complementarity

of different PCR targets, which results in an unprecedented high detection rate (1–4).
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Clinical clonality assessment is mainly used when discrimination

between a lymphoma and a reactive lymphoid infiltrate is uncertain.

Examples are low-grade lymphoma, including Bcl2-negative follicular

lymphomas (5), B- or T-cell proliferations at specific sites, such as the

sk in , o r i n the con t ex t o f immunodefi c i en cy . A l so

lymphoproliferations with a combination of atypical B- and T-cells,

such as angioimmunoblastic TCL, or lymphomas of unclear lineage,

like some anaplastic large cell lymphoma, can benefit from clonality

studies. In case of small biopsies clonality assessment can guide

further diagnostics. It is, however, not always suitable to detect

Hodgkin lymphoma, as the traditional EuroClonality/BIOMED-2

protocols may not be sufficiently sensitive to detect small numbers

of malignant cells in a background of lymphoid cells, as is the case in

most classical Hodgkin lymphomas (6–8). Also, it is important to

note that lineage determination in acute lymphoblastic leukemia

cannot be based on clonality assays alone, since neoplastic

precursor B and T cells often show cross-lineage rearrangements

(9). In addition, monoclonality does not always imply malignancy

since some reactive processes contain clonal lymphocytic

populations (10).
2 NGS-amplicon based
clonality assessment

For the conventional clonality assays multiple IG targets, notably

IGHV-IGHD-IGHJ (in FR 1,2,3), IGHD-IGHJ, IGKV-IGKJ, IGKV-

KDE and Intron RSS-KDE, are analyzed. Likewise, TRGV-TRGJ, as

well as TRBD-TRBJ and TRBV-TRBD-TRBJ are assessed for T-cell

clonality (1). A polyclonal population harboring different V(D)J

rearrangements gives rise to a range of differently sized PCR,
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resulting in a Gaussian distribution in fragment analysis

(GeneScan) (Figure 1A). In case of a clonal population, there will

be one or two dominant PCR products of a given size per target with

GeneScan (Figure 1B). Guidelines for the uniform technical scoring of

the individual PCR targets and the molecular conclusion of the entire

sample, which is deduced from the results of the individual targets,

have been developed (11). Finally, the result of the clonality

assessment has to be interpreted in the context of the clinical

presentation, other molecular studies, and the pathological findings.

Despite the good performance and the world-wide usage of these

assays, they have some weaknesses that potentially yield (mainly)

false-negative results. The BIOMED-2/EuroClonality assays have

been designed for high-quality DNA samples generating amplicons

in the range of 150–400 bp (1) (Figure 1). However, formalin-fixed

paraffin-embedded (FFPE) tissue specimens generally used in a

diagnostic setting, are affected by DNA crosslinking and

fragmentation, resulting in DNA samples of suboptimal quality

with short DNA fragments. Clonal rearrangements with longer

amplicons may potentially go unnoticed in samples of suboptimal

DNA quality. In addition, the detection of a small clonal

rearrangement in a background of polyclonal B-cells is dependent

on the position of the clonal product within the Gaussian curve; it can

be entirely hidden in the polyclonal background. Furthermore, for

clonal comparison only the size of the PCR fragments is used

(Figure 1). Since different rearrangements may result in the same

size PCR fragments, this may hamper interpretation, especially in

cases in which a single rearranged target is detected.

To tackle these issues, the EuroClonality NGS-working group has

developed next-generation sequencing (NGS)-based clonality assays

for detection of IG and TR gene rearrangements (12, 13), which can

be analyzed with the bioinformatics tool ARResT/Interrogate (14).

They are based on the use of gene-specific primers and importantly,
A

B

FIGURE 1

Conventional EuroClonality/BIOMED-2 fragment size vs NGS-amplicon based clonality analysis. (A) Polyclonal pattern observed in Genescan and NGS-
based analysis. The size of the amplicons is smaller in the NGS-based approach making the technique more suitable for smaller DNA fragments obtained
from FFPE material. (B) Clonal result (with low polyclonal background). Using GeneScan analysis only the size of the rearrangement is known, whereas
with NGS-amplicon based clonality also the nucleotide sequence is obtained. The Bioinformatic program ARResT/Interrogate processes the nucleotide
sequences into clonotypes, in which the used V, D and J genes as well as the junctional region in amino acids are defined.
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on the generation of shorter amplicon sizes, which makes them more

suitable for clonality detection in samples of suboptimal DNA-

quality, like FFPE-samples. NGS-based clonality assays provide the

nucleotide sequences of all IG and/or TR rearrangements, both from

the malignant lymphoid cells and from the non-malignant

background cells (Figure 1).

Bioinformatic software analyzes each sequence for the presence of

V, (D) and J genes and the junctional region containing the

complementary determining region 3, which is represented as an

amino acid sequence. With this information the sequences are

attributed to clonotypes. A clonotype is characterized by the same

V and J gene and junctional region. Therefore reliable detection of

minor clonal rearrangements is possible, resulting in a high sensitivity

(12, Figure 2).

NGS-based IG clonality assessment showed a very good

performance in a cohort of BCL, the vast majority of which were

FFPE samples (15). In diagnostic FFPE samples of classical Hodgkin

lymphoma (cHL), NGS-based detection of IG rearrangements was

more accurate and sensitive to detect clonal rearrangements

compared to the conventional BIOMED-2/EuroClonality assay (16).

Because of the sequence information and the high sensitivity, the

NGS-based clonality assays are very valuable to solve complex

rearrangement patterns (17). They allow detailed comparison of

sequential lesions or multiple lymphomas at different locations

within a patient (18). The technical improvements due to the

advent of NGS will allow higher sensitivity, more detailed analysis

and broader applications, as will be discussed below.
Frontiers in Oncology 0363
3 Potential clinical applications

In various clinical situations the advantages of NGS-based

clonality analysis can be exploited (Figure 2).
3.1 Inflammatory skin diseases

One important use of clonality analysis for the differentiation

between inflammatory disease and lymphoma is in the diagnostic

workup of mycosis fungoides (MF), the most common cutaneous

TCL (19, 20) with a rising incidence (21). The diagnosis of MF can

be difficult due to morphological overlap with various inflammatory

skin diseases (ISD). Especially the early-stage of MF is both clinically

and histologically difficult to distinguish from ISDs such as eczema,

psoriasis and cutaneous lupus erythematosus (19, 20, 22–24), resulting

in a time to diagnosis of 3 to 4 years after the first lesions appear.

Immunohistochemistry can be very helpful in the diagnosis of

MF, but is not always decisive. When the diagnosis of MF is uncertain

based on clinical picture, histology and immunohistochemistry, TR

clonality assessment can be used to help discriminate between MF

and ISDs. However, especially in early-stage MF, the lesions often

contain a relatively small number of neoplastic T-cells admixed with a

relatively high number of polyclonal reactive T-cells. In the

conventional clonality assay a small monoclonal population can be

difficult or impossible to detect in a high polyclonal background,

potentially hampering the diagnosis of early-stage MF (25–27). Since
FIGURE 2

Advantages and potential clinical applications of NGS-amplicon based clonality analysis. Using NGS-amplicon based clonality analysis, small clones in a
polyclonal background, or even hidden in the polyclonal background, can be more confidently detected. A second advantage of NGS is the sequence
information and therefore the clonotype information, which is very useful for rapid and reliable clonal comparison. The clonotype obtained from the
nucleotide sequence reveals the V, (D) and J gene as well as the junctional region that allows quick and efficient comparison of clonotypes of two or
more specimen. Suspected ongoing somatic hypermutation in one of the specimens requires in depth investigation of the nucleotide sequences. The
clonotypes also enable detection of the repertoire of the lymphocytes, including early detection of possibly malignant clonotypes.
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biopsies of ISDs can also contain a clonal population in a polyclonal

background (28), the ultimate proof of MF is considered to be the

presence of an identical dominant clonal population in two biopsies

derived from different anatomical locations (29). In the conventional

clonality assay, comparison of the clonality between two different

samples is based on the fragment size of the detected clonal peak,

which can be challenging and does not always represent the

same rearrangement.

NGS-based clonality analysis can most likely overcome these

obstacles, since the sequence information of the TR gene

rearrangements can be used to identify small relevant clones amidst

a polyclonal background and may identify early stage disease (30, 31).

Another advantage of analyzing the sequences is comparison of the

clones in biopsies from different lesions and multiple time points for

identification of recurrent MF (30). The high sensitivity of NGS-based

clonality also carries a risk of false-positive results. Therefore studies

are warranted to determine the cut-off points that separate MF from

reactive conditions before NGS-based clonality can be introduced in

the diagnostic workup of suspected MF.
3.2 T-cell lymphomas

The diagnosis of TCL by histology is often straightforward, but

certain TTCL subtypes regularly cause diagnostic problems. The

above mentioned cutaneous lymphomas are one example, but

another example is the group of TCL that are derived from CD4

positive follicular helper T-cells that normally are resident in germinal

centers (32). This group includes angioimmunoblastic TCL (AITL),

the most frequent nodal mature TCL in elderly patients in western

countries (33). AITL is clinically characterized by immune

dysregulation and autoimmunity related symptoms. Histology

usually shows lymph nodes with a prominent reactive background

of CD4 and CD8 positive T-cells and proliferating follicular dendritic

cell meshworks, accompanied by a variable proliferation of B- and

plasma cells, often EBV-driven (32, 34). In this situation a T-cell clone

combined with a B-cell clone is frequently seen (35). In case of a small

T-cell clone or several T- and B-cell clones, which is in our experience

and according to literature (36) not uncommon in AITL, NGS-based

tests will be more informative than conventional clonality analysis,

since NGS can better identify small clones that are hidden in a

polyclonal background of T-cells. Bi-clonal and oligoclonal AITL

were identified in a significant number of cases in a study applying

NGS-based clonality testing, reflecting AITL evolution from a

mutated hematopoietic progenitor pool and the subsequent

exposure to the complex and dynamic environment of the germinal

center (37). This knowledge of the biology of AITL can help to

unravel the composition of the infiltrate and support the diagnosis in

challenging cases of AITL.
3.3 Autoimmune diseases

Autoimmune diseases are associated with a significantly increased

risk of lymphoma development, as reviewed recently (38). One group

with a very high risk is patients with Sjögrens syndrome (SjS), who suffer

from chronic lymphoid infiltration in the salivary glands, causing
Frontiers in Oncology 0464
destruction of glandular structures leading to atrophy. In this context,

biopsies are notorious for the difficult discrimination between

lymphoepithelial sialadenitis and the onset of marginal zone

lymphoma (39). Indeed, the ectopic formation of lymphoid tissue with

functional germinal centers in the salivary glands is related to both Sjs

disease activity, and the risk for lymphoma development (40). But the

mere detection of clonal B-cell proliferations in salivary gland biopsies

does not correlate with the subsequent development of BCL, as was

shown in a retrospective series of 49 Sjs patients with [n=21] or without

[n=28] lymphoma development (41). 18% of the patients without

subsequent BCL development showed clonal Ig rearrangements in the

minor salivary glands by conventional clonality analysis.

More promising is the analysis of the IG repertoire in the

inflamed tissues by NGS-based clonality analysis. This gives insight

in the composition of the infiltrate and enables quantification of large

numbers of IG clonotypes, including usage of V and J genes. Mainly

high-affinity stereotypic rheumatoid factor producing B-cells from the

autoreactive, often oligoclonal to polyclonal environment, show

clonal evolution to BCL (42–44). Early detection and monitoring of

these clones in the background of inflammation, by NGS-based

clonality testing, is expected to be useful in the management of Sjs

patients at high risk of lymphoma development.
3.4 Immunodeficiency

Lymphoid proliferations occurring in the background of

immunodeficiency (ID) can involve virtually all tissues and range from

benign lymphoid proliferations to full-blown lymphomas (45, 46). The

main cause is T-cell suppression or dysfunction, caused by a germline

defect in primary ID or induced by infection or therapy in secondary ID.

Because of the morphological overlap between infections, lymphoma and

non-infectious reactive lymphoproliferations in biopsies of patients with

ID, clonality assessment can be helpful in predicting outcome (47) and

guiding therapy (48). ID can cause complex proliferations of both T- and

B-cells as a result of varying stimuli and transforming events, in which

EBV plays an important role (49). This can result in oligoclonal

expansions and subclones, which can develop into clonally related

lymphomas (50). Since treatment is tailored to the immune status, the

underlying trigger, the aggressiveness of the lymphoproliferation and

whether it is a recurrent disease, it is important to unravel clonal

relationships between simultaneous or subsequent biopsies, which can

be facilitated by NGS-based clonality assessment.
3.5 Assessment of clonal relationship

In patients with synchronous or metachronous lymphomas, the

treatment can depend on whether these lymphomas are clonally related.

Comparison of the morphology and immunophenotype of the primary

lymphoma and the relapse cannot always be used as a surrogate for

clonal comparison, as clonally related relapses can show a different

morphology or immunophenotype (51, 52) and clonally unrelated

relapses can look similar to the primary lymphoma. In cHL, unrelated

relapse can be suspected by a change of histologic subtype or an altered

EBV association, but this is not absolute (53). Therefore, clonal

comparison is an advised in lymphoma relapse with a long interval.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1107171
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Groenen et al. 10.3389/fonc.2023.1107171
With conventional clonality analysis, the sizes of the clonal

products in at least two targets are compared to assess clonal

relationship. If a single clonal product is available for assessment

the result remains uncertain (54), since two different rearrangements

can coincidentally have the same size. Contrary, differences in peak

sizes can be a result of somatic hypermutation within a clone, rather

than a different clonal origin (55). NGS-based clonality analysis

markedly improves the assessment of clonal relationship as it

allows comparison of the actual sequence, enabling easy assessment

of a clonal relationship even from a single target.

The incidence of second primary lymphomas is not well known

since the studies are often small with a focus on specific types of

lymphoma and with a selection for recurrences after a long interval.

In some larger studies investigating diffuse large B-cell lymphoma

(DLBCL) with a long interval between diagnosis and relapse up to

25% of relapsed DLBCL were actually unrelated (56–58).

In cHL it is even more difficult to investigate clonal relationship

between primary and relapsed lymphoma due to the scarcity of tumor

cells. A study of 20 patients with relapsed cHL showed 40% clonally

unrelated tumors (53). In this study, the samples were enriched for

tumor cells with laser microdissection, a laborious technique which is

not suitable for routine diagnostics. NGS-based clonality analysis is

more suitable to detect clonal products in cHL in comparison with

conventional clonality analysis without laser microdissection (16, 59).

This opens up possibilities to evaluate the clonal relationship in

relapsed cHL in routine diagnostics.
3.6 Transformation and transdifferentiation

In patients with low-grade BCLwho develop a high-grade lymphoma,

it can be important for treatment decisions and assessment of prognosis to

determine if the transformed lymphoma is indeed related to the low-grade

lymphoma, or whether it is a de novo high-grade lymphoma. This has

been most extensively studied in chronic lymphocytic leukemia (CLL)

where a limited percentage of patients develops a secondary aggressive

lymphoma, usually DLBCL. Transformation to cHL is infrequent. DLBCL

development is more often clonally related, showing identical IG

rearrangement to the CLL, than cHL (∼70% vs 40%) (60, 61). Patients

with unrelated lymphoma have a better prognosis and are therefore

treated differently than patients with clonally related lymphomas (62). The

investigation of the clonal relationship is thus of clinical importance. As

discussed above, the currently used clonality analysis has limitations in its

ability to demonstrate clonal relationship, which can be overcome by

NGS-based clonality.

In follicular lymphoma, transformation usually results in DLBCL or

high-grade B-cell lymphoma withMYC and BCL2 rearrangements (63).

Transformation to cHL is rare (64). A diagnosis of transformed FL is

usually made based on an assumed clonal relationship. Indeed, a clonal

relationship between the initial FL and the transformation has only been

established in small case series, but large studies are lacking (65–68).

In transdifferentiation, or lineage reprogramming, lymphoma cells

acquire additional genetic aberrations leading to loss of B- or T-cell

specific transcription factors. The resulting tumors show expression of a

myeloid differentiation program. This causes a change of the

morphology and phenotype from a lymphoma cell to a myeloid cell,

most commonly resulting in a histiocytic or dendritic sarcoma (69).
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Since these sarcomas usually retain the original IG or TR

rearrangements they can be clonally linked to the previous lymphoma.
3.7 TR repertoire analysis in patients with
solid tumors and lymphoma

Immune escape represents an important mechanism in cancer

development. Immune-checkpoint inhibition therapies directed against

inhibitory checkpoint molecules such as PD-1 and CTLA-4 have

become standard-of-care for several types of tumors, such as stage III

or IVmelanoma (70, 71), resectable lung cancer (72, 73), and colorectal

cancer (74, 75). They exploit re-activation of T-cells that target neo-

antigens arising from mutations in tumor cells. Analyzing the TR

repertoire in a sample of interest can be performed using NGS (76). The

dynamics of tumor and treatment related T-cell clones are an areas of

intense research. In melanoma, breast and colon cancer, expanded T-

cell clones are associated with response to immunotherapy treatment

(77–79). In BCL, a restricted TR repertoire is found to be associated

with poor outcome in DLBCL treated without immune-checkpoint

inhibition (80) and in high grade B-cell lymphomas (81). Obviously,

more studies are needed for different lymphoma types and treatments

to understand the full potential of TR repertoire analysis in BCL.

4 Concluding remarks

The advent of NGS-based clonality analysis opens new possibilities

for pathologists to define malignant lymphoproliferations in

challenging clinical and histological situations and to discover clonal

relationships between populations of lymphocytes in diverse infiltrates.

B- and T-cell repertoire analysis in tissues in the context of

immunodeficiency, autoimmune disease, lymphoma or solid tumors

is a yet to be explored field with the potential to enable early detection

of lymphoma development or prediction of therapy response.
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B cell M-CLL clones
retain selection against
replacement mutations in
their immunoglobulin gene
framework regions

Hadas Neuman1, Jessica Arrouasse1, Ohad Benjamini2,3,
Ramit Mehr1*† and Meirav Kedmi1,2,3†

1The Mina and Everard Goodman Faculty of Life Sciences, Bar Ilan University, Ramat Gan, Israel,
2Division of Hematology and Bone Marrow Transplantation, Chaim Sheba Medical Center, Ramat-
Gan, Israel, 3Sackler School of Medicine, Tel-Aviv University, Tel-Aviv, Israel
Introduction: Chronic lymphocytic leukemia (CLL) is the most common adult

leukemia, accounting for 30–40% of all adult leukemias. The dynamics of B-

lymphocyte CLL clones with mutated immunoglobulin heavy chain variable

region (IgHV) genes in their tumor (M-CLL) can be studied using mutational

lineage trees.

Methods: Here, we used lineage tree-based analyses of somatic hypermutation

(SHM) and selection in M-CLL clones, comparing the dominant (presumably

malignant) clones of 15 CLL patients to their non-dominant (presumably normal)

B cell clones, and to those of healthy control repertoires. This type of analysis,

which was never previously published in CLL, yielded the following novel insights.

Results: CLL dominant clones undergo – or retain – more replacement

mutations that alter amino acid properties such as charge or hydropathy.

Although, as expected, CLL dominant clones undergo weaker selection for

replacement mutations in the complementarity determining regions (CDRs)

and against replacement mutations in the framework regions (FWRs) than

non-dominant clones in the same patients or normal B cell clones in healthy

controls, they surprisingly retain some of the latter selection in their FWRs. Finally,

using machine learning, we show that even the non-dominant clones in CLL

patients differ from healthy control clones in various features, most notably their

expression of higher fractions of transition mutations.

Discussion: Overall, CLL seems to be characterized by significant loosening –

but not a complete loss – of the selection forces operating on B cell clones, and

possibly also by changes in SHM mechanisms.

KEYWORDS

antibody, B lymphocytes, chronic lymphocytic leukemia (CLL), high-throughput
sequencing (HTS), immunoglobulin (Ig), lineage trees, somatic hypermutation (SHM),

machine learning (ML)
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1 Introduction

Chronic lymphocytic leukemia (CLL) is the most common

adult leukemia and stands for 30–40% of all adult leukemia cases

(1, 2), and 7% of newly diagnosed cases of non-Hodgkin’s

lymphoma (3). B-CLL (henceforth referred to as simply CLL) is a

chronic B-cell malignancy, which typically affects elderly people,

progresses gradually over many years, and involves substantial

innate and adaptive immune system perturbations. Adaptive

response impairments include down-regulation of T-cell function

and defects in antibody-dependent cellular cytotoxicity, and in B

cells – hypogammaglobulinemia and alterations in cell-cell contact

and cytokine release, all of which may contribute to the overall

immune suppression observed in patients (4). Indeed, during the

COVID-19 pandemic, fatality rates for CLL patients were 16.5-fold

more than the median population fatality rates reported worldwide,

and even higher in older patients (5).

It has long been known that CLL genomes show heterogeneity

between patients (6, 7), and that CLL clinical manifestations range

from very indolent to aggressive disease (1). One partitioning of

CLL is based on “stereotypic BCRs”, identified by the IgHV gene

CDR3 region amino acid sequence; stereotypic BCRs can be

assigned to 30% of CLL cases, and were associated with prognosis

(8, 9). More importantly, CLL tumors are classified into two

subgroups based on the presence of somatic hypermutations in

their IgHV, where CLL patients with little to no SHM (98% IgHV

sequence homology to germline) are defined as unmutated CLL (U-

CLL), and CLL with SHM (less than 98% IgHV sequence

homology) are defined as mutated CLL (M-CLL) (10). M-CLL

patients have a better prognosis than those with U-CLL, as U-CLL is

considerably more aggressive and less susceptible to chemo-

immunotherapy (2, 8). This manuscript focuses solely on M-CLL

(henceforth referred to simply as CLL). Although the mutational

imprint on CLL cell IgHV genes has first been considered static,

there is now clear evidence that, in a subgroup of cases, rearranged

Ig genes are subject to ongoing mutational pressure (8). In such

cases, the study of CLL clonal dynamics using Ig gene high-

throughput sequencing (HTS) can yield important insights.

Since 2008, Adaptive Immune Receptor Repertoire HTS (AIRR-

seq) has generated data sets of up to billions of reads (11, 12), and

has, indeed, led to new insights into affinity maturation. BCR-seq

has many applications (13), including broadly neutralizing antibody

identification (14), vaccine response studies (15), B-cell migration

and development tracking within the body (16) and disease

diagnosis (17). In particular, Stamatopoulos and colleagues used

HTS to sequence more than 200 CLL patient repertoires and

demonstrated that one quarter of the CLL patients include

multiple clones with unrelated, productively rearranged IgHV

genes (18). The extensive amount of data that arise from AIRR-

seq can also be analyzed using machine learning (ML) methods, e.g.

for classification of B cell subpopulations, “public” vs. “private”

clones, and more (19–21).

A B cell clone is a cell lineage that includes all the descendants of

a founder B cell, all of which share a unique IgHV rearrangement;

clonal diversification is best modeled by lineage trees. IgHV gene
Frontiers in Oncology 0269
SHM and selection – including those in malignant clones, if any –

are more precisely analyzed on IgHV gene lineage trees, because

mutations are more correctly defined relative to the closest known

ancestors, and thus mutation counts – and all the analyses relying

on them, including selection analysis, in which CDR3s can only be

included if using lineage trees – and lineage tree topologies are more

correct on lineage trees (22). Using lineage trees, Abraham and

colleagues found evidence of intraclonal diversification of

characteristic clones in light chain amyloidosis patients,

concluding the pathogenic plasma cells are probably derived from

a precursor population in which SHM is ongoing (23). Zuckerman

et al. used lineage tree-based mutation analysis to find that follicular

lymphoma (FL), diffuse large B cell lymphoma (DLBCL), and

primary central nervous system lymphoma repertoires have

similar mutation frequencies and do not undergo positive

selection for replacement mutations in their CDRs (24), using the

focused binomial test (25) rather than relying on previously

published tests for selection, which have all been shown to

generate false positives (26, 27). The transformation of FL into

DLBCL has been followed using clonal lineage trees to show that, in

some cases, therapy eradicates a DLBCL clone but a new one

develops from remnants of the original FL clone (28, 29). Lineage

tree analysis of dominant clones from mucosa-associated lymphoid

tissue lymphoma showed higher diversification and longer

mutational histories compared with chronic gastritis or with

gastric DLBCL (30); gastric DLBCL may originate from gastritis,

mucosa-associated lymphoid tissue lymphoma or de novo, and, like

CLL, may sometimes contain more than one dominant clone (31).

Green et al. used lineage trees to distinguish early versus late genetic

events in follicula lymphoma (32). Béguelin and colleagues used

lineage tree analysis to show evidence of reduced efficacy of affinity

maturation in mice with EZH2 mutations, which initiate

lymphomagenesis (33). Finally, Kedmi et al. showed that the use

of lineage trees is necessary for detection of minimal residual disease

in a DLBCL patient, prior to its detection by PET-CT (34). In this

work, we aimed to study the SHM and selection (if any)

mechanisms that operate on CLL clones using IgHV gene lineage

tree-based analyses and machine learning methods, which to the

best of our knowledge have never been previously applied to CLL.

Such analysis can yield novel insights, as demonstrated by our most

important finding, i.e. that while CLL dominant clones undergo

weaker selection for replacement mutations in their CDRs, they

retain some selection (albeit weaker than that in healthy controls

and non-dominant clones) against replacement mutations in

their FWRs.
2 Methods

2.1 Datasets

IgHV gene sequences from peripheral blood samples of 16 M-

CLL patients were obtained for routine diagnosis of mutated vs.

unmutated CLL cases. Only M-CLL samples were chosen for this

study. Sample data are summarized in Table 1. Buffy coats were
frontiersin.org
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taken, and DNA was extracted directly from the buffy coat of each

sample. IgHV gene libraries were produced using the

LymphoTrack® kit (Dx IGHFR1 Assay Panel for MiSeq, Catalog

#91210039, In vivoscribe, San Diego, CA, USA). Sequencing was

performed using the MiSeq V300 kit (Illumina, San Diego, CA,

USA) according to the manufacturer’s protocol. The use of the

resulting IgHV sequence data (without any clinical or other

identifying data) was approved by the Sheba Medical Center and

Israeli Ministry of Health review boards.

For comparison with CLL patient repertoires, we used IgHV

sequences from three blood samples of healthy individuals (35),

which are publicly available, and were downloaded by us as part of a

different study. Since CLL is most common in elderly patients, we

chose the samples of the three eldest healthy individuals for this

comparison; healthy control (HC) sample data are summarized in

Table 2. For negative controls in the selection analysis (see below),

we used lineage trees composed only of sequences containing a

frame shift, taken from the same CLL patients, as these sequences
Frontiers in Oncology 0370
most likely represent non-productively rearranged, non-

expressed alleles.
2.2 Data processing steps

We preprocessed the sequences using pRESTO version 0.5.13

(36). The preprocessing included assembly of paired ends and

quality filtering by (i) trimming low quality edges, (ii) filtering

out reads with an average Phred score lower than 25, and (iii)

masking bases with Phred scores lower than 20. Sequences with

more than 10 masked or missing bases were removed. Since the

sequencing kit manufacturer does not consent to reveal the primer

sequences, we removed 30 nucleotides from both ends of each

sequence. Next, identical sequences were collapsed, and only

sequences with two copies or more were selected for analysis; this

is standard practice meant to reduce the chance of including PCR

and sequencing errors in cases such as this, where unique molecular
TABLE 2 Healthy repertoire samples.

Sample name Sex Age # Unique sequences after processing # Clones # Clones with 2 or more sequences

H45_3 F 45 169,243 67,346 24,841

H45_4 F 45 257,571 171,620 35,946

H50_7 F 50 118,472 50,453 18,404

Overall 545,286 289,419 79,191
TABLE 1 CLL patient dataset.

Sample
name # Sequences in raw data # Unique sequences after processing # Clones # Clones with 2 or more sequences

INDEX2_S1 1,040,682 9,373 182 100

INDEX3_S2 489,773 8,456 365 343

INDEX4_S3 763,818 4,014 53 17

INDEX5_S4 546,554 4,654 40 24

INDEX6_S5 1,147,666 15,969 684 652

INDEX7_S6* 657,167 25,750 2,473 1,840

INDEX8_S7 1,421,821 11,620 52 38

INDEX9_S8 382,498 2,330 21 12

INDEX10_S9 1,167,134 56,998 6,797 6,390

INDEX12_S10 736,105 9,554 96 87

INDEX13_S11 967,315 6,056 86 70

INDEX14_S12 686,510 8,563 26 16

INDEX15_S13 726,865 6,306 70 58

INDEX16_S14 547,240 2,688 243 129

INDEX18_S15 749,263 3,817 20 15

INDEX19_S16 945,151 4,896 70 55

Overall 12,975,562 181,044 11,278 9,846
* This sample contained several large clones, so that the dominant clone could not be identified with certainty; hence this sample was omitted from the study.
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identifiers UMIs were not used. Further precautions we took to

minimize such errors were: (a) Using only one copy of each set of

identical sequences in the lineage tree analysis; sequence copy

numbers weren’t used in any of our analyses. (b) Omitting

“clones” that contain only one unique sequence (regardless of its

copy number) from the analysis.

We further processed the selected sequences using Change-O

version 0.4.6 (37) and in-house custom scripts. The processing

included annotation of the sequences with the IMGT/GENE-DB

(38) reference germline sequences from July 1, 2021, and removal of

sequences annotated as non-functional (those with frame-shifts or

stop codons); dynamic clonal assignment according to V and J

segment annotation and junction (CDR3) similarity (the numbers

of clones in each sample are given in Table 1); and assessments of

sampling depth and of the clonal size distributions of each

repertoire. Putative germline sequences for each clone were

created based on the same IMGT/GENE-DB database and the

clonal consensus in junction regions, and clones with more than

two unique sequences were sent to IgTree© (39) for lineage tree

construction. Sample Lineage trees are shown in Figure 1 and Figure

S1. Note that the only times a lineage tree node may represent more

than one sequence is when these unique sequences differ by

mutation(s) that fall in sequence margins, and these margins were

further trimmed by IgTree© because one or more sequences in the

clone lacked information on those margins.

To focus on the malignant clones in CLL patient repertoires, we

separated the largest (dominant) clone from each repertoire,

assuming it is the malignant clone. As internal controls, we used

the non-dominant clones from the same patients, under the

assumption that these are normal B cell clones (although they

may be reactive to the tumor itself). This assumption was based on

the knowledge that all B cell populations are composed of clones;

even naïve B cells divide a few times before settling into a resting

state, and may later perform homeostatic cell divisions (41). One
Frontiers in Oncology 0471
sample included several large clones, and hence was omitted from

the study (Table 1), to avoid the possibility of including a second

CLL clone in the “non-dominant” control group. The healthy

control repertoires served as external controls; for the sake of

studying SHM and antigen-driven selection, if any, clones that

were reactive at the time of sampling are the most valuable controls.
2.3 Lineage tree-based analyses

2.3.1 Tree-based mutation analyses
Lineage tree-based mutation analyses were performed using our

program IgTreeZ (22), based on the linkage of tree nodes to their

corresponding sequences. IgTreeZ traverses all tree nodes, counts

all the observed mutations, and characterizes each mutation by its

sequence location (CDR/FWR, based on IMGT region definitions

(42)) and type (source nucleotide, transition/transversion,

replacement/silent); if it was a replacement mutation, the

program also characterized the pre- and post-mutation amino

acids based on IMGT physicochemical amino acid classes (43, 44).

2.3.2 Selection analysis
Selection analysis was done using ShazaM (37, 45), which is

based on the focused binomial test (25). The numbers of silent and

replacement mutations in the CDRs and FWRs for all sequences in

each tree received from IgTreeZ were sent to ShazaM, together with

the corresponding clonal germline sequence and the CDR3 length

of each tree. Using ShazaM, we calculated the expected mutation

frequency in each region of each sequence, estimated the selection

strength for each tree, and compared the selection scores of the

different lineage tree repertoires. CDR3s were included in the

analysis by modifying ShazaM’s region definition parameter

according to each tree’s CDR3 length and calculating the
A

B

FIGURE 1

Lineage trees from CLL patients. (A) One of the smallest trees from expanded, dominant clones. Due to its size, we had to split the figure into partly
overlapping segments. (B) One of the largest trees from presumably normal, non-dominant clones. A gray node represents the root, and a white
node – a hypothetical split node. Numbers next to edges denote numbers of mutations; edges with no adjacent numbers represent one mutation.
The trees were drawn using IgTreeZ (22) and Graphviz (40). More representative trees of all sizes are given in Figure S1.
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expected mutation frequency for each clonal germline

sequence separately.

2.3.3 Tree topology analysis
Seven graphical shape properties of IgV gene lineage trees were

found to be most strongly influenced with B cell response

parameters, such as activation, division, mutation and death rates

and selection thresholds (46). The seven tree shape properties are:

(i) trunk length (the number of mutations from the root node,

which represents the pre-mutation sequence, to the first split node),

(ii) the minimum root to leaf path (i.e. the minimum number of

mutations per leaf), (iii) the minimum root to split node path

(which equals the trunk when there is one), (iv) the number of

children emerging from the root (a node’s “children” are defined

here as those representing sequences that differ from the parent

node by a single mutation), (v) the average number of children per

node, (vi) the average distance from the first split node to any leaf,

and (vii) the minimum fork to fork distance (that is, the distance

between two consecutive splits on the same path). IgTreeZ (22)

calculates these variables for each tree and enables us to and

compared the results between groups.

2.3.4 Tree drawing
To visually illustrate lineage tree shapes (Figure 1 and Figure

S1), we created drawings using the graph description language

DOT, as implemented in Graphviz (40). Node (sequence) names

were omitted for better tree visualization.

2.3.5 Tree trunk removal
To exclude as much as possible of the pre-transformation

mutation and selection history of each lymphoma clone from

some of the analyses, we removed the trunks from the trees in all

groups, and assigned the first split node of each “trunkless” tree to

be the new root node. Trees that originally had no trunks were

removed from the trunkless analyses, so the data are not biased, as

such trees did not contain enough information regarding their

diversification history. However, since the latter step left only three

trees for analysis, we performed most analyses both with and

without tree trunks and compared the results.
2.4 Statistical analyses

Comparisons between lymphoma lineage tree characteristics

against those of healthy repertoires, which included more than

50,000 trees, were done based on the average measurements per

patient/subject, to overcome the bias of the healthy control dataset

being so much larger (in terms of numbers of trees) than the other

datasets. For each comparison, the assumptions of normal data

distribution and variance homogeneity were tested using the

Shapiro test and the Levene test, correspondingly. If the data were

normally distributed and had homogenous variances, Student’s t-

test or its paired version were used. Otherwise, the non-parametric

Mann–Whitney U-test, or the Wilcoxon test for paired

comparisons, were used. To correct for multiple comparisons, we
Frontiers in Oncology 0572
used Benjamini and Hochberg’s False detection rate (FDR) method

(47). Only differences with p-values lower than the FDR-corrected

a were considered to be significant.
2.5 Machine learning classification models

We used all the results of lineage tree-based mutation analyses of

the CLL non-dominant and healthy control clones as input for our ML

models. Data in all columns which included simple mutation counts

were normalized by dividing them by the total number of mutations in

each tree, to receive the frequency of each mutation type. Columns

listing median and average replacement distances and CDR3 lengths

were not normalized. We also excluded FWR1 mutation counts from

the analysis, as it may be influenced by the sequencing. Since we had

almost tenfold more healthy control clones than non-dominant clones

in CLL patient samples (Tables 1, 2), the dataset was balanced using the

SMOTetomek algorithm (48) – a combination of oversampling the

CLL data by synthesizing new examples based on the structure and

composition of the real non-dominant clones using SMOTE (49), and

under-sampling of the healthy control data using the TOMEK

algorithm (50). Three ML models were built using Python’s Scikit-

learn package (51) – a Support Vector Machine (SVM), a Random

Forest and an XGBoost model. The F1-score, which is the harmonic

mean of model precision and recall, was used as a model performance

metric, in order to account for both measures.
3 Results

3.1 Dominant CLL clones undergo, or
retain, more replacement mutations that
alter amino acid physical properties

To examine CLL clone diversification, we first compared trees

of dominant and non-dominant clones in CLL samples (each group

separately) with trees of healthy controls, and found that dominant

CLL clones include significantly more mutations per clone than

non-dominant clones in the same patients (Figure 2A, p < 0.01,

Wilcoxon paired test and FDR correction), or than clones from

healthy control repertoires (p < 0.01, Mann Whitney test and FDR

correction). Since tumor clone lineage tree ‘trunks’ may contain

mutations that had occurred prior to malignant transformation, we

also performed all analyses on the trees after trunk removal, as

described in the Methods section. The above-described differences

were also found in the trunkless tree analysis (Figure 2B, p < 0.05 for

both comparisons, Wilcoxon paired test and FDR correction); the

higher p-values in trunkless analysis vs. analysis with trunks may

result from the decreased numbers of data points due to the

exclusion of original trunkless trees. In contrast, when we

compared the numbers of mutations per sequence, we found that

dominant clones have fewer mutations per sequence than non-

dominant (p < 0.01, Wilcoxon paired test and FDR correction) and

healthy repertoire clones (p < 0.01, Mann Whitney test and FDR

correction). These differences were also found in the trunkless trees,
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with larger p-values. This results in the highly branched rather than

“long” shape of the CLL trees (Figure 1 and Figure S1), which, in our

experience, is typical not only in CLL but also in other B cell GC-

derived lymphomas. We hypothesize that the combination of high

numbers of mutations per tree with low numbers of mutations per

sequence result from having a population of malignant cells

constantly dividing and generating new mutants, which do not

get to mutate further because the cells still retain some selection

against deleterious mutations, as further investigated and

discussed below.

The average physico-chemical distance between pre- and post-

replacement mutation amino acid, measured by Sneath’s index (52),

was larger in dominant clones than in non-dominant or healthy

repertoire clones (both p < 0.01, Mann Whitney test and FDR

correction). Indeed, comparisons of several individual components

of the Sneath index – that is, the frequencies of changes in several

different amino acid properties – revealed that dominant clones

tend to undergo, or retain, more replacement mutations that alter

the amino acid charge, volume, and/or hydropathy more often than

non-dominant clones and healthy repertoires (Figure 3).

The excluded, original trunkless dominant trees tend to have

significantly more mutations per tree (p < 0.01, paired t test), than

the dominant clone trees with trunks (Figure S2). The numbers of

mutations per tree were also higher in originally trunkless dominant
Frontiers in Oncology 0673
trees compared to trunk-including trees (p < 0.01, Mann Whitney

test). Finally, the average physico-chemical distance between pre-

and post-mutation amino acids in replacement mutations was

higher in originally trunkless dominant trees compared to trunk-

including trees (p < 0.05, MannWhitney test). The latter differences

may be due to the time it took for each CLL clone to develop until

the sample was taken. Since every mutation requires cell replication

to be completed, slower-growing clones, whether normal, pre-

malignant or tumor clones, will gather fewer mutations. In

addition, as long as the cells are sensitive to some level of

selection, cells with harmful BCR mutations will eventually die,

and thus such cells will produce fewer progeny overall. Slower-

growing tumors are also likely to be detected after growing for a

longer time, as it would take longer for symptoms to manifest in the

patient. As a result of all these considerations, we assume that earlier

branches of slow-growing clones have a lower chance of being

picked up in the sample, and thus slower-growing clones are more

likely to have both longer lineage tree trunks. Overall, the results

presented in this section demonstrate that M-CLL tumors have very

heterogenous diversification histories, and the presence of trunks in

most lineage trees of these clones suggests that they may have been

subject to some degree of selection against harmful BCR mutations,

not only before the malignant transformation but also following it,

even up to the time of sampling.
A

B

FIGURE 2

Dominant CLL clones undergo – or retain – more mutations, in particular replacement mutations, than non-dominant or healthy control clones.
(A) Trees with trunks; (B) trunkless trees. The average physico-chemical distance was calculated between pre- and post- replacement mutation
amino acids based on Sneath’s index (52). The paired T-test or the Wilcoxon paired test were used when comparing between dominant and
non-dominant clones in the same patients, and Student’s T-test or Mann-Whitney test – between patient and healthy control clones, depending on
whether the data were distributed normally or not. ∗p < 0.05, ∗∗p < 0.01.
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3.2 Lineage tree topologies suggest that
CLL dominant clones retain some
sensitivity to selection

Next, lineage tree topologies were studied, as another way to

examine clonal diversification; here, we only present lineage tree

shape properties for which significant differences between groups

were detected. Trees from dominant CLL clones were found to have

significantly shorter trunks than trees from non-dominant clones in

the same patients (Figure S3A; p < 0.01, Wilcoxon paired sample

test and FDR correction) and from healthy controls clones (p < 0.01,

Mann-Whitney t test and FDR correction). The minimum root to

leaf path (i.e., the minimum number of mutations per leaf) and the

minimum root to fork path were significantly shorter in trees from

dominant clones than in those from non-dominant (p < 0.01 for

both, Wilcoxon paired sample test and FDR correction) or healthy

control clones (p < 0.05 and p < 0.01, respectively, Mann-Whitney t

test and FDR correction). In the original simulation study described

in the methods section on which our interpretations are based (46),
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these lineage tree “length” measures were inversely influenced by

initial clone affinity and selection strength, which makes intuitive

sense, because (a) the higher the initial affinity, the fewer mutations

are needed (if at all) for the BCR to reach the optimal shape for

binding its cognate antigenic epitope (i.e. where any mutation

would decrease the affinity, see also (53)); and (b) the more

stringent antigen-driven selection is, the fewer mutations will

survive. It is harder to interpret the shapes of tumor clones;

however, their shorter branches suggest that CLL cells retain some

sensitivity to selection.

CLL clone lineage trees are not only shorter but also much more

branched, as demonstrated by the following findings. The numbers

of leaves (branch endpoint nodes) per tree were significantly larger

in dominant clones, with a median of 537 leaves per tree, rather

than 1 in non-dominant and healthy control clonal trees, as most

normal B cell clones are represented in the peripheral blood by one

or very few sequences. The numbers of children emerging from the

tree root, and the average number of children per node, were

significantly larger in trees from dominant clones than in those
A B

C D

FIGURE 3

Dominant clones undergo or retain more replacement mutations that alter amino acid properties. Shown are percentages of replacement mutations in
all trees that change the amino acid (A) charge, (B) hydropathy, or (C) volume, and (D) the distributions of mutations among CDRs in all trees. Significant
differences were also found in mutations that change amino acid polarity, chemical group, and the tendency to donate and accept hydrogen (not
shown). The Wilcoxon paired test was used when comparing between dominant and non-dominant clones in the same patients, and the Mann-Whitney
test – between patient and normal healthy controls, as the data were not normally distributed. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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from non-dominant (Figure S3B; p < 0.01, Wilcoxon paired sample

test and FDR correction) or healthy control clones (p < 0.05, Mann-

Whitney t test and FDR correction). The median number of

children emerging from the root was 342 descendant nodes in

dominant trees and 1 descendant node in non-dominant and

healthy control trees. In the original simulation study (46), these

lineage tree “branching”measures were directly influenced by initial

clone affinity – the higher the initial affinity, the more success in

forming additional branches, as explained above – and the average

number of children per node was inversely influenced by selection

strength, again because selection would “trim” lower-affinity

branches. To interpret the shapes of CLL clones, we should

ignore initial (presumably pre-transformation) clonal affinity, and

only refer to the highly branched shapes of the observed clonal trees.

These shapes suggest that whatever selection acts on the IgHV

mutants is weak enough to allow a constantly dividing and mutating

tumor cell population to continuously replenish the dominant clone

cells in the blood. Finally, the trunkless analysis showed similar

trends to those in the trunk-including analysis (Figures S3C, D),

though with lower statistical significance due to the smaller

group sizes.
3.3 CLL dominant clones undergo weaker
selection for replacement mutations in the
CDRs, but retain selection against
replacement mutations in the FWRs

To directly test which, if any, type of selection has been acting

on the mutated CLL and control clones and to what extent, IgTreeZ

mutation counts in the FWR and CDR regions were used as input

for the ShazaM R package (37, 45). We also created a cohort of non-

selected control clones by assigning all sequences in each repertoire

– functional and non-functional – into clones, and constructing

lineage trees from the clones that included only out-of-frame IgHV

sequences, presumably representing un-productively rearranged,

non-expressed IgHV alleles. Selection scores measured on all four

clonal repertoires show that dominant clones undergo the weakest

selection – or none at all – for replacement mutations in the CDRs,

similar to the non-productive clones (Figures 4A, B), compared to

that in non-dominant or healthy control clones (p < 0.001,

Student’s T-test with FDR correction for multiple comparisons).

In contrast, in the FWRs, dominant clones clearly undergo selection

against replacement mutations (as their selection scores

significantly differ from those of the non-selected clones; the

latter have scores that do not significantly differ from the case of

no selection, depicted by the zero line), although it is weaker than

the same selection observed in non-dominant clones and in healthy

repertoires (p < 0.001, Student’s T-test with FDR correction for

multiple comparisons). Selection scores in non-dominant clones

were similar in both CDRs and FWRs to those in healthy

repertoires. Overall, these results suggest that the selection that

operates on CLL clones is not completely abolished, but is certainly

different from that in normal repertoires. The selection against

replacement mutations in the FWRs may represent a need for (at
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receptor, as discussed below.

Dominant CLL clone trees with trunks removed still seem to

undergo selection for replacement mutations in the CDRs, and

selection against replacement mutations in the FWRs, similarly to

trees from healthy repertoires (Figures 4C, D). Dominant trees that

originally had no trunks, however, undergo weak – if any – selection

in the CDRs, with indistinguishable scores from those measured on

the fully non-productive clones. These results further illustrate CLL

tumor heterogeneity, and emphasize the need for trunk removal

from tumor clone trees, as many replacement mutations in tree

trunks must have been selected (for or against), so including the

pre-transformation mutation history in lymphoma clone analysis

may confound the results.
3.4 Machine learning reveals potential SHM
impairments even in non-dominant
patient clones

In the past, we have shown that IgTreeZ extensive mutation

counts can be used as input for ML models, to further elucidate the

mutation mechanism in DLBCL clones (22). In the current study,

we compared only patient non-dominant clones to healthy control

clones; malignant clone data were not included in the ML models,

as the purpose of the ML models was to identify traces of potential

CLL patient-specific (rather than tumor-specific) impairments in

SHM or antigen-driven selection, rather than to distinguish

between patient and healthy control clones.

To perform the most unbiased analysis we could, we first

normalized the mutation counts by dividing the specific mutation

counts by the total number of mutations in each tree to receive the

frequency of each mutation type. Second, since our dataset was

extremely imbalanced, with almost tenfold healthy control clones

than non-dominant clones in CLL patient samples (Tables 1, 2), we

balanced the dataset using the SMOTetomek algorithm (48). Third,

we built three different machine learning models – a Support Vector

Machine (SVM), a Random Forest and an XGBoost model – to

classify the revised datasets.

All three classification models exhibited very high accuracy;

Random Forest presented the best performance with F1-scores of

0.962 and 0.961 for HC and non-dominant trees, respectively, and

SVM the worst, with F1-scores of 0.831 and 0.836 for HC and non-

dominant trees (Figure 5A). XGBoost performed almost as well as

Random Forest (Figure 5B). To assess the relevance of specific input

parameters to this classification – and thus to learn which features

of SHM are specific to non-dominant clones from CLL patients

rather than to their tumors – we calculated the feature importance

scores of the Random Forest and XGBoost models. The transition

mutation frequency was found to be the best predictor, accounting

for 0.08 of the separation in Random Forest (Figure 5C) and 0.15 of

the separation in XGBoost (Figure 5D). Indeed, transition mutation

frequencies in the CLL non-dominant clones tended to be higher

than those in healthy controls (Figure 5E). Overall, these results

suggest either that the presence of CLL malignant clone(s)
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influences SHM or selection of non-dominant B cell clones, or that

some slight impairments in one of these mechanisms were present

prior to malignancy detection, and may have even contributed to

malignant transformation.
4 Discussion

CLL is a chronic disease, and M-CLL tumor clones may

accumulate mutations in their IgHV genes for many years. For

these reasons, we assumed that dominant clones would show

different mutation characteristics than healthy control clones.

Messmer and colleagues, who performed sequence-based
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mutational analysis of representative CLL IgHV gene sequences

from the dominant clones of 172 CLL patients, found that

dominant CLL sequences include more mutations than non-

dominant ones (54); Petrova et al. used isotype-resolved BCR

sequencing and indicated a distinct evolution of malignant CLL

clones relative to clones from healthy volunteers (55). However,

neither study characterized these mutations. Using IgHV lineage

tree-based analyses, we found that dominant CLL clones undergo –

or retain –more IgHV replacement mutations that alter amino acid

physico-chemical properties than non-dominant or healthy control

clones. Supporting the mutation analysis results, dominant CLL

clone lineage trees possess tumor-typical, highly branched

topologies, which correlate with weaker – but present – selection.
A B

C D

FIGURE 4

CLL dominant clones retain some selection against replacement mutations in the FWRs. (A) The probability density functions of the selection scores
for dominant CLL clones in comparison to non-dominant clones in the same patients, or healthy donor clones, and to fully non-productive clones,
calculated on the lineage tree-based mutation counts of the same data. Positive values indicate selection for, and negative values – selection
against, replacement mutations. (B) Means and 95% confidence intervals of the selection scores plotted in (A). (C, D) CLL dominant clones without
trunks exhibit weaker selection than dominant clones with trunks, both for replacement mutations in the CDRs and against replacement mutations
in the FWRs. (C) Same as (A) for trunkless trees. (D). Means and 95% confidence intervals of selection scores of the selection scores plotted in (C).
The line at Selection Score=0 is shown to indicate when the results are indistinguishable from the case of no selection operating on the clones.
Both graphs were plotted using ShazaM (37, 45) based on the focused binomial test (25). ∗∗∗p < 0.001, Student’s T-test with FDR correction for
multiple comparisons.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1115361
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Neuman et al. 10.3389/fonc.2023.1115361
Since it is difficult to distinguish between the effects of

impairments in SHM vs. selection, we used the focused binomial

test, which to our knowledge is the only correct test for selection

used on lymphomas to date, and found that CLL dominant clones

undergo almost no selection for replacement mutations in their

IgHV gene CDRs. However, dominant clones clearly maintain some

selection against replacement mutations in their FWRs, although

this selection is weaker than that observed in normal healthy

controls. Similar alterations in IgHV selection were also found in

our studies of other Ig gene mutating B cell malignancies (24, 29,

30). Our finding that CLL clones retain the selection against

replacement mutations in their IgHV FWRs indicates a need for

IgH transcription, translation, and proper protein folding, and

agrees with previous studies showing that CLL tumor clones

depend on some type of signals from the BCR complex (56–59).

Several IgHV repertoire studies used ML for classification – to

discriminate between IgHV in tumors and those in normal tissues

(60), to discriminate between IgHV from celiac patients and healthy
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individuals (61), or to classify relapsing-remitting multiple sclerosis

IgHV CDR3 data from other neurological disease data (62). Here,

we used an extensive list of lineage tree-based mutation

characteristics to build ML models that could identify minor

differences between non-dominant (presumed non-malignant)

clones in CLL patients and healthy control trees. Ignoring the

dominant clone data, we used ML to look for CLL patient-specific

(rather than tumor-specific) impairments in SHM or antigen-

driven selection; such information may yield targets for molecular

research into what pre-disposes people for CLL and possible other

lymphomas. The best ML model classified the non-dominant and

healthy control trees with high accuracy, and indicated that CLL

non-dominant clones have more transition mutations relative to

healthy control clones. Messmer et al. indicated in 2004 that

dominant clone CLL IgHV sequences show preference for

transitions over transversions (54); our analysis shows for the first

time that this preference exists even in the CLL non-dominant

sequences. Although the non-dominant clones we included in this
A B

C D E

FIGURE 5

Machine learning models reveal features distinguishing CLL non-dominant from healthy control clones. (A) Confusion matrices for the Random
forest, XGBoost and SVM models, respectively, all showing high accuracy in classification of the clones. (B) Receiver operating characteristic (ROC)
curves for the three models. Such plots give the true-positive rate (a.k.a. sensitivity, recall or probability of detection) vs. the false-positive rate (a.k.a.
the probability of false alarm, or 1 – the specificity). The larger the area under the curve (AUC), the better the model performance is. (C) Random
forest feature importance scores (proportions of the influence of each feature out of the summed influences of all features), showing which model
features are responsible for most of the separation between data groups. (D) XGBoost feature importance scores. (E) The frequencies of transition
mutations in the two data groups; a p-value could not be determined, as the group size was larger than 5000. Confusion matrices and ROC curves
were created using Python’s scikit-learn package. HC – Healthy controls, Non_dom – Non-dominant CLL clones. RF – Random Forest. XG –

XGBoost, SVM – support vector machine. Transversion, Transition – transversion or transition mutation frequency, respectively. Fwr3 – the
frequency of mutations in the FWR3 region out of all mutations. Amide_source (target) – the frequency of amide amino acid in pre-(post-)
replacement mutation amino acids. Cdr2 (cdr3) – the frequency of mutations in the CDR2 (CDR3) region out of all mutations. Source_c(t) – the
frequency of cytosine (thymine) among all pre-mutation nucleotides. Hydro_donor_target – the frequency of hydrogen donating amino acids
among post-mutation amino acids in replacement mutations. Hydro_donor_acceptor_source – the frequency of hydrogen donating and accepting
amino acids among pre-mutation amino acids in replacement mutations. Negative_source – the frequency of negative amino acids among pre-
mutation amino acids in replacement mutations.
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study were all small, we cannot exclude the possibility that some of

the non-dominant clones we did include were also malignant. There

could either be branches of the main tumor that have mutated so far

away from it that our algorithm couldn’t identify them as related to

the main clone, or unrelated CLL or different tumors in the same

patient. However, at least some of the non-dominant clones must

have been from normal B cells, so we believe that this finding is

worth looking into. It is possible that the balance between

transitions, which are created via simple replication over AID-

introduced uracils, and transversions, which are created by several

other DNA repair mechanisms, is disrupted in CLL patients (63–

65), and that this disruption is somehow linked to the malignancy.

In summary, we present IgHV sequence lineage tree-based

analysis of 15 M-CLL patient tumors, in comparison with the

same patients’ non-dominant and with healthy control B cell

clones, and show for the first time that (a) selection against

replacement mutations is impaired in, but not completely

abolished in the FWRs of, CLL dominant clones; SHM

mechanisms may also be impaired in some way in CLL clones.

(b) Even the non-dominant clones in CLL patients differ from those

of healthy controls in various ways, the most notable being that they

express higher fractions of transition mutations than healthy

control clones. Performing a similar but larger scale study will

allow a better understanding of IgHV SHM and selection in M-CLL,

and may shed light on the clinical significance of the heterogeneity

of M-CLL; the same methods would also be useful for studying any

other tumor-related evolutionary processes that can be studied

using lineage trees.
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Extranodal marginal zone
lymphoma clonotypes are
detectable prior to eMZL
diagnosis in tissue biopsies
and peripheral blood of
Sjögren’s syndrome patients
through immunogenetics

P. Martijn Kolijn1, Erika Huijser2, M. Javad Wahadat2,3,
Cornelia G. van Helden-Meeuwsen2, Paul L. A. van Daele2,4,
Zana Brkic4, Jos Rijntjes5, Konnie M. Hebeda5,
Patricia J. T. A. Groenen5, Marjan A. Versnel2,
Rogier M. Thurlings6 and Anton W. Langerak1*

1Department of Immunology, Laboratory Medical Immunology, Erasmus MC, Rotterdam, Netherlands,
2Department of Immunology, Erasmus MC, Rotterdam, Netherlands, 3Department of Paediatric
Rheumatology, Sophia Children’s Hospital, Erasmus MC, Rotterdam, Netherlands, 4Department of
Internal Medicine, Division of Clinical Immunology, Erasmus MC, Rotterdam, Netherlands,
5Department of Pathology, Radboudumc, Nijmegen, Netherlands, 6Department of Rheumatology,
Radboudumc, Nijmegen, Netherlands
Introduction: Activated B cells play a key role in the pathogenesis of primary

Sjögren’s syndrome (pSS) through the production of autoantibodies and the

development of ectopic germinal centers in the salivary glands and other

affected sites. Around 5-10% of pSS patients develop B-cell lymphoma, usually

extranodal marginal zone lymphomas (eMZL) of the mucosa-associated lymphoid

tissue (MALT). The aimof the current study is to investigate if the eMZL clonotype is

detectable in prediagnostic blood and tissue biopsies of pSS patients.

Methods/Results:We studied prediagnostic tissue biopsies of three pSS patients

diagnosed with eMZL and four pSS controls through immunoglobulin (IG) gene

repertoire sequencing. In all three cases, we observed the eMZL clonotype in

prediagnostic tissue biopsies. Among controls, we observed transient elevation

of clonotypes in two pSS patients. To evaluate if eMZL clonotypes may also be

detected in the circulation, we sequenced a peripheral blood mononuclear cell

(PBMC) sample drawn at eMZL diagnosis and two years prior to eMZL relapse in

two pSS patients. The eMZL clonotype was detected in the peripheral blood prior

to diagnosis in both cases. Next, we selected three pSS patients who developed

eMZL lymphoma and five additional pSS patients who remained lymphoma-free.

We sequenced the IG heavy chain (IGH) gene repertoire in PBMC samples taken a

median of three years before eMZL diagnosis. In two out of three eMZL patients,

the dominant clonotype in the prediagnostic PBMC samples matched the eMZL

clonotype in the diagnostic biopsy. The eMZL clonotypes observed consisted of
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stereotypic IGHV gene combinations (IGHV1-69/IGHJ4 and IGHV4-59/IGHJ5)

associated with rheumatoid factor activity, a previously reported feature of eMZL

in pSS.

Discussion: In conclusion, our results indicate that eMZL clonotypes in pSS

patients are detectable prior to overt eMZL diagnosis in both tissue biopsies and

peripheral blood through immunogenetic sequencing, paving the way for the

development of improved methods of early detection of eMZL.
KEYWORDS

immunogenetics, Sjögren’s syndrome, early detection, lymphoma, lymphomagenesis
Introduction

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune

disease, characterized by impaired secretion of exocrine glands.

Activated B cells play a key role in the pathogenesis of pSS, through

the production of autoantibodies and the development of ectopic

germinal centers in the salivary glands and other affected sites (1, 2).

The produced autoantibodies cover a wide spectrum, including

antinuclear, anti-Ro/SS-A, anti-La/SS-B and rheumatoid factor

(RF) antibodies (3). In addition, 5-10% of pSS patients develop B-

cell lymphoma, typically extranodal marginal zone lymphomas

(eMZL) of the mucosa-associated lymphoid tissue (MALT), of

which around 70% in the salivary glands (4). Lymphoma is the

main cause of a decreased survival in pSS (5). Strikingly, parotid

eMZL in pSS frequently express antibodies with RF activity,

suggesting autoreactivity is an early driver during lymphoma

development (6, 7). RF clones were previously shown to be

enriched in inflamed tissues, particularly during pSS-related

eMZL development (6). Therefore, a putative model for parotid

eMZL lymphomagenesis has been proposed where RF clones

organize in ectopic germinal center-like structures in a salivary

gland, stimulating somatic hypermutation, proliferation and

accumulation of driver mutations (8–10).

During their care for patients with pSS clinicians are confronted

with a number of dilemmas. Patients are monitored for

development of a complicated disease course by rheumatologists

or immunologists, with lymphoma considered to be one of the most

severe complications (11). The time to development of lymphoma

varies with the highest incidence occurring after >8 years follow-up

(12). Nonetheless, 50-70% of patients do not develop a complicated

disease course, resulting in unnecessary costs for specialist care and

anxiety for patients. Another dilemma occurs in the event of a

clinical suspicion of lymphoma in patients with persistent general

swelling of salivary glands or lymph nodes, or an unexplained mass

lesion in other organs. A confident histological diagnosis can be

difficult to make as eMZL in pSS develops in a background of

chronic inflammation. This can result in uncertain circumstances in

which a clear diagnosis cannot be reached, especially in small

biopsies. Mortality and morbidity is increased in older patients

with co-morbidities, with stage III/IV disease and in those with
0282
progression into a more aggressive lymphoma (11). Additionally,

lymphoma treatment depends on staging and varies from wait-and-

see policy, immunotherapy alone or mild chemotherapy in early

stages to intensive chemo-immunotherapy in late stages and

progression to diffuse large B-cell lymphoma.

Previously reported risk factors for lymphoma development in

pSS include a combination of epidemiological, clinical, laboratory

and pathological features. These prognostic markers include male

gender, permanent parotid enlargement, lymphadenopathy, mixed

monoclonal cryoglobulinemia, leukopenia, RF autoantibodies, low

complement levels and an extensive lymphocytic infiltrate in a

salivary gland biopsy (termed a high focus score) (4, 11, 13, 14).

Some of the other risk factors may emerge as a reflection of pre-

lymphomatous conditions, particularly parotid enlargement and

cryoglobulinemia. Nonetheless, the specificity and sensitivity of

these risk factors for lymphoma development is limited, and these

features are not restricted to pSS patients developing eMZL. A

composite score of lymphoma biomarkers improved specificity at

the cost of sensitivity (71.8% sensitivity and 79% specificity at a

score of ≥2) (4, 15). Unfortunately, the lack of clarity resulting from

the limited specificity and sensitivity of existing markers can result

in a significant diagnostic delay for eMZL diagnosis in pSS patients

in the order of months to years, alongside a monitoring burden for

pSS patients who never progress to eMZL. Altogether, there is a

clear need for novel methods for early detection in pSS patients with

high risk features for lymphoma.

Previously, we have shown that chronic lymphocytic leukemia

(CLL), an indolent subtype of lymphoma, can be detected over 16

years prior to clinical diagnosis by sequencing the B-cell receptor

immunoglobulin (BCR IG) gene repertoire in the peripheral blood

(16). Our findings showed promise for early detection of lymphoma

and for the use of immunogenetic sequencing for precision

oncology. We hypothesize that patient groups at increased risk of

lymphoma (such as pSS patients) in particular would benefit from a

sensitive and specific method of early detection through

immunogenetic sequencing.

Hence, the aims of the current study on pSS patients are: 1) to

investigate the presence of the eMZL clonotype in tissue biopsies

taken prior to eMZL diagnosis. 2) to perform an unbiased study of

IG heavy chain (IGH) gene repertoire dynamics in the peripheral
frontiersin.org
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blood prior to eMZL and 3) to validate the presence of a dominant

c lonotype us ing the eMZL c lonotype in the eMZL

diagnostic biopsy.
Material and methods

Patient selection and sampling

We selected three pSS cases with prediagnostic tissue biopsies

dating up to seven years before eMZL diagnosis and 4 pSS controls

who did not develop eMZL and sequenced the immunoglobulin

(IG) gene repertoire in all tissues. The selected tissue biopsies

originated either from the moment of pSS diagnosis (parotid or

labial biopsies) or from biopsies taken due to unexplained

symptoms, such as a swollen lymph node or parotid gland. Tissue

type of diagnostic eMZL biopsy varied based on dissemination of

eMZL at diagnosis (parotid, lymph node, liver, bronchial or breast).

We then explored the technical feasibility of detection of the eMZL

clonotype in the circulation by sequencing the peripheral blood of

two pSS patients who had developed eMZL, either at the time of

lymphoma diagnosis or 2.3 years prior to eMZL relapse. For the

retrospective study on early detection of eMZL in the peripheral

blood, we designed a case-control study. We selected three pSS

patients who were diagnosed with eMZL and five pSS patient

controls matched for age, sex and blood sample availability. All

peripheral blood mononuclear cell (PBMC) samples were drawn

after pSS diagnosis and prior to eMZL diagnosis. On average,

disease duration was longer for controls (12-25 years) than for

cases (6-8 years) at time of sampling. A total of sixteen longitudinal

PBMC samples (seven from cases, nine from controls) were

included in the study, drawn at a median of three years before

eMZL diagnosis (interquartile range two years). For two of the three

pSS patients with prediagnostic PBMC samples who developed

eMZL, a matched diagnostic tissue biopsy was available. A

schematic overview of the study design can be found in

Supplementary Figure 1. Biopsies were stored in fresh frozen (FF)

or formalin fixed and paraffin embedded (FFPE) form. Collection

and usage of samples was approved by the IRB of both Erasmus

MC and Radboudumc (MEC2011-116; MEC2019-484; MEC2015-

1721) and studies were performed in accordance with the

Declaration of Helsinki.
DNA isolation and immunogenetic
sequencing

Genomic DNA was isolated from tissue biopsies using the

GenElute™ Mammalian Genomic DNA Miniprep Kit (Sigma-

Aldrich, St. Louis, MO) or from PBMCs using the GenElute™

Blood Genomic DNA Kit (Sigma-Aldrich). A leader-based PCR was

utilized to amplify the IGH repertoire of the PBMC samples and the

FF tissue biopsies (17). 500 ng of gDNA was given as input for the

multiplex PCR for the PBMC samples and 20-40 ng of gDNA for

the tissue biopsies. The PCR product was sequenced on the Illumina

Miseq platform. For the FFPE samples, an adapted protocol was
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used to account for fragmentation resulting from DNA

crosslinking. DNA from FFPE samples was sequenced using IG

clonality protocol through Illumina sequencing (18). The

sequencing data were then annotated through the ARResT/

Interrogate immunoprofiler (19). A clonotype was defined as a

rearrangement with an identical HCDR3 amino acid sequence

using the same IGHV-gene and IGHJ-gene. Clonotypes utilizing

an IGHV-gene and IGHJ gene combination associated with RF

stereotypy (IGHV4-59/IGHJ2, IGHV4-59/IGHJ5, IGHV1-69/

IGHJ4, IGHV3-7/IGHJ3) were considered to present with RF-like

features. None of the clonotypes with RF-like features in the current

study were an identical match to RF clonotypes from literature. A

quality control table for the sequencing results can be found in the

supplement (Supplementary Table 1).
Data analysis

During data analysis, the abundance of the largest (“dominant”)

clonotype was contrasted to the background clonotypes by

calculating a ratio, i.e. by dividing the abundance of the dominant

clonotype by the mean of the abundance of the clonotypes ranked

3rd-7th, as previously reported (20). Subsequently, the ratio was

compared between cases and matched controls. Dominant

clonotypes identified in the diagnostic biopsies were considered to

reflect the malignant clonotype and were tracked back in the

prediagnostic IGH repertoire in the peripheral blood. Intraclonal

diversification was evaluated using IgIDivA after processing the

data through the T cell receptor/immunoglobulin profiler TRIP

(21, 22).
Results

eMZL clonotypes are detectable in
tissue biopsies of pSS patients before
eMZL diagnosis

In order to investigate the prediagnostic presence of eMZL

clonotypes, we sequenced prediagnostic tissue biopsies of three pSS

patients developing eMZL and four pSS controls who did not

develop eMZL. We detected the eMZL clonotype in prediagnostic

tissue biopsies for all three pSS patients (Figure 1; Supplementary

Table 2). For two patients (pSS1 and pSS2), the eMZL clonotype

was detected in the IGH gene repertoire, while for the last patient

(pSS3) we detected it in the immunoglobulin kappa-deleting

element (IGK-Kde) repertoire, a rearrangement well recognized as

a clonal marker in lymphoma (23, 24). In prediagnostic tissue

biopsies where the eMZL clonotype was present, the eMZL

clonotype was observed with abundances ranging from 4.2%-55%

for all patients (Figure 1A). Clonal proliferations exceeding 10%

were also detected for two out of four controls, pSS6 and pSS7,

though the clonal proliferations did not remain present in the

follow up biopsy for pSS6, suggesting dominant clonal

proliferations in pSS patients who do not develop eMZL may be

transient in nature. Determination of the abundance and longevity
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of clonal proliferations in pSS patients is essential to evaluate the

potential for early detection of eMZL through immunogenetic

sequencing. Calculating the ratio of the abundance of the eMZL

clonotype compared to the clonotypes ranked 3rd-7th preserved

longitudinal dynamics and appears to enhance differentiation

between cases and controls in the current cohort, as previously

described for other lymphoma subtypes, though our sample size is

insufficient to establish a meaningful cutoff (Figure 1B) (20). In all 3

cases, the dominant clonotype observed in the earlier tissue biopsy

matched the clonotype observed at eMZL diagnosis (Supplementary

Table 2). Notably, for patient pSS3, the eMZL clonotype was only

observed in the parotid gland biopsy, while two prediagnostic

lymph node biopsies taken several months later showed no

dominant clonotype, indicating limited dissemination of the

eMZL clonotype. Interestingly, both patients with a detectable

prediagnostic eMZL clonotype in the IGH gene repertoire (pSS1

and pSS2) presented with RF-like features (IGHV1-69/IGHJ4),

while none of the dominant clonal proliferations in tissue biopsies

of controls presented with RF-like features. The dominant eMZL

clonotype was detected up to 7 years before diagnosis for

patient pSS1.
The eMZL clonotype is detectable in the
peripheral blood at diagnosis and prior
to relapse

To evaluate the potential for a less invasive approach of early

detection of eMZL using peripheral blood of pSS patients, we first

sequenced the IGH gene repertoire of PBMC samples of two pSS

patients (pSS11 and pSS12) diagnosed with eMZL, in patient pSS12

at the time of eMZL diagnosis and for patient pSS11 2.3 years prior

to eMZL relapse. In both patients, we observed skewing of the IGH

gene repertoire in the peripheral blood in both abundance and ratio
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(Figures 2A, B), though the skewing was more pronounced for the

ratio. We additionally sequenced diagnostic tissue biopsies for these

patients. For the patient with the relapsed eMZL (pSS11), the

dominant clonotype identified in the peripheral blood 2.3 years

prior to relapse was also an exact match to the malignant clonotype

identified at relapse. For the sample drawn at diagnosis of eMZL

(pSS12), the 2nd ranked clonotype matched the diagnostic eMZL

clonotype (Supplementary Table 3), while the 1st ranked clonotype

did not. Neither the 1st ranked clonotype nor the eMZL clonotype

displayed RF stereotypy in patient pSS12. In summary, our data

indicates that the detection of the eMZL clonotype is feasible in the

peripheral blood at eMZL diagnosis and prior to relapse.
The eMZL clonotype is detectable in the
peripheral blood prior to diagnosis of eMZL

Based on these results, we hypothesized that the eMZL

clonotype may be detected in the circulating cells in the blood

prior to diagnosis as well. Therefore, we designed a retrospective

case-control pilot study screening the peripheral blood of pSS

patients prior to eMZL diagnosis. For two patients (pSS9 and

pSS10) a matched diagnostic biopsy at eMZL diagnosis was

available, allowing identification of the eMZL clonotype. In both

cases, the dominant clonotype in the prediagnostic blood sample

matched the eMZL clonotype (Supplementary Table 3). These

eMZL clonotypes consisted of IGHV/IGHJ rearrangements with

RF-like features (IGHV1-69/IGHJ4 and IGHV4-59/IGHJ5).

Furthermore, the eMZL clonotype observed in one of these two

patients (pSS10) was already present seven years prior to eMZL

diagnosis in the peripheral blood (Figures 2A–C). For the third pSS

patient developing eMZL lymphoma (pSS8), no overt prediagnostic

skewing was detected whilst the actual eMZL clonotype could not

be determined due to the lack of availability of a diagnostic biopsy.
BA

FIGURE 1

Abundance of eMZL clonotype in tissue biopsies obtained from pSS patients up to eMZL development. (A) The abundance of the dominant clone as
a percentage of total reads in the IG gene repertoire (IGH for pSS1 and pSS2, IGK-Kde for pSS3, IGH for pSS4-7) is shown in various tissue samples
of SS patients developing eMZL and pSS controls. (B) The ratio of the abundance of the dominant clonotype clonotype compared to the clonotypes
ranked 3rd-7th is depicted for both cases and controls. Tissue biopsies are further described in Supplementary Table 2.
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The absolute abundance of the eMZL
clonotype in the peripheral blood does not
significantly differ from the controls but
the ratio of the dominant clonotype over
the clonotypes ranked 3rd-7th is increased
among pSS cases at eMZL diagnosis

The absolute abundance of the eMZL clonotypes in the

peripheral blood remained relatively low, at less than 1% of the

total IGH gene repertoire and no significant difference was observed

in the absolute abundance of the dominant clonotype of cases and

controls (Figure 2A). This observation indicates a fundamental

difference between prediagnostic tissue biopsies in pSS patients vs.

the peripheral blood. In prediagnostic tissue biopsies where the

eMZL clonotype was present, a dominant clonal proliferation could

be observed with abundances ranging from 4.2%-55% for all

patients (Figure 1; Supplementary Table 2). Interestingly,

similarly to the eMZL clonotypes observed at eMZL diagnosis

and prior to relapse in patients pSS11 and pSS12, the eMZL

clonotypes were the highest ranked (most abundant) clonotypes

present in the peripheral blood of patients pSS9 and pSS10 prior to

eMZL diagnosis. To quantify the magnitude of the increase in

relative abundance, we calculated a ratio between the abundance of

the dominant clonotype in a sample divided by the mean
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abundance of the clonotypes ranked 3rd-7th (20). We observed a

marked increased abundance of the eMZL clonotype compared to

the clonotypes ranked 3rd to 7th at diagnosis of eMZL and prior to

eMZL diagnosis in patients pSS10, pSS11 and pSS12 (Figure 2B).

Thus, the peripheral blood IGH gene repertoire of pSS patients

developing lymphoma may not be characterized by a pronounced

increase in the absolute abundance of the clonotype of interest, as

previously observed for CLL (16), but instead by an increase in the

ratio or relative abundance of the eMZL clonotype in comparison to

the mean of the abundance of the clonotypes ranked 3rd-7th

(Figures 2A, B).
Abundant and persistent clonotypes
with RF-like features may have potential
as a marker for eMZL development in
pSS patients in tissue biopsies and
peripheral blood

Based on these interesting findings, we then evaluated whether the

abundance of clonotypes with RF-like features (IGHV1-69/IGHJ4,

IGHV4-59/IGHJ2, IGHV4-59/IGHJ5 or IGHV3-7/IGHJ3) may have

additional potential as a marker for eMZL development. In tissue

biopsies, elevation of clonotypes with RF-like features was only
B

C

A

FIGURE 2

Abundance of eMZL clonotype in peripheral blood of pSS patients. (A) The abundance (% of total reads in the IG gene repertoire) of the eMZL
clonotype in pSS patients is shown over time until eMZL diagnosis in comparison to matched pSS controls. For controls, the abundance of the
dominant clonotype is shown. (B) The ratio (#1 clonotype divided by the mean of clonotype #3-#7) in pSS patients is shown over time to eMZL
diagnosis in comparison to matched pSS controls. PBMC samples and matching diagnostic biopsies are further described in Supplementary Table 3.
(C) Schematic overview of early detection of premalignant eMZL clonotypes. The eMZL clonotypes identified in both tissue biopsy and the peripheral
blood in the current study are highlighted.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1130686
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Kolijn et al. 10.3389/fonc.2023.1130686
observed for pSS patients developing eMZL (2 out of 3 cases),

suggesting highly abundant clonotypes with RF-like features may

indeed have potential as a marker for eMZL development

(Figure 3A). In circulation, RF-like clonotypes were observed in both

cases and controls, albeit at low abundance in comparison to the tissue

biopsies (Figure 3B). Interestingly, persistent presence of the same RF-

like clonotype as the dominant clonotype (and matching the eMZL

clonotype) was a feature restricted to pSS patients developing eMZL,

while controls presented with transient elevation of RF-like clonotypes

only (Figure 3B). The utility of detection of clonotypes with RF-like

features in the peripheral blood for the early detection of eMZL

remains unclear, although it would be of interest to explore if an

aberrant RF-like clonotype identified in tissue biopsy might be

monitored through the peripheral blood as a less invasive alternative.
Intraclonal diversification is limited in the
peripheral blood compared to the
intraclonal diversification in the eMZL
clonotype in the diagnostic biopsy and
SHM levels are variable in the peripheral
blood over time to diagnosis

Intraclonal diversification as a consequence of high levels of

somatic hypermutation is a well described feature of eMZL

lymphomas in pSS (6). In the diagnostic tissue biopsies we indeed

observed extensive intraclonal diversification (Figures 4B, D).

Interestingly, we observed very limited intraclonal diversification

within the eMZL clonotype in the peripheral blood (Figures 4A, C).

SHM levels in the peripheral blood increased over time to diagnosis

of eMZL, while SHM levels in the peripheral blood shortly before

diagnosis and at diagnosis matched SHM levels in the diagnostic

biopsy, suggesting ongoing SHM during eMZL development

(Supplementary Table 3).
Discussion

In this study, we sequenced the IG gene repertoire of tissue

biopsies and/or the peripheral blood of eight pSS patients who
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developed eMZL and nine matched pSS controls. Our results

indicate eMZL clonotypes are already present in both tissue

biopsies and the peripheral blood prior to eMZL diagnosis. In

pSS patients, dendritic cells, T-cells and B-cells react strongly to

auto-antigens such as the ribonucleoprotein particles Ro/SS-A and

La/SS-B expressed by the epithelium of the exocrine glands. They

produce high levels of cytokines and chemokines, resulting in

chronic inflammation of the exocrine glands and loss of

physiological function (25, 26). The salivary gland epithelium

plays a central role in this local autoimmune process by actively

stimulating immune cells to accumulate, activate and differentiate

(27). The inflammatory microenvironment and activated immune

cells then create a vicious cycle by activating the epithelial cells and

promoting epithelial cell survival, resulting in a perpetual

maintenance and escalation of pSS-associated auto-immune

responses (27). A particularly important factor in the context of

eMZL development is that epithelial cells may be directly involved

in B-cell activation. Salivary gland epithelial cells of pSS patients

have been shown to produce BAFF mRNA upon Type 1 IFN

stimulation (28). BAFF is essential in promoting B lymphocyte

activation and survival and has also been associated with

autoimmune B-cell activation (27, 29). B-cells in pSS can be

found in focal mononuclear infiltrates and between the ductal

epithelial cells in the salivary glands (30, 31). Interestingly, the B-

cells found in the focal mononuclear infiltrates express markers

associated with memory B-cells and plasma cells, while the B-cells

in the lympho-epithelial lesions between the ductal epithelial cells

express markers of chronic activation and proliferation in absence

of classical memory and plasma cell markers (30, 31). This

population of chronically expanding B-cells has been described as

the putative source of the eMZLs associated with pSS (32, 33).

One of the most impactful and most studied pathways in pSS is

the Type 1 interferon (IFN) pathway (34). The IFN receptor IFNAR

is expressed on nearly all cells in the body and its downstream

mediators affect the transcription of up to 10 percent of all human

genes (35, 36). A remarkable and consistent upregulation of IFN

stimulated genes (commonly referred to as the IFN signature) has

been reported in pSS (37, 38). A higher expression of IFN stimulated

genes is associated with a more severe disease phenotype

characterized by B-cell hyperactivity, manifesting through a higher
BA

FIGURE 3

Abundance of RF-like clonotypes in cases and controls in tissue and peripheral blood of pSS patients. (A) The abundance (% of total reads in the IG
gene repertoire) of the most abundant RF-like clonotype in pSS patients is shown over time until eMZL diagnosis in tissue biopsies in comparison to
matched pSS controls. (B) The abundance (% of total reads in the IG gene repertoire) of the most abundant RF-like clonotype in pSS patients is
shown over time until eMZL diagnosis in the peripheral blood in comparison to matched pSS controls.
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focus score, autoantibody seropositivity, hypergammaglobulinemia,

complement consumption, reduced saliva secretion and an increased

risk of lymphoma development (39).

The susceptibility of RF clones for lymphomagenesis compared

to anti-Ro/La clones has been attributed to differences in affinity

maturation. The increased incidence of lymphomagenesis among

RF clones likely results from differences in the structure of the

recognized autoantigens. Compared to anti-Ro/La clones, RF clones

express a restricted public set of immunoglobulin variable regions

and an IgM constant region, resulting in extensive intraclonal

diversification, which may over time result in formation of

cryoglobulins and monoclonal lymphoproliferation (6, 8). In the

current study, we observed evidence for this intraclonal

diversification in the diagnostic tissue biopsies, but not in the

eMZL clonotype in the peripheral blood. Additionally, the degree

of intraclonal diversification in the eMZL clonotype in the

peripheral blood was stable over time to diagnosis (data not

shown). This observation would suggest that intraclonal

diversification may hold value as a marker for eMZL

development in the context of tissue biopsies but not in the
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peripheral blood, although this finding should be validated in a

larger study.

In the context of this chronic auto-immune inflammatory

process, it is perhaps not surprising that malignant B-cell

clonotypes are already detectable prior to eMZL diagnosis. It

remains unclear at what point after the emergence of these

clonotypes progression to eMZL occurs and what drivers are

involved in progression. To answer this question it will be

essential to ascertain which (genetic) driver events lead to the

transformation from auto-immune RF-stereotyped B cells to

eMZL and which role the local environment of the parotid gland

epithelium plays in this process. Further study of the features of the

prediagnostic IG gene repertoire may be an effective method of

providing clarification on the dynamics of the expansion during

eMZL development, but paired experiments evaluating the local

environment will likely be required to achieve new insights.

Additionally, in the event of the identification of a clonal

population in the initial salivary gland biopsy during pSS

diagnosis it may be beneficial to monitor the putative eMZL

clonotype in the peripheral blood instead, reducing the burden of
B

C D

A

FIGURE 4

Intraclonal diversification of the eMZL clonotype is strongly reduced in the peripheral blood vs. the diagnostic tissue material. The intraclonal
diversification (ID) of the eMZL clonotype in pSS patients is shown for two patients with prediagnostic PBMC samples available. For these two
patients a fresh frozen tissue biopsy was available at eMZL diagnosis. Subclones with reduced mutational load are indicated as precursors, while
subclones with additional mutations are indicated as diversification within the eMZL clonotype. (A) ID pattern in patient pSS9 in the peripheral blood
prior to eMZL diagnosis (B) ID pattern in the diagnostic tissue biopsy of patient pSS9. (C) ID pattern in patient pSS10 in the peripheral blood prior to
eMZL diagnosis. (D) ID pattern in patient pSS10 in the diagnostic tissue biopsy of patient pSS10. Log10(N) refers to the number of sequencing reads
assigned to each subclone and is used to scale the size of each subclone.
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additional biopsies required for monitoring. Another factor to

consider is whether there is a difference in the sensitivity of eMZL

detection through immunogenetics when sequencing DNA from

labial salivary gland biopsies vs. parotid gland biopsies.

The detection of a Kde clonotype alone without an IGH

rearrangement in the tissue biopsy of one pSS patient (pSS3)

highlights the benefit of immunogenetic sequencing beyond the

IGH gene repertoire, as in this instance the malignant clonotype

would have been missed. Potentially, the extensive degree of

somatic hypermutation observed in eMZL has impeded

amplification of the IGH rearrangement in this patient (24). The

IGK-Kde is a IGK rearrangement in which recombination occurs of

a recombination signal sequence 24 kb downstream of IGKC gene

with a IGKV gene or with the intron between the IGKJ and IGKC

genes. In lymphoma, this rearrangement is well recognized to be

used as a clonal marker (23, 24).

RFs present with stereotypic combinations of IGHV and IGHJ

genes with shared CDR3 sequence motifs (32, 40, 41). Interestingly,

the stereotypy seen in RFs is shared with parotid eMZL developed

by pSS patients (7, 32, 40). These eMZLs express one of a specific set

of stereotyped combinations: IGHV4-59/IGHJ2, IGHV4-59/IGHJ5,

IGHV1-69/IGHJ4, IGHV3-7/IGHJ3 (40) . These IGH

rearrangements are usually accompanied by a IGK light chain

rearrangement involving the IGKV3-15 or IGKV3-20 gene (40).

In the current study, five out of eight pSS patients developed eMZL

expressing IGHV1-69/IGHJ4 or IGHV4-59/IGHJ5 rearrangements,

supporting their putative value as prediagnostic markers for eMZL.

Not all eMZL in pSS patients present with RF-like features, as

described previously. Additionally, we observed a clonotype with

RF-like features (IGHV3-7/IGHJ3) in one control (pSS13) at a ratio

of 2.8 (Supplementary Table 3). This clonotype could still be

detected 1.6 years later, though it was no longer the clonotype

with the highest abundance in the repertoire. Another control

(pSS17) presented with a clonotype with RF-like features

(IGHV1-69/IGHJ4) at a ratio of 3.5. This clonotype had

significantly diminished 7 months later (6-fold reduction in

abundance). Therefore, a combination of factors should be

considered before characterizing a clonotype as potentially (pre)

malignant. These include RF-like stereotypic features, consistent

elevation of a clonotype over time and the magnitude of the increase

in abundance and/or ratio. Characterization of a clonotype as

potentially malignant based on measurement in the circulation

alone appears prone to false positives. An interesting potential

application of our findings would be to perform routine

immunogenetic sequencing of the parotid or labial gland biopsy

taken at pSS diagnosis. In the event that a (RF-like) clonotype is

detected at an abnormal abundance, this clonotype could then be

monitored through the peripheral blood, rather than through

repeated biopsies, significantly reducing the monitoring burden

for the patient, while putatively detecting eMZL at an earlier

stage. Integration of immunogenetic sequencing based risk factors

with previously reported risk factors for lymphoma in pSS such as

parotid enlargement, cryoglobulinemia, leukopenia, detection of

rheumatoid factor autoantibodies and low complement levels may
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further improve risk stratification (4). In our cohort, pSS patients

developing eMZL were characterized by a combination of

intermittent parotid enlargement, cryoglobulinemic vasculitis,

high focal score (≥4) (13), anti-Ro, anti-La and low complement

at time of sampling (seven years to three months before eMZL

diagnosis), while most of these risk factors (except anti-Ro) were

not reported in the controls (Supplementary Table 4).

The main limitation of the current pilot study is its sample size,

preventing further investigation into heterogeneous features of both

the lymphomas and included pSS patients. The distinct

prediagnostic dynamics of the eMZL clonotypes observed in both

the tissue biopsies and the peripheral blood indicate a larger cohort

is needed to fully understand the implications of the observed

prediagnostic eMZL clonotypes, both for our understanding of

lymphomagenesis in pSS patients and to evaluate the potential of

these clonotypes for the early detection of eMZL.

In conclusion, eMZL clonotypes can be detected prior to eMZL

diagnosis in both tissue biopsies and in the peripheral blood of pSS

patients. The context-dependent abnormalities we observed in the

IGH gene repertoire of blood and tissues in pSS patients have

potential implications for early detection of lymphoma risk. While

the absolute abundance of the observed eMZL clonotypes in tissues

and peripheral blood was not sufficient to readily distinguish them

from clonotypic expansions in controls, features such as RF-

stereotypy, ongoing SHM and a persistently increased abundance

relative to the other clonotypes in the IGH gene repertoire have the

potential to aid in risk stratification and warrant further

investigation. Furthermore, our findings highlight the potential of

pSS-associated RF clones to transform into eMZL, confirming

previous reports. In the age of precision oncology, there is a need

for high resolution data and insights on targeted patient groups.

While our results suggest potential merit for early detection of

eMZL development through immunogenetic sequencing, expansion

of the cohort size will be an essential step in validating the intriguing

findings from the current pilot study.
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Chronic lymphocytic leukemia (CLL) is a clinically and biologically

heterogeneous disease with varying outcomes. In the last decade, the

application of next-generation sequencing technologies has allowed extensive

mapping of disease-specific genomic, epigenomic, immunogenetic, and

transcriptomic signatures linked to CLL pathogenesis. These technologies have

improved our understanding of the impact of tumor heterogeneity and evolution

on disease outcome, although they have mostly been performed on bulk

preparations of nucleic acids. As a further development, new technologies

have emerged in recent years that allow high-resolution mapping at the

single-cell level. These include single-cell RNA sequencing for assessment of

the transcriptome, both of leukemic and non-malignant cells in the tumor

microenvironment; immunogenetic profiling of B and T cell receptor

rearrangements; single-cell sequencing methods for investigation of

methylation and chromatin accessibility across the genome; and targeted

single-cell DNA sequencing for analysis of copy-number alterations and single

nucleotide variants. In addition, concomitant profiling of cellular subpopulations,

based on protein expression, can also be obtained by various antibody-based

approaches. In this review, we discuss different single-cell sequencing

technologies and how they have been applied so far to study CLL onset and

progression, also in response to treatment. This latter aspect is particularly

relevant considering that we are moving away from chemoimmunotherapy to

targeted therapies, with a potentially distinct impact on clonal dynamics. We also

discuss new possibilities, such as integrative multi-omics analysis, as well as

inherent limitations of the different single-cell technologies, from sample

preparation to data interpretation using available bioinformatic pipelines.

Finally, we discuss future directions in this rapidly evolving field.

KEYWORDS

single-cell sequencing, genomics, epigenomics, transcriptomics, immunogenetics,
tumor microenvironment, chronic lymphocytic leukaemia
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1 Introduction

Chronic lymphocytic leukemia (CLL) is characterized by an

expansion of malignant CD5+/CD23+ B cells, often detected in the

peripheral blood of asymptomatic patients (1). The median age at

diagnosis is 72 years and men are afflicted more frequently than

women. The disease course can range from indolent with a nearly

normal life expectancy to aggressive with a poor response to

treatment. Although well-established clinical staging systems (2, 3)

remain instrumental for determining disease burden, they fail to

identify early-stage patients prone to developing aggressive disease.

Instead, molecular biomarkers that provide prognostic and/or

predictive information have successively been identified. These

include i) the immunoglobulin heavy variable (IGHV) gene

somatic hypermutation (SHM) status, which divides patients into a

poor-prognostic group with unmutated IGHV genes (U-CLL) or a

favorable-prognostic group with mutated IGHV genes (M-CLL) (4,

5), and ii) the presence (or absence) of certain genomic lesions, such

as deletions of 13q (35-45%), 11q (10-20%), and 17p (5-7%), and

trisomy 12 (10-15%), as well as TP53 mutations (1, 6, 7). These

molecular tests are performed for all patients prior to the start offirst-

line treatment and at subsequent lines of treatment (except the IGHV

gene SHM status that is stable throughout the disease course) (1, 8).

The easy access to tumor material from peripheral blood allows

for advanced molecular studies of disease progress, from early, pre-

cancerous monoclonal B cell lymphocytosis (MBL), to advanced

stages of CLL, including Richter’s transformation (RT). With the

introduction of next-generation sequencing (NGS) technologies

more than 10 years ago, the genomic landscape of the different

stages of CLL was rapidly uncovered. Today, recurrent genomic

alterations have been described in >2000 genes, of which >200 genes

have been identified as putative ‘drivers’. Of these, >25 genes are

associated with clinically aggressive disease, including ATM, BIRC3,

EGR2, NFKBIE, NOTCH1, SF3B1, and TP53, among others (9–14).

Moreover, CLL is characterized by the expression of almost identical

or ‘stereotyped’ B cell receptor immunoglobulins (BcR IGs) in more

than 40% of patients (15). Notably, patients carrying stereotyped BcR

IGs can be grouped into distinct subsets that display more similar

molecular profiles and clinical outcomes than non-subset CLL

patients (16, 17). For instance, patients in subset #1 (utilize
Frontiers in Oncology 0292
IGHV1/5/7 clan I genes, U-CLL) and #2 (IGHV3-21/IGLV3-21,

mixed SHM status) respond poorly to chemoimmunotherapy and

have a dismal outcome, whereas subset #4 patients (IGHV4-34/

IGKV2-30, M-CLL) show indolent disease courses and are rarely in

need of treatment (Figure 1) (17, 18). Intriguingly, there is a striking

enrichment of specific gene alterations in certain stereotyped subsets,

for instance, SF3B1 mutations in subset #2 and TP53/NFKBIE/

NOTCH1 aberrations in subset #1 (19). This biased acquisition of

molecular lesions underscores the importance of both cell-intrinsic

and cell-extrinsic factors in CLL pathobiology. In fact, besides the

gradual accumulation of genomic lesions, the CLL clone is also

dependent on active BcR signaling and interactions with the tumor

microenvironment (TME) to promote clonal expansion. However,

the TME plays a complex role in CLL pathobiology, where its

constituents (including macrophages and their derivatives,

mesenchymal stromal cells, and additional lymphocytes),

participate in tumor-stimulating, reciprocal signaling, but also

suppress anti-tumor immune surveillance mediated primarily by

T cells (20–25).

Inhibition of BcR signaling or intrinsic apoptotic pathways by

contemporary targeted therapies has shown significant clinical

efficacy and prolonged progression-free and overall survival in

poor-risk patients with CLL carrying TP53 aberrations or

unmutated IGHV genes (26–29). Nevertheless, the evolution and

selection of therapy-resistant subclones may occur during and/or

after targeted treatment and lead to disease relapse (Figure 2) (30).

Notably, even minor alterations at the subclonal level (e.g., BTK and

PLCG2 mutations) are sufficient to drive treatment resistance

(Figure 2) (31, 32). Deciphering the clonal evolution of CLL cells

under treatment-induced selection pressure is thus critical for a

better understanding of resistance mechanisms and the

identification of additional predictive biomarkers.

The advent of single-cell sequencing technologies has enabled

unprecedented dissection of the intraclonal molecular landscape,

further linking genotypes and phenotypes to specific CLL cell

subpopulations. In this review, we outline how various single-cell

sequencing approaches can be used to unravel intratumoral

heterogeneity and track clonal evolution in distinct phases of the

disease (Figure 2), but also the contribution of the TME. We

highlight the limitations of single-cell technologies and discuss
FIGURE 1

Clinicobiological profiles of major CLL subsets #1, #2, and #4. BcR IG, B cell receptor immunoglobulin; U-CLL, CLL with unmutated IGHV genes;
M-CLL, CLL with mutated IGHV genes.
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new directions, such as spatial omics and integrated, multi-omics

single-cell analysis.
2 Deciphering clonal heterogeneity
and evolution in CLL

As mentioned, CLL is notable for significant genetic

diversification and clonal evolution, both during disease

progression and upon therapeutic interventions (10, 33, 34). The

occurrence of clonal heterogeneity became evident in the 1980-90s,

initially by applying traditional cytogenetic techniques, such as

chromosome banding analysis and fluorescence in situ

hybridization (FISH) (35–37). With the development of new

technologies, including array- and NGS-based approaches (38,

39), the resolution of detection has increased continuously,

enabling to follow clonal dynamics albeit still at a ‘bulk’ level

(40). Frequently used NGS methods include whole-genome

sequencing (WGS), whole-exome sequencing (WES), RNA-
Frontiers in Oncology 0393
sequencing (RNA-seq), and analyses of the epigenome, such as

methylation profiling and assay for transposase-accessible

chromatin with sequencing (ATAC-seq). Using high-resolution

genomic technologies, it has been possible to discern early versus

late molecular events during CLL pathogenesis (Figure 2).

Consequently, we now know that a few genomic aberrations

represent early clonal events (e.g., trisomy 12, MYD88 mutations,

and del(13q)), whereas most alterations are present at the subclonal

level (10, 12, 41). These technologies have been instrumental in

identifying important CLL-specific genomic, epigenomic, and

transcriptomic features linked to key dysregulated signaling

pathways and cellular processes and have also enabled a multi-

layered integrative portrayal of CLL and the discovery of novel

subgroups. For instance, in three recent studies, novel patient

clusters with distinct clinicobiological features and outcomes were

identified using multi-omics approaches, including proteogenomics

(12, 14, 42). Additionally, targeted deep-sequencing has become a

powerful tool for further in-depth molecular characterization of

CLL, allowing for the discovery of previously undetected, smaller-
A

B

C

FIGURE 2

Single-cell sequencing deciphers cellular heterogeneity. (A) Schematic presentation of the different stages for a typical CLL patient, from the
precursor condition monoclonal B cell lymphocytosis (MBL) to relapsed/refractory CLL, and in some cases Richter’s transformation. (B) The fish plot
depicts tumor evolution in which multiple subclones exist within a leukemic cell population. While some clones are eradicated by therapy, others
accumulate mutations that confer a clonal advantage. (C) The depth of bulk sequencing primarily allows detection of dominant subclones only,
whereas single-cell analyses have the potential to detect all subclones, including minor ones as soon as they arise. WBC, white blood count; MBL,
monoclonal B cell lymphocytosis; SNV, single nucleotide variant; CNV, copy-number variant.
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sized lesions that occur at low frequencies. As a concrete example,

minor TP53-mutated subclones, undetected by Sanger sequencing

but identified by ultra-deep NGS, have been shown to influence

clinical outcomes negatively, at least in patients treated with

chemoimmunotherapy (43, 44). Furthermore, emerging treatment

resistance related to targeted therapy, such as BTK, PLCG2, and

BCL2 mutations, can be detected by deep-sequencing or droplet

digital PCR (ddPCR) of hotspot positions (45–47).

While these new technologies have advanced the field in terms

of deciphering clonal dynamics and treatment resistance in CLL,

there are evident limitations when analyzing bulk nucleic acids and

proteins from a heterogeneous leukemic sample. Instead, single-cell

technologies have opened new possibilities for in-depth studies of

clonal diversity in malignant diseases, including CLL.
2.1 Single-cell sequencing technologies

Single-cell sequencing (SCS) technologies, particularly when

employed in combination and on longitudinal sets of samples,

enable the dissection of subclonal composition and evolutionary

dynamics, both in the context of disease progression and response

to treatment (48). Moreover, they hold the potential to reveal

druggable signaling pathways and mechanisms contributing to

treatment resistance. In the following sections, we introduce

various SCS technologies and their utility across different

modalities (the latter summarized in Figure 3) and discuss their

contribution to the understanding of CLL pathogenesis and

potential clinical implications. We also provide a timeline of SCS

from a technology development aspect, which includes milestones

of CLL single-cell research (Figure 4).

2.1.1 Single-cell transcriptomics
One of the first SCS applications was single-cell RNA sequencing

(scRNA-seq), which, owing to its ability to assess transcriptomes of

individual cells, marked a paradigm shift in cancer research (49–51).

The initial scRNA-seq methods, such as Smart-Seq, were low-

throughput and relied on sorting single cells into multi-well plates

and sequencing of full-length cDNA libraries obtained through
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whole-transcriptome amplification (WTA) with oligo(dT) priming

and template switching (Figure 4) (52, 53). The introduction of

unique molecular identifiers (UMIs) facilitated more reliable and

absolute quantitation of mRNA molecules with nearly eliminated

amplification bias (54). Later, several microwell- and droplet-based

scRNA-seq methods based on 3´ cDNA libraries (and less often 5´

cDNA libraries, which are designed to be combined with profiling of

cell surface proteins and/or immune repertoire) were developed, such

as Seq-Well (55), Drop-seq (56), inDrop (57), and Chromium

(Figure 4) (58). These platforms overcame previous limitations of

only sequencing tens to hundreds of cells by enabling sequencing of

thousands of cells at a time as well as unlocking the potential to

capture transcriptomes from heterogeneous cell populations more

accurately, but at less comprehensive coverage. For a more detailed

overview of scRNA-seq methods, we refer to several extensive review

articles (49–51, 59).

In CLL, scRNA-seq has helped to resolve the transcriptomic

changes and alternative splicing effects of SF3B1 mutations, a

common subclonal event associated with clinically aggressive

disease (Figure 4) (41). In a study by Wang et al., single cells

carrying an SF3B1 mutation possessed significant changes

associated with multiple cellular functions, including apoptosis

(upregulation of BIRC3, BCL2, and KLH21), DNA damage and

cell cycle (increase of KLF8, ATM, CDKN2A, and CCND1),

telomere maintenance (upregulation of TERC and TERT), and

NOTCH signaling (downregulation of DTX1 and altered splicing

ofDVL2) (60). Through this study, scRNA-seq was demonstrated to

be applicable for in-depth investigation of subclonal events, whose

effects could be missed when assessed by ‘bulk’ sequencing

approaches. In a previous study, we used MASC-seq, a method

based on single-cell microarray capture of mRNA, to show

differences in transcriptional expression patterns among CLL cells

from patients classified into distinct stereotyped subsets (i.e., subsets

#1, #2, and #4) (Figure 4). Using this approach, we observed major

andminor clusters of CLL cells with unique expression signatures in

each case (61). Another comprehensive and high-resolution single-

cell multi-omics study, in which combined scRNA-seq and ‘bulk’

ATAC-seq were performed to address ibrutinib treatment response,

discovered a tightly regulated ibrutinib-induced signaling program
FIGURE 3

Multi-modal profiling. SCS methods can detect alterations across multiple modalities, including genome, epigenome, transcriptome, immunome,
and proteome. SNV, single nucleotide variant; CNV, copy-number variant; TF, transcription factor; BcR IG, B cell receptor immunoglobulin; TR,
T cell receptor.
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of CLL cells (Figure 4). Initially, reduced expression of BTK, CD52

(a CLL disease activity marker), and CD27 (a memory B cell

marker) and diminished chromatin accessibility at NF-kB binding

sites were observed, followed by a rapid decrease in the activity of B

cell lineage-defining transcription factors (EBF1, FOXM1, IRF4,

PAX5, and PU.1), loss of CLL cell identity, and acquisition of a

quiescent-like gene signature (upregulation of CXCR4, ZFP36L2,

and HMGB2) (62).

2.1.2 Single-cell genomics
In contrast to scRNA-seq approaches, the development of

single-cell DNA sequencing (scDNA-seq) methods has proven to

be more difficult since a single cell contains only two copies of

genomic DNA. Multiple methods for uniform whole-genome

amplification (WGA), such as multiple annealing and looping-

based amplification cycles (MALBAC), have been developed and

enabled single-cell WGS (scWGS) although at a modest throughput

(63) (Figure 4). To facilitate charting of the most prevalent gene

mutations during clonal evolution, also in the context of CLL (64),

high-throughput targeted DNA sequencing using disease-specific

gene panels has become available for single-cell analysis.

Furthermore, several approaches have been developed for

performing simultaneous scRNA-seq and scDNA-seq on the

same cell, such as DR-Seq (65) and G&T-seq (66), both of which

are based on whole cell lysis and subsequent separation of poly-

adenylated RNA from genomic DNA, and direct nuclear

tagmentation and RNA-seq (DNTR-seq) (67), in which nucleus

and cytosol are physically separated beforehand (Figure 4).

Early efforts to use scDNA-seq in CLL research focused on

evaluating SF3B1 mutations, which had long been assumed to be

heterozygous in CLL (68), owing to their typical allelic burden of

<50% (Figure 4). Using targeted scDNA-seq, single CLL cells indeed

demonstrated heterozygous genotypes, however, a novel subpopulation
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with homozygous SF3B1 mutant genotype was discovered, supporting

a subclonal evolutionary pathway of SF3B1mutations in CLL (69). This

study illustrates the applicability of scDNA-seq in detecting subclonal

populations not possible to unmask by ‘bulk’ approaches. Another

study, in which scWGS was combined with scRNA-seq and performed

on a longitudinal set of samples collected from one patient over a 29-

year disease course, demonstrated the power of single-cell approaches

for reconstructing cancer evolution based on CNVs and changes in

gene expression (Figure 4). Clonal selection in response to treatment

was manifested by the disappearance of certain populations and the

emergence of a clone with novel CNVs, whereas disease progression

was reflected by dynamic transcriptome changes, including

upregulation of transcription factors involved in stem cell and cell

cycle regulation (KLF4, KLF6, and CDKN1A), MYD88 signaling (FOS,

JUN, and NFKBIA) and downstream of BcR signaling (REL, CDKN1A,

and NFKBIA) (70). In a recent study, scDNA-seq of 32 genes, scRNA-

seq, and high-throughput immunogenetic analysis were performed on

longitudinal samples in patients developing RT, revealing that micro

subclones could be identified already at CLL diagnosis up to 19 years

before transformation (Figure 4) (64).

2.1.3 Single-cell epigenomics
With the advent of scDNA-seq, SCS approaches for capturing

epigenomic alterations have flourished as well and today allow the

assessment of methylation dynamics and programs for

transcriptional regulation. These technologies were adapted from

methods originally applied on bulk nucleic acids and vary based on

the epigenomic modality being assayed. Frequently used methods

include i) investigation of methylome by single-cell DNA

methylation sequencing (scDNAme-seq) approaches that entail

bisulfite conversion of genomic DNA, such as scRRBS (71) and

scBS-seq (72), ii) analysis of chromatin accessibility by single-cell

ATAC-seq (scATAC-seq) (73), single-cell DNase sequencing
FIGURE 4

The advent of SCS technologies with selected examples of CLL studies. The respective panels above and below the timeline showcase various
single-omics and multi-omics technologies that have been developed over the last decade. Selected CLL studies where SCS was employed are
exemplified in the lower part of the figure.
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(scDNase-seq) (74), and single-cell micrococcal nuclease

sequencing (scMNase-seq) (75), iii) exploration of the spatial

genome organization and chromatin interactions using

chromosome conformation capture, such as single-cell Hi-C (76),

and iv) interrogation of histone modifications and transcription

factor binding by single-cell chromatin immunoprecipitation

followed by sequencing (scChIP-seq), such as Drop-ChIP (77),

and single-cell cleavage under targets and tagmentation

(scCUT&Tag) (Figure 4) (78–80). Furthermore, multi-omics

approaches have been developed for combined capturing of

methylome and transcriptome, such as scM&T-seq (81),

chromatin accessibility and transcriptome, such as SNARE-seq

(82) and SHARE-seq (83), and even combinations of the

methylome, genome, and transcriptome, such as scTrio-seq

(Figure 4) (84).

While epigenetic studies on bulk material have provided

important clues as to the cellular origin of CLL and also

identified subtypes with distinct DNA methylation profiles and

outcome (85, 86), single-cell epigenomics paves the way for

investigation of epigenetic programming and transcriptional

regulatory networks in evolving clones. A recent study, in which

scDNAme-seq was combined with scRNA-seq, showed that an

increased proliferative capacity of CLL cells was reflected in

consistently increased epimutation rates with minimal cell-to-cell

variability in contrast to healthy B cells (Figure 4) (87).

Furthermore, the authors demonstrated that mapping of

epimutations can be used as a means for subclone lineage

reconstruction and tracing, consistent with previous reports (85,

86). CLL cells with elevated epimutation rates exhibited higher gene

expression heterogeneity (also known as transcriptional entropy),

consistent with transcriptional dysregulation. Additionally, the

investigators demonstrated the enrichment of low epimutation

rates in gene promoters for binding motifs of transcription

factors with established roles in CLL progression (NFKB1 and

MYBL1), and enhancers in proximity to genes implicated in

lymphoproliferation (NOTCH1, NFATC1, and FOXC1) and key

CLL signaling pathways (e.g, Wnt and MAPK) (87). Another study

addressing temporal clonal dynamics employed mitochondrial

scATAC-seq and scRNA-seq and revealed that naturally

occurring mutations in mitochondrial DNA (mtDNA) could be

utilized as biomarkers to distinguish between CLL cell

subpopulations with distinct functional states (Figure 4) (88). The

presence of mtDNA mutations closely mirrored the disease history

and reflected the acquisition of CNVs as well as changes in

chromatin accessibility and gene expression, allowing for tracking

of existing clones and assessing the emergence of divergent

subclones with varying fitness over time, particularly in response

to therapy (88).

2.1.4 Single-cell proteomics
The advancement of proteogenomics has allowed for the study

of relationships between genetic/transcriptional features and

protein expression at ‘bulk’ level, also in CLL (42, 89, 90). While

various single-cell platforms are now commercially available for

sequencing nucleic acids, whole-proteome analysis at the single-cell
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level is still under development. Protein-related difficulties include

the wide range of post-translational modifications and the inability

of peptides to be amplified. As a result, current efforts are primarily

focused on increasingg the signal-to-noise ratio by reducing sample

processing volumes and ion contamination (91). Until standardized

mass spectrometry-based single-cell proteomics is available, the

field is dominated by other techniques. Cellular indexing of

transcriptomes and epitopes by sequencing (CITE-seq) (92),

which uses an antibody-oligonucleotide conjugate-based

approach, enables multiplex quantitative profiling of cell surface

proteins and has recently been applied in phenotyping of CLL cells

for investigating mechanisms of venetoclax resistance, based on

short- and long-read scRNA-seq (Figure 4). This study

demonstrated a high plasticity of CLL cells in their ability to

evade apoptosis upon venetoclax treatment, likely through NF-

kB-induced upregulation of the pro-survival protein MCL1 (93).

2.1.5 Single-cell immunomics
Alterations of immunogenetic features constitute a central

aspect of clonal evolution in CLL. Using low-throughput

sequencing approaches, we have previously demonstrated the

occurrence of intraclonal diversification based on SHM patterns

of the clonotypic IGH/IGK/IGL gene rearrangements, particularly

in subset #4 patients (94, 95). Today, standardized protocols for

NGS-based IGH/IGK/IGL sequencing have been developed and

enable an in-depth analysis of the clonal composition and dynamics

over time (96, 97). In fact, a recent study focusing on stereotyped

subset #2 and #169 (a satellite subset to subset #2) demonstrated

shared SHM patterns in both subsets at either clonal or subclonal

level, reflecting ongoing intraclonal diversification compatible with

a branched evolution (98). The recently developed strategy to

combine immunomics (99) with global transcriptomics in

individual cells, allows for B cell and/or T cell clonotypes to be

linked to gene expression signatures (100). Collectively, these

technologies facilitate in-depth analysis of immunogenetic

features (e.g., ongoing SHM and class-switching) at single-cell

level and the discovery of clone-specific phenotypes, which may

in turn expedite the identification of therapeutic targets and

resistance markers.
2.2 The role of the microenvironment

Major sites for CLL cell propagation are the primary and

secondary lymphoid tissues, such as bone marrow (BM) and

lymph nodes (LN). The TME, populated also by non-tumor

leukocytes and mesenchymal stromal cells, provides stimulatory

and anti-apoptotic signals to the malignant clones (21, 101–103)

and interplay with tumor cell-intrinsic factors to promote resistance

(104). Within the TME, the T cell population is of particular

interest, due to its tumor-restricting abilities. In parallel to the

biased IG gene repertoire in CLL in general and in patients with

stereotyped BcR IGs in particular, the T cell receptor (TR)

repertoire is oligoclonal and skewed in terms of the TR beta

(TRBV) gene usage, as previously demonstrated by both low-
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throughput sequencing analysis and NGS (105–107). Furthermore,

similar to other malignancies, T cell exhaustion sustained by

continuous antigen exposure and manifested as altered

chemokine secretion, reversed ratios of CD4+/CD8+ cells, altered

CD4+ cell helper function, and diminished CD8+ cell cytotoxicity is

a common feature of CLL (22, 23, 108, 109).

Concurrent single-cell profiling of TR gene rearrangements and

global transcriptomes aids in the investigation of T cell clonality while

also elucidating phenotypes and immuno-responsiveness (99, 110). To

map transcriptional profiles of T cells in patients with CLL, scRNA-seq

was applied on pre-sorted T cells with or without BCL2 expression.

Increased BCL2 levels were suggested to be a marker of T cell

dysfunction, and treatment with venetoclax, a BCL2 inhibitor, was

able to restore functional T cell immunity by removing BCL2-positive

T cells (111). In another study addressing the role of IL-10 receptor

signaling in CD8+ T cell exhaustion based on the Em-TCL1 mice

model, scRNA-seq aided in identifying transcriptional profiles of CD8+

T cells associated with different surface levels of PD1, indicative of an

exhausted versus immuno-responsive phenotype (112).

While the abundance of CLL cells in the peripheral blood allows

for easy access to tumor material, peripheral blood mononuclear cells

(PBMCs) do not represent the active, proliferating tumor population to

a large extent. By performing ‘bulk’ and scRNA-seq on CLL cells

isolated from LNs as well as peripheral blood, Sun et al. determined the

fraction of activated cells in the LNs to a few percent of the total CLL

cell count in the LN compartment. This corroborates previous

estimations from in vivo labeling of CLL cells using deuterated water

(113). A portion of the proliferating cells was also shown to proceed in

a unidirectional fashion with mitosis followed by activation and

subsequently by quiescence (114). Another study utilizing scRNA-

seq on spleen- and LN-derived CLL cells from Em-TCL1Akt-C mice in a

model of RT pointed to the importance of sustained Akt signaling for

maintaining a pro-proliferative and anti-apoptotic microenvironment

through aberrant NOTCH1 activation (115). scRNA-seq was also

instrumental in identifying the epigenetic modifier PRMT5 as a

potential mediator of RT, in patient tissues as well as in an

experimental model employing Em-PRMT5/TCL1 mice (116).

While SCS on extracted cells give valuable insight regarding the

different disease-driving compartments, attaining information

based on spatial context necessitates a preserved histological

architecture. The critical role of the stroma and the geographic

location of different stromal cell populations in relation to tumor

cells (i.e., tumor/stroma boundaries) have been illustrated by spatial

multi-omics in solid tumors (117). This pertains not only to direct

cell/cell communication but also the composition dynamics of the

extracellular matrix and the complex interplay with its producers.

Over the last years, the technology has shifted from an initial

oligo(dT)-based strategy relying on high-quality, fresh-frozen

tissue (118), to gene-specific capture probes with rapidly

increasing transcriptome coverage, which makes the currently

available platforms for spatial transcriptomics and proteomics

suitable for utilization of archival, paraffin-embedded and

cryopreserved material containing RNA of compromised integrity

(119, 120). In the case of CLL, increased access to detailed

information about properties of rapidly dividing tumor cells and

accessory cells within the TME will be instrumental to develop new
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strategies to effectively target the site of birth for CLL cells.

Additionally, it will allow for a more meticulous exploration of

mechanisms leading to loss of homing and lymphocytosis upon

treatment with BTK inhibitors.
3 Discussion

So far, SCS technologies have provided a wide range of options

for identifying molecular features at the transcriptomic, genomic,

and epigenomic level. In the case of CLL, these methods facilitate

the construction of a comprehensive and detailed map of clonal

heterogeneity and evolution over time and in response to, above all,

targeted treatment (Figure 5). An illustrative example presented

above is the ability to identify subclones implicated in RT, which

may be present at the time of CLL diagnosis and for up to two

decades before clinical manifestation (64). Other important

contributions empowered by SCS and which will be valuable for

elucidating additional mechanisms behind drug resistance and

therapy-induced biological adaptation to BTK and BCL2

inhibitors, include lineage tree reconstruction and identification

of key signaling pathways and early markers of progression. Using

approaches like this, SCS will help us to better understand which

patients are more likely to experience an aggressive disease course,

regardless of disease burden at the time of diagnosis. It will also

allow us to decipher the subclonal composition of less well studied

subgroups of CLL, such as subsets expressing stereotyped BcR IGs,

associated with distinct outcomes (Figure 1) (17). Here, an

advantage pertains to the ability to perform concomitant single-

cell analysis of the transcriptome and expressed IG genes.

Additionally, scRNA-seq enables the generation of transcriptional

profiles from other accessory cells obtained from PBMCs and

lymphoid tissues without the bias implied by prior selection/

sorting. Combined with high-resolution spatial omics

technologies, this allows for a detailed characterization of the

TME with emphasis on pro-proliferative and immunoregulatory

properties, and will further aid to identify mechanisms of resistance

to contemporary therapies. Some limitations and challenges should

be considered when designing studies, preparing samples, and

analyzing and interpreting data.

Theoretically, SCS has the potential to detect and in detail

investigate minor clones and accessory cells with rare genotypes

and/or phenotypes. This, however, necessitates the sequencing of a

considerable number of cells, using a sufficient sequencing depth.

Therefore, under current circumstances, SCS is less suitable for

finding very small subclones or for detection of measurable residual

disease due to the current high costs of performing these assays as

well as the high resolution and robust output obtained with other

established and clinically validated protocols (ddPCR and ultra-

deep NGS) on bulk nucleic acids (121–123). Nonetheless, with the

anticipated decrease in the cost of sequencing in the coming years,

this will enable analyses of a greater number of cells.

Reduced sample viability of cryopreserved cells, due to

biological variation or extrinsic factors, may also present a

problem as it impacts data quality and reproducibility. A recent

study by Massoni-Badosa et al. found that extended storage of
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PBMCs prior to sample preparation and scRNA-seq had a

significant impact on gene expression profiles of PBMCs from

healthy subjects and CLL patients, even though RNA integrity

was preserved during longer storage times. The effect was most

noticeable in global gene expression and, to a lesser extent, open

chromatin patterns, as measured by scATAC-seq (124). Because

simultaneous sampling and the use of freshly harvested samples are

generally not possible, the importance of standardized protocols

across studies and collaborating centers cannot be overstated (125).

Although the issue of initial PBMC storage and processing remains,

the recently emerging possibility of using paraformaldehyde-fixed

cells for scRNA-seq avoids the challenge of maintaining high cell

viability through cryopreservation and transportation (126, 127).

Furthermore, if multi-omics is used, different applications may
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necessitate different sample preparation methods, which in turn

requires careful coordination.

SCS technologies have led to a data revolution in CLL research,

which inevitably brings challenges also when analyzing and

interpreting such data. A major issue usually concerns the lack of

appropriate references for the identification of different cell types

from heterogeneous samples, although this is not aggravated in CLL

where the majority of cells in PBMC samples are leukemic. While

several annotation tools based on the expression of cell-type-

specific markers have been developed for scRNA-seq, these may

not be reliable for the discovery of rare, uncharacterized cell

populations or small leukemic subpopulations in heterogeneous

samples (128–130). Since such tools are not yet available for most

other SCS platforms, cell type assignment is often performed
FIGURE 5

Research and clinical implications of SCS in CLL. Research implications of SCS include studies of cellular heterogeneity, identification of potential
therapeutic targets, investigation of the TME, and analyses of clonal evolution and dynamics, among others. Clinical implications of SCS are still
remote, but could include the prediction of therapeutic intervention, prognostication of clinical outcome, and therapy monitoring.
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manually using clustering and dimensionality reduction methods,

which limits the reproducibility of the results. False cell type

assignment can thus have an impact on downstream analyses

such as differential gene expression and lineage tree

reconstruction. Although potentially challenging, validation by

independent methodologies, such as PCR-based methods,

perturbation experiments and flow cytometry, is therefore

necessary to ascertain the accuracy and reliability of obtained

results. Sparse transcriptomic profiles present another frequent

challenge when analyzing scRNA-seq data, and depends not only

on the initial relative mRNA abundance but also on technical

constraints related to amplification bias, libraries with uneven

coverage, and sequencing depth (130–132). Therefore, cell-to-cell

variability within the same population must be considered, and

absent gene expression should be interpreted cautiously. As there is

evidence of aberrant RNA splicing induced by SF3B1 mutations, as

well as an increasing indication of the involvement of long non-

coding RNAs and microRNAs in the CLL pathogenesis (13, 133–

135), investigating these effects at single-cell resolution has become

of considerable interest. However, such analyses of alternative

splicing and non-coding RNAs are limited because most scRNA-

seq platforms rely on 3’ and 5’ libraries, which represent merely 3´or

5´parts of transcripts. Despite this, 3´and 5´-based scRNA-seq is

advantageous due to a reduced technical noise compared to WTA,

and to cost-effectiveness as it requires less sequencing depth to

obtain sufficient coverage of gene expression. Nonetheless, for the

aforementioned analyses single-cell long-read RNA-seq approaches

are gaining momentum and have already demonstrated higher

proportions of novel transcripts in CLL (136).

The primary difficulty of scDNA-seq concerns WGA, which can

introduce amplification errors and bias towards imbalanced

proportions of alleles or even drop out of variant alleles, resulting

in unreliable variant detection that consequently hinders

characterization of intertumoral heterogeneity and reconstruction

of evolutionary history (130). To address uneven genome coverage

and challenging variant calling, targeted scDNA-seq, in which only

regions of interest are selectively amplified, is gaining popularity

and is now commercially available also for many hematological

malignancies, including CLL (137, 138). Similarly, analyses of other

SCS data may be biased due to inadequate sequencing coverage

and depth.

To allow for more systematic and comprehensive studies of CLL

pathobiology, in particular clinically aggressive subgroups,

integration of various omics is necessary. A new subgroup of

patients with aggressive disease (20% of patients) was recently

identified by using proteogenomics at ‘bulk’ level, which could

not be identified by genomic analyses alone, emphasizing the value

of superimposing and integrating different layers of information

(42). Additionally, extended proteomics that accommodates

analyses of diverse post-translational modifications, such as

phosphorylation and glycosylation, will likely contribute to

refining signatures of aggressive and/or therapy-resistant clones,

when performed at the single-cell level.

Despite the recent development of rigorous statistical and

computational frameworks, such as multi-omics factor analysis

(MOFA) (139, 140), omics integration remains a challenge (128,
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141). As multi-omics approaches that allow for simultaneous

capture of different omics in the same cells are on the rise, data

integration may become easier, however, other challenges, such as

accounting for dependencies among the measurement types, may

emerge. A related data analysis issue concerns comparisons across

samples and multiple batches, for which multiple bioinformatics

tools have been developed as well (142–144).

Since SCS is still a rapidly evolving field, no methods and

bioinformatics pipelines regarded as ‘gold standard’ currently exist

for data analysis, leaving researchers to rely on various options, and

base their selection on availability, price, labor intensity, method

complexity, and expertise in bioinformatics. Considering that each

method has its advantages and disadvantages, the ‘right’ approach

should be carefully selected based on the desired application.
4 Conclusions

The SCS methods described above have extended the range of

possibilities for identifying novel signatures and recurrent markers of

clonal evolution and treatment resistance in CLL and have also

enabled a detailed deciphering of molecular events in anatomical

sites that constitute the epicenters of disease progression, more

particularly the LNs (Figure 5). While the technologies are under

constant development, the current clinical utility of SCS methods per

se is still in its infancy. Potential future clinical applications include

assessment of clonal and microenvironmental composition prior to

and during targeted therapy as well as monitoring of treatment

response (Figure 5). Nonetheless, through the possibility to capture

the genome, epigenome, transcriptome, immunome, and to a limited

extent also the proteome in individual cells, SCS signifies a paradigm

shift in CLL research. This detailed dissection of the disease at the

cellular level will have implications for patient stratification and

management in terms of diagnostics, prognostics and tailoring of

treatment. As discussed here, SCS poses several challenges; thus, the

different aspects of a study, including study design, sample

preparation, data analysis, and interpretation should be considered

using an integrated approach.
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Introduction: The malignant transformation leading to a maturation arrest in B-

cell precursor acute lymphoblastic leukemia (BCP-ALL) occurs early in B-cell

development, in a pro-B or pre-B cell, when somatic recombination of variable

(V), diversity (D), and joining (J) segment immunoglobulin (IG) genes and the B-

cell rescue mechanism of VH replacement might be ongoing or fully active,

driving clonal evolution. In this study of newly diagnosed BCP-ALL, we sought to

understand themechanistic details of oligoclonal composition of the leukemia at

diagnosis, clonal evolution during follow-up, and clonal distribution in different

hematopoietic compartments.

Methods: Utilizing high-throughput sequencing assays and bespoke

bioinformatics we identified BCP-ALL-derived clonally-related IGH sequences

by their shared ‘DNJ-stem’.

Results:We introduce the concept of ‘marker DNJ-stem’ to cover the entirety of,

even lowly abundant, clonally-related family members. In a cohort of 280 adult

patients with BCP-ALL, IGH clonal evolution at diagnosis was identified in one-

third of patients. The phenomenon was linked to contemporaneous

recombinant and editing activity driven by aberrant ongoing DH/VH-DJH
recombination and VH replacement, and we share insights and examples for

both. Furthermore, in a subset of 167 patients with molecular subtype allocation,

high prevalence and high degree of clonal evolution driven by ongoing DH/VH-

DJH recombination were associated with the presence of KMT2A gene

rearrangements, while VH replacements occurred more frequently in Ph-like

and DUX4 BCP-ALL. Analysis of 46 matched diagnostic bone marrow and
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peripheral blood samples showed a comparable clonal and clonotypic

distribution in both hematopoietic compartments, but the clonotypic

composition markedly changed in longitudinal follow-up analysis in select

cases. Thus, finally, we present cases where the specific dynamics of clonal

evolution have implications for both the initial marker identification and the MRD

monitoring in follow-up samples.

Discussion: Consequently, we suggest to follow the marker DNJ-stem

(capturing all family members) rather than specific clonotypes as the MRD

target, as well as to follow both VDJH and DJH family members since their

respective kinetics are not always parallel. Our study further highlights the

intricacy, importance, and present and future challenges of IGH clonal

evolution in BCP-ALL.
KEYWORDS

acute lymphoblastic leukemia, clonal evolution, minimal residual disease, DNJ-stem, VH

replacement, IGH rearrangements, high-throughput sequencing
1 Introduction

The immense diversity of the antibody repertoire in humans is

physiologically conveyed by mechanistic editing and assembly of

immunoglobulin (IG) genes, particularly in the processes of somatic

recombination of variable (V), diversity (D), and joining (J) segment

genes. In the early developmental stage of a pro-B cell, one DH and

one JH gene segment of the IG heavy (H) chain locus become joint,

eventually followed by VH to DJH recombination. Consequently, the

somatic VDJH recombination yields a uniquely rearranged IGHDNA

sequence of the VDJH joining region in each B lymphocyte. The

joining is an imprecise process, in which germline segment ends are

cleaved by the RAG1/2 recombinase activity and joined upon random

addition of “non-templated” nucleotides (N nucleotides) into the

junctions between segments. The resulting DNA sequence variations

add to the overall diversity of antigen receptors and constitute a

unique “fingerprint” target for the design of leukemia-clone specific

MRD markers. They also offer a valuable tool to decipher which

mechanism of somatic recombination was active and to gather

clonally related clonotypes (1–4).

Malignant transformation is preceded by a premalignant state,

in which genetic aberrations accumulate over time until the driver

lesion finally complements the transformation process. Expanded

malignant cells harbor the successively acquired genetic aberrations

allowing for backtracking the mutational trajectories and (sub)

clonal architecture of the malignant population. In the case of

malignantly transformed immune cells such as B and T

lymphocytes, these carry the unique VDJ rearrangement of the

preleukemic cell of origin. Importantly, the VDJ recombination is a

stepwise and temporarily tightly regulated process, thus, the

completeness of the rearrangements basically depends on the

developmental state of the malignantly transformed cell of origin.

The malignant transformation in B-cell precursor acute

lymphoblastic leukemia (BCP-ALL) occurs at an early stage in the
02105
B-cell development, hitting precursor B cells in the stage of a pro-B

or a pre-B cell. Therefore, the process of somatic VDJ

recombination might still be active in the malignant B cell,

driving IGH clonal evolution either through recombination of

incomplete DJH rearrangements with multiple VH segments

(occasionally with DH segments as DH-DH tandem fusion

rearrangements) or by the process of VH replacement (5–11).

The aforementioned processes are mediated by the RAG1/2

recombinase activity, which recognizes the canonical recombination

signal sequences (RSS) during VH-DJH recombination as well as

cryptic RSS during DH-DJH recombination and VH replacement (10,

12, 13). In the latter process, the cryptic RSS of the original VH

segment and the conventional RSS of the incoming VH segment are

processed to replace the original VH segment by the incoming with

the original DJH assembly kept. VH replacement, which can go on for

multiple rounds, may leave a remnant of up to five base pairs of the

original VH gene, which can be further diversified by exonuclease

activity or N nucleotide addition. VH replacement also occurs in

healthy humans in bone marrow immature B cells to rescue B cells

with nonfunctional or autoreactive receptors (14–16).

IGH clonal evolution in BCP-ALL might pose a serious diagnostic

challenge for IGH-based MRD assessment upon further diversification

of leukemic clonotypes during long-term follow-up. MRD monitoring

utilizing clone-specific sequences of the uniquely rearranged and edited

gene segments is widely used to assess therapy response after induction

and consolidation therapy, which has crucial prognostic importance in

BCP-ALL patients (17–23). High-throughput sequencing (HTS)-based

marker identification and MRD monitoring offers the benefit of

providing additional information on background repertoire including

minor accompanying clones, which may reflect clonal evolution

[reviewed in (24)].

In this study of BCP-ALL diagnostic and follow-up bone

marrow (BM) and peripheral blood (PB) materials utilizing HTS

techniques to backtrack rearranged leukemic IGH sequences and
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their trajectories, we sought to understand the mechanistic details of

leukemic clonal composition at diagnosis, clonal evolution during

follow-up, and clonal distribution in different body or

hematopoietic compartments. We link diversified IGH clonal

family members and discriminate between the mechanisms

driving clonal evolution. We correlate these results with

immunophenotypes obtained by multiparameter flow cytometry

and with transcriptome-based molecular subtypes. We report on

the frequency of the phenomenon of clonal evolution, provide

examples of clonal sustainability under immunotherapy and

finally discuss the implications of clonal evolution in BCP-ALL

with regard to initial diagnostics and MRD monitoring.
2 Methods

2.1 Patients and clinical samples

A total of 465 diagnostic and selected MRD-positive follow-up

samples from 280 patients aged 18-55 years with BCP-ALL were

investigated within the frame of a research project associated with the

German Multicenter Adult Acute Lymphoblastic Leukemia

(GMALL) 08/2013 therapy optimization trial (EudraCT-No.: 2013-

003466-13). Initial diagnostic samples were subjected to IGH

amplicon-based HTS, multiparameter flow cytometry, and

transcriptome sequencing (RNA-Seq) analyses. An overview of

patient characteristics is detailed in Supplementary Table 1. From

all 280 patients either diagnostic BM (n=217) or PB (n=63) samples

were available (Figure 1, cohort #1). Concurrent diagnostic PB and

BM samples were available for pairwise comparisons in 46/280 cases

(Figure 1, cohort #2). In addition, a total of n=139MRD-positive early

or late follow-up and relapse samples of 63 patients were selected.

Clonal IGH evolution was monitored during early therapy phases, in

particular during the cyclophosphamide/dexamethasone-containing

prephase (Figure 1, cohort #3, 66 paired samples from 33 patients)

and after Induction I including one dose of rituximab (Figure 1,
Frontiers in Immunology 03106
cohort #4, 82 paired samples from 41 patients). Ultimately, we studied

149 diagnostic and follow-up samples of 34 patients to track the

kinetics of clonal evolution over time in longitudinal case reports

(Figure 1, cohort #5). Main results and details on IGH sequences

within the cohorts #1-5 are summarized in Supplementary Table 4.

All patients provided informed consent. All research described herein

was approved by the Frankfurt Research Ethics Board (188/15F) and

performed in accordance with the Declaration of Helsinki.
2.2 Routine diagnostics

Initial diagnoses were established by standard routine

diagnostics. Initial immunophenotype, BCR::ABL1 and KMT2A

rearrangement status, initial molecular IG/TR markers, and MRD

at follow-up were obtained by GMALL trials central diagnostic

reference laboratories (Berlin & Kiel, Germany).
2.3 Transcriptome analysis

RNA was extracted according to standard procedures

recommended by the manufacturer (Trizol, Life Technologies,

Carlsbad, CA). Library preps, transcriptome sequencing, and

molecular subtype calling were performed as described previously

(26). Cases with intermediate or divergent gene expression profiles

could not be assigned to any existing molecular profile category and

were thus described as “other”.
2.4 High-throughput sequencing of the
IGH locus

We employed the EuroClonality-NGS assay and the IGH-VJ-

FR1 and IGH-DJ primer sets to sequence diagnostic and follow-

up samples. In general, 100 ng of DNA, extracted according to

standard procedures recommended by the manufacturer
FIGURE 1

Study overview. A total of 465 samples from 280 patients with BCP-ALL enrolled in the GMALL 08/2013 therapy optimization trial were analyzed in
five different cohorts to decipher frequency, mechanisms and kinetics of the leukemic clonal evolution. The bioinformatic analyses on IGH HTS data
were carried out on DNJ-stem sequences identified by ARResT/Interrogate (25). Transcriptome sequencing and molecular subtype calling were
performed as described by Bastian et al. (26) HTS, high-throughput sequencing; RNA-Seq, RNA next- generation sequencing.
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(AllPrep, Qiagen, Hilden, Germany), was used for the analysis of

the diagnostic samples. In the longitudinal analysis of diagnostic

and follow-up samples, we used 500 ng DNA to ensure adequate

sens i t iv i ty and direc t comparab i l i ty of resu l t s . The

EuroClonality-NGS central in-tube quality/quantification

control (cIT-QC) was spiked into most diagnostic samples and

all follow-up samples as a library-specific quality control and for

the normalization of abundance from reads to cells (25, 27, 28).

(www.euroclonality.org/protocols). Samples were sequenced on

a MiSeq (Illumina, San Diego, CA, USA) with 2x250bp reads

(sequencing depth analysis in Supplementary Material S1).
2.5 IGH sequence analysis, detection, and
characterization of clonal evolution

IGH sequences were analyzed with ARResT/Interrogate (25).

Usable reads, the denominator for percentage abundance

calculations, were defined as sample reads with identified

junctions after the exclusion of cIT-QC reads, in other words,

reads with patient-only IGH rearrangements. For better readability,

especially in figures, we will refer to IGH segment rearrangements

using name acronyms omitting ‘IGH’ from gene names, e.g., VH

instead of IGHV or DJH instead of IGHD-IGHJ.

For IGH clonal evolution assessment, we isolated the ‘DNJ-

stem’ of nucleotide junctions - a subsequence of the junction that

consists of the last maximum of 3 DH nucleotides (or if none are

identifiable in a VJH rearrangement, of the N region), any N

nucleotides between DH and JH, and all JH nucleotides (Figure 2).

The DNJ-stem definition is adapted to the understanding that

the corresponding junction subsequence is the one remaining

generally stable after multiple DH/VH to DJH (DH/VH-DJH)

recombination and VH replacement events, and it is therefore
Frontiers in Immunology 04107
used as the link, a shared denominator, between potential family

members – whether those clonotypes should indeed be

considered related and whether the DNJ-stem should be

considered evolving was thoroughly examined by deploying

further rules.

We initially removed - as potential noise - clonotypes highly

similar to the most abundant DNJ-stem family member, as well as

of abundance below 3 reads or below 0.01% of usable reads. We

then considered the number of clonotypes removed above (a high

number may indicate an overall noisy DNJ-stem), the absolute and

relative (to the sample total) number of remaining DNJ-stem family

members, the number of their different 5’ genes and junction

lengths as a sign of expected junctional variability, as well as the

DNJ-stem’s N region complexity to increase confidence in its

specificity. Combined consideration of all these data points led to

a consensus call on whether a DNJ-stem was evolving or stable.

Please see Supplementary Material S2 for the detailed pseudocode

of this algorithm.

VH replacement was identified by considering (i) the general

stability of the DH region’s 5’-site and its preceding N1 region’s 3’-

site and (ii) the presence of a sequence remnant (fingerprint) of the

replaced VH in the new junction. Evolving DNJ-stems with the

absence of aforementioned signs were categorized as DH/VH-

DJH recombinations.

If a DNJ-stem was detected in both the IGH-VJ and IGH-DJ

library, the respective DNJ -stem was termed ‘rooted’, indicating

that the underlying root DJH rearrangement was also detectable.

A marker DNJ-stem was defined if any of the following

conditions were fulfilled: (i) abundance as a sum of all DNJ-stem

family members ≥ 5% of usable reads or ≥ 1% of cells (normalized

abundance); (ii) presence of clonal evolution (‘evolving’) at any

abundance. We recovered the locus IGHV and IGHD gene order

from IMGT (29).
FIGURE 2

Clonal evolution and clonotypic abundances in diagnostic BCP-ALL samples (cohort #1). The figure is displaying the prevalence of clonal evolution
in reference to all 280 patients and in reference to the total of 511 detected marker DNJ-stems. Additionally, the evolving DNJ-stems are itemized
by their most abundant family member abundance and total DNJ-stem abundance relating to the 5% marker threshold.
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Statistical analyses were performed in R version 4.1 using

Fisher’s exact test with default settings, meaning the significance

threshold was set at 0.05.
3 Results

3.1 Clonal evolution is frequent in BCP-ALL

We studied DNJ-stems and the respective VDJH and DJH
rearrangements in the diagnostic cohort of 280 BCP-ALL patients

(Figure 1, cohort #1). DNJ-stems with only DJH rearrangements

were further analyzed only if evolving or otherwise noteworthy.

Clonal evolution, i.e. at least one evolving DNJ-stem, was found

in 84/280 (30%) patients. Stable (non-evolving) DNJ-stems were

found in 160/280 (57.1%) patients and 36/280 (12.9%) patients had

no detectable IGH rearrangements to constitute a marker DNJ-stem

– the latter being a rate comparable to previous studies (30, 31). In

summary, clonal evolution was prevalent in our cohort affecting

one-third of the cases (Figure 2).

In total, 511 marker DNJ-stems (i.e., of ≥ 5% usable reads or

evolving at any abundance) were identified in 244/280 (87.1%)

patients (range 1-11, average 2.1 per patient). In 116 (65.5%) out of

the overall detected 177 evolving DNJ-stems, their most abundant

DNJ-stem family member stayed below the generally accepted

marker threshold of 5% usable reads and therefore may have

been ignored on its own. In other words, applying the standard

marker screening approach (by following single clonotypes and not

DNJ-stems and using the conventional 5% threshold), 65.5% of

markers would not have been reported. By screening for DNJ-stem

instead of clonotypes, but still applying the 5% threshold, two-thirds

(74) of those 65.5% of markers would still not have been reported. A

visual breakdown of the DNJ-stems and family member

distribution is depicted in Figure 2.
3.2 Leukemic clonal evolution is driven by
ongoing DH/VH-DJH recombination and
VH replacements

We studied alignments of junction nucleotide sequences of

evolving DNJ-stem families from the diagnostic BCP-ALL

samples (Figure 1, cohort #1) and observed signs of the two main

mechanisms driving IGH clonal evolution, VH to DJH (VH-DJH)

recombinations and VH replacements. Additionally, we identified a

variant of somatic recombination, in which DH to DJH (DH-DJH)

recombination was evident (10, 11). Both mechanisms, DH/VH-DJH
recombination and VH replacement, leave distinctive changes in the

recombined nucleotide sequences, by which they can be specifically

discriminated (Figure 3).

Ongoing DH/VH-DJH recombination was observed in 78% of

evolving DNJ-stems. This mechanism results in sequence trimming

during the rearrangement of the DH/VH to the existing DJH, which

in addition to the random editing of N nucleotides results in

sequence variability outside the DNJ-stem. This is exemplified in

Figure 4A, case #61 and Figure 4B, lower part, case #126. In the
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illustration, the top row is the ‘mother’ clonotype for the family of

clonotypes to be produced by parallel DH-DJH and VH-DJH
recombination (case #61) or solely by VH-DJH recombination

(case #126).

The vast majority of DH/VH-DJH cases featured only VH-DJH
recombination-driven clonal evolution, but there were notable

exceptions. In particular, of 398 DJH marker DNJ-stems identified

in 144/280 (51.4%) patients, 21/398 (5.2%) DNJ-stems were

evolving in 15 patients - in 12/15 (80.0%) of these patients this

ongoing DH-DJH recombination accompanied the VH-DJH
recombination, both driving clonal evolution (Figures 4A, B). The

mechanism of VH replacement was not active in those cases. Of

note, the only two patients with DH-DJH recombination without

accompanying VH-DJH recombination were assigned to the rare

molecular subtype CDX2/UBTF, a novel BCP-ALL subgroup with

the need of intensified treatment that was identified in 7% of our

cohort (26) (see below).

Ongoing VH replacement was observed in 22% of evolving

DNJ-stems. T his mechanism is defined by its most distinct signs: (i)

the general stability of the 5´-DH region site and its preceding 3´-N1

region site; (ii) the actual nucleotide remnants of the replaced VH in

the new junction. There were very few exceptions to the

requirement of the incoming VH to be downstream from the

mother clonotype segment: 1.6 upstream segments on average

(range 1-5) in lowly abundant clonotypes, in 13/39 DNJ-stems

evolving by VH replacement, representing 1.9% of all family

members. These could be erroneous gene annotations facilitated

by sequence errors, false positive DNJ-stem members, or perhaps

true members having originated previously. A case with ongoing

VH replacement is detailed in Figure 4B (upper part, case #126),

where the top row is the ‘mother’ clonotype for the family members

to be produced by replacement of its VH segment. The resulting

family members underneath show no further deletions in the DH

segment, because any sequence loss was buffered by the N1 region

and remnants of the replaced VH (highlighted in yellow) and now

residing inside the new N1 regions.

Overall, and in contrast to VH replacement that most

commonly takes place in the presence of one or more highly

abundant mother clonotypes, ongoing VH-DJH recombination

results in bursts of numerous lowly abundant family members

with the role of the mother clonotype taken by the DJH root. This

translates to an average abundance of the most abundant family

member of 51% for VH replacement and 7% for VH-DJH
recombination in the IGH-VJ library of our diagnostic cohort.
3.3 Clonal evolution associates with
BCP-ALL immunophenotypes and
molecular subtypes

We selected one DNJ-stem from each patient or two DNJ-stems

from each of two patients with concomitant VH-DJH recombination

and VH replacement - a total of 53 VH-DJH-evolving stems and 33

VH replacement-evolving stems - focusing on evolving DNJ-stems

with numerous family members, to highlight specific characteristics

related to both mechanisms driving clonal evolution. For each DNJ‐
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stem, abundances and IGH evolution classifications such as

evolving or stable, DJH root detectable or not, DH/VH-DJH
recombination or VH replacement were annotated along with its

locus-ordered VH gene profile and basic patient metadata. The

results are summarized in an overview tabular heatmap (Figure 5).

Of the 244 diagnostic samples of cohort #1 with identified

marker DNJ-stems, 41 (16.8%) were classified as pro-B ALL and

203 (83.2%) as pre-B/c-ALL by multiparameter flow cytometry.

We detected significantly higher rates of clonal evolution in

patients with a pro-B ALL compared to those with a pre-B/c-ALL

immunophenotype (61.0% vs. 29.1%, respectively, p=0.0008),

suggesting that the maturation arrest at earlier B-cell development

stages might increase the frequency of ongoing IGH recombination.

Other noteworthy observations are that (i) VH-DJH
overwhelmingly featured ‘early’, J-proximal VH genes, mainly

VH6-1 (42/53 (79.2%) DNJ-stems and most family members) - in

strong contrast, VH6‐1 featured only twice in VH replacement cases,

in which the ‘late’, J-distal VH3-74 segment was the most frequent;

(ii) the DJH root was present in the majority of VH-DJH DNJ-stems

but in only one VH replacement DNJ-stem; (iii) DH-DJH-driven

clonal evolution was observable in VH-DJH cases but not in VH

replacement cases; (iv) the two mechanisms, VH-DJH
recombination and VH replacement, were almost mutually

exclusive (Supplementary Tables 2, 3).

The BCP-ALL molecular subtypes were assigned based on RNA-

Seq data available for 167/280 (59.6%) cases and then correlated with

the IGH clonal evolution patterns. Overall, 155/167 cases could be

assigned to a previously described molecular profile category, while 12

cases showed other gene expression profiles and thus were summarized
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as “other”. Notably, the aforementioned higher rates of clonal evolution

in pro-B ALL were almost exclusively linked to the KMT2A subtype

(94.4% evolving), while other molecular subtypes with a pro-B ALL

immunophenotype were mostly stable, particularly CDX2/UBTF (cases

with UBTF::ATXN7L3 gene fusion, only 22.2% evolving and those only

in the IGH-DJ library) and ZNF384 (only 30% evolving) (Figure 6A).

Further, the KMT2A subtype showed significantly higher rates of

ongoing VH-DJH (16/17 (94.1%) evolving patients, p=3e‐11),

prevalently initiating the recombination with ‘early’ J-proximal VH

genes, mostly VH6-1 (Figure 5). The preferential usage of ‘early’ J-

proximal VH genes was also seen in the molecular subtypes PAX5 P80R

and PAX5alt. Although (and in contrast to the KMT2A subtype) most

DNJ‐stems in those subtypes were stable (30/40, 75%), the evolving

DNJ-stems (10/40, 25%) clearly showed a prevalent (as in 7/10) usage of

‘early’ J-proximal VH segment genes including VH6-1, VH1‐2, VH1-3

and VH4-4. Notably, the three DNJ-stems using more J-distal VH

segments belonged to a single patient with concurrent VH replacement

and VH-DJH recombination activity (Supplementary Table 2). While

the KMT2A subtype was strongly associated with VH-DJH
recombination as the prevalent clonal evolution mechanism, the

molecular subtypes Ph-like and DUX4 featured no VH-DJH but were

instead associated with VH replacement (7/37 and 4/13, p=0.00009 and

p=0.067, respectively) (Figure 6A).

The DH-DJH evolution was a less frequent observation and only

detectable in 11 of 155 (7.1%) patients with molecular subtype

assignment, with the low number of patients impeding significant

associations with molecular subtypes. Despite the fact that the

KMT2A subtype not only showed the highest rate of VH-DJH
evolution, but also significantly higher rates of DH-DJH evolution
FIGURE 3

Schematic visualization of the terminology used in this study and the two mechanisms driving clonal evolution: DH/VH to DJH recombination (top)
and VH replacement (bottom). All DNJ-stem family members, including the DJH root, the VJH mother clonotype (VH replacement) carry the same
DNJ sequence (red box). Evidence of VH replacement (see main text) is not always present or detectable due to further recombination-related
nucleotide sequence trimming (green box).
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(27.8% evolving, p=0.0001), we found that the presence of DH-DJH
and VH-DJH was not fully concordant (Figure 6B). Strikingly, two

patients of the rare CDX2/UBTF subtype showed only DH-DJ

evolution (p=0.04), whereas there were no signs of VH-DJH
evolution. Overall, the evolving DH-DJH rearrangements showed a

remarkable preference for the usage of DH2-2 as the incoming DH

(14/15 (93.3%) of DNJ-stems) (Supplementary Table 3), which was

also observed by others but in the context of normal

rearrangements in blood B cells from healthy donors (32).
3.4 Overlap between BM and PB is high for
marker DNJ-stems but not for their
family members

We sought to understand the overlap of DNJ-stems and their

family members between diagnostic BM and PB of the 46 patients
Frontiers in Immunology 07110
with both diagnostic materials available (Figure 1, cohort #2). We

identified 39 patients with paired BM and PB DNA samples and with

marker DNJ-stem(s) in at least one of these two compartments. The

total number of DNJ-stems was 93, with 66 DNJ-stems in both

compartments as marker DNJ-stems (see Methods for definition), 21

DNJ-stems also in both compartments but appearing in one

compartment outside the marker DNJ-stem rules (and almost

always at very low abundance), and the remaining 6 appearing

only in BM compartment (Figure 7). This translated into 37/39

patients with at least one of the 87 DNJ-stems in both materials, or

36/39 when we demanded marker DNJ-stems in both materials, i.e.,

considering only the 66 DNJ-stems; all other cases had the DNJ-stem

in BM only. Of the 66 DNJ-stems in both the BM and PB

compartments of the 36 patients, all but two had concordant clonal

evolution status between BM and PB, with the two exceptional cases

evolving in BM and stable in PB. In 32/36 patients we saw a complete

marker DNJ-stem overlap between BM and PB.
B

A

FIGURE 4

Sequence analysis of two cases illustrating the IGH clonal evolution mechanisms. (A) Case #61, ongoing DH-DJH and VH-DJH recombination on the
same highly abundant DJH root (55% of reads) (top row, in bold). (B) Case #126, one of two unique cases with DNJ-stems featuring both
mechanisms, VH replacement and VH-DJH recombination (VH replacement: top, VH-DJH recombination: bottom). The mother clonotype of the VH

replacement and the DJH root of the VH-DJH recombination are each shown on the top row and in bold. The DNJ-stem family members evolving
by VH-DJH use ‘late’ D-distal VH genes, which is uncommon for this mechanism (main text, Figure 5). Legend: green = VH, orange = DH, blue = JH,
gray/uppercase = N regions, lowercase = germline, dots = deleted nucleotides, black = region affected by the recombination or replacement, yellow
= region kept from the mother clonotype (on which the region is boxed), blue/yellow-to-orange (last column) = clonotype abundance in % reads,
horizontal bar on top of first sequence = DNJ-stem. Genes are indented in the 1st column to indicate locus order. A number of rows in (B) are
‘squeezed’ and their VH and DH assignment and nucleotide sequences are hidden for space and clarity.
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FIGURE 5

Evolving DNJ-stems in the diagnostic cohort. Each column represents one representative evolving DNJ-stem in one patient, ordered by the locus
order of the most frequent gene in that column. VH genes are sorted by their proximity to the DH genes (proximal top to distal bottom), respectively;
red gene names: pseudogenes, yellow: ORFs. Top rows: 1) immunophenotype: pro-B ALL purple, common-/pre-B ALL blue; 2) KMT2A molecular
subtype status: KMT2Ar purple, non-KMT2Ar no color; 3) DJH root with same DNJ-stem detectable (purple); 4) DNJ-stem abundance (% reads), blue
to orange (0.2% to 97%); 5) most abundant family member clonotype to summed DNJ-stem abundance ratio, blue to orange (0.01 to 0.99).
Heatmap cells are colored by number of DNJ-stem family members featuring each gene, blue to red (1 to 418); black bar plots on the right of each
mechanism group visualize each gene’s relative frequency in that group.
BA

FIGURE 6

Correlation of BCP-ALL immunophenotype and molecular subtypes versus IGH clonal evolution and its respective mechanisms. VH replacement and
VH-DJH recombination (A) and DH-DJH recombination (B). The numbers and classifications are derived from the one-stem-per-case data depicted
also in Figure 5. All cases have been labelled by (i) immunophenotype and (ii) their respective molecular subtype as assigned by the transcriptome
analysis. Evolving DNJ-stems (warm colors) are shown below the X-axis line and stable DNJ-stems (cold colors) are shown above the X-axis line.
For the evolving DNJ-stems, the respective mechanism driving clonal evolution in % of cases has been depicted in the lower left part of the
schematic in (A).
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When we compared the overlap of ~3300 family members of 26

DNJ-stems that were evolving both in BM and PB, we found the

overlap to be only 8.7%, with the rest split almost equally between

BM and PB (Figure 7). Evolving DNJ-stem abundance in BM was

on average 18.7% reads (range 0.6-89.9%), while the average

abundance of family members was 0.16% reads (range 0.0008-

71.8%). In PB the evolving DNJ-stem abundance was on average

12.9% reads (0.2-76.8%) and the average abundance of family

members 0.11% (range 0.0002-73.8%). The fact that the

minimum abundance of family members is below the 0.01% reads

threshold used for family members when calling clonal evolution, is

due to searching for members across materials at any abundance to

maximize the sensitivity and information content of the

overlap analysis.
3.5 Clonal evolution over time and after
therapy – implications for MRD diagnostics

In order to understand the longitudinal dynamics of evolving

clonotypes during and after treatment, we compared therapy-naive

BCP-ALL samples (day 0) and matched samples from different

follow-up time points (Figure 1, cohort #3-5): (i) day +6 samples

after the 5-day cyclophosphamide/dexamethasone-containing

prephase, no rituximab (cohort #3); (ii) day +22 samples after

Induction I including one dose of rituximab (cohort #4); and (iii)

later time points including additional doses of rituximab and

refractory disease/relapse-related secondary immunotherapies, e.g.

blinatumomab (cohort #5).

3.5.1 The clonotypic spectrum does not change
much during the very early phase of therapy

Cohort #3 encompassed 33 BCP-ALL patients with a total of 66

matched peripheral blood (PB) samples taken at diagnosis and at

day +6 of the prephase. In 3/33 (9.1%) diagnostic PB samples, no

marker DNJ-stem was identified. In one case, the stable marker

DNJ-stem was undetectable after prephase therapy. More than two-

thirds of the cases were either concordantly stable (19/33, 57.6%) or

concordantly evolving (4/33, 12.1%) across day 0 and day +6. Four

cases (12.1%) were evolving at day 0 and stable at day +6, with the

loss of family members after prephase therapy probably due to the
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general reduction of tumor burden. Two cases showed clonal

evolution after prephase therapy but not at diagnosis, which

could be rather attributed to the overall reduction of benign

mature B-cell numbers in the post-prephase samples and the

resulting higher sensitivity of HTS. In the majority of

concordantly evolving DNJ-stems (4/6), the highest abundant

family member at day 0 remained the highest abundant family

member at day +6. The overlap of evolving clonotypes between the

two time points was on average 29.6%.

We further quantified the MRD at day +6 using either the DNJ-

stem, or only the most abundant family member as MRD marker

and compared the MRD levels. The DNJ-stem-based MRD was on

average 3.5-times higher (range 1.1 to 9.7-times) than the most

abundant family member-based MRD. In 2/8 evolving DNJ-stems,

the discrepancy between DNJ-stem MRD and most abundant

family member MRD equaled a log10 difference.

3.5.2 Single dose rituximab and early Induction
therapy unlikely to cause a clonotypic selection

Cohort #4 encompassed 41 BCP-ALL patients with a total of 82

matched bone marrow (BM) samples taken at diagnosis and at day

+22 after Induction I with 1 dose of rituximab administered after

the prephase. In 6/41 (14.6%) of initial diagnostic samples, no DNJ-

stem was identified. The evolving marker DNJ-stem in one case and

a stable marker DNJ-stem in another two cases were undetectable

after Induction I. In accordance with cohort #1, nearly two-thirds of

patients were either concordantly stable (20/41, 48.8%) or

concordantly evolving (7/41, 17.1%), with 5 patients evolving at

day 0 and stable after Induction I. However, no cases were stable at

diagnosis but evolving after Induction I. The average overlap of

evolving clonotypes was 28.5%.

3.5.3 Clonotypes display more dynamic changes
in longitudinal analysis

Cohort #5 encompassed 34 BCP-ALL patients with a total of

149 matched PB and/or BM samples taken at diagnosis and at

multiple follow-up time points per patient, i.e. at the end of

prephase at day +6, after Induction I at day +22, at later time

points with refractory disease or/and at relapse during

chemotherapy including 4 or 8 doses of rituximab or at relapse

after additional immunotherapy with blinatumomab or

inotuzumab ozogamicin. In particular, the clonotypic

composition of initial diagnostic samples was compared to 97

matched samples obtained during these aforementioned divergent

MRD-positive follow-up time points. In order to evaluate in how

many cases the conventional MRD detection (which relies on the

tracking of the one or two most abundant family members) would

have been hampered by the vanishing of the most abundant family

member, we analyzed clonal evolution dynamics over time in the 34

patients of cohort #5. At diagnosis 14 of 34 patients (41.2%) had

stable DNJ-stems (no clonal evolution), 4 (11.8%) had no IGH

marker and 16 (46.4%) were evolving. In those 16 patients with

clonal evolution, we identified 45 evolving DNJ-stems in total

(Supplementary Table 4). Noteworthy, 17/45 (37.8%) of evolving

DNJ-stems including all family members became untraceable in the
FIGURE 7

Overlap of marker DNJ-stems and their family members detectable
in BM and PB. Total numbers of marker DNJ-stems (top) and DNJ-
stem family members (bottom) that were found in only one of the
compartments are illustrated in grey. Those that were overlapping
between the compartments are illustrated in orange. In case of
marker DNJ-stems, we distinguished between concordant marker
status (dark orange) and detectable in both, but only marker status
in one (light orange).
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follow-up samples. In detail, 15/17 evolving DNJ-stems were

distributed among two patients, in whom the MRD remained

only traceable through the KMT2A fusion-derived MRD marker

assay, underscoring the importance of this alternative approach of

MRD monitoring in KMT2A-rearranged B-ALL. The remaining 2/

17 disappearing evolving DNJ-stems were both related to one

patient and presented the most abundant clonotypes at diagnosis

but became eradicated during the follow-up. In 7/45 (15.6%) of

evolving DNJ-stems, the most abundant family member stayed

most abundant across all follow-up time points. In 2/45 (4.4%)

evolving DNJ-stems the most abundant family member was

traceable at all the time points, but did not stay the most

abundant family member at all time points, thus not reflecting

the most correct MRD level. In the majority of evolving DNJ-stems

(19/45, 42.2%), the most abundant family member disappeared over

time, while other family members of the same DNJ-stem remained

present and would be available to constitute the MRD signal in the

DNJ-stem based MRD approach. The median abundance of the

most abundant family member in those 19 evolving DNJ-stems was

0.06% (0.002 -37.7%) cells compared to 20% (0.67 - 87.6%) cells in

the 7 evolving DNJ-stems, in which the most abundant family

member remained most abundant at later time points. The non-

persistence of the most abundant family member was most likely

caused by its low abundance in follow-up in combination with a

sampling bias. In one case (Supplementary Material S3A, Ph-

neg#27), a highly abundant family member (37.7% cells)

disappeared in the course of therapy, while only the second most

abundant family member persisted. Taken together, substantial

changes in the abundance and composition of the initially most

abundant family members conventionally chosen as molecular

MRD markers were observed in 37/45 (82%) of the evolving

DNJ-stems and accordingly in 9/16 (56%) patients with evolving

DNJ-stems, in whom the correct assignment of the MRD level could

be adversely affected, i.e. underestimated or failing detection.

Critically, in 2/34 (5.9%) of patients, the DNJ-stem with the

vanishing most abundant family member was the only IGH target

for MRD detection.

In the Supplementary Material S3A-D we present four examples

of Philadelphia chromosome-negative (Ph-neg) cases with

interesting dynamics of family members belonging to the same

DNJ-stem, all presenting different kinetics over time, in which the

conventional marker identification (5% reads threshold) or the

conventional MRD quantification (clonotype based) would have

led to impaired MRD detection in follow-up samples.

Of note, in all cases, the mechanism of clonal evolution in all

follow-up samples remained the same compared to the respective

diagnostic sample. In consideration of the cohorts #3-5, we

conclude that applying the following rules could improve MRD

monitoring in follow-up samples: (i) consider the DNJ-stem and

not specific family members as MRD basis marker, also because

new family members of initially stable DNJ-stems could emerge

during the course of therapy; (ii) if an evolving DNJ-stem in the

IGH-VJ library is also found in the IGH-DJ library sample (and

thus rooted), one should also follow the DNJ-stem in the IGH-DJ

library for MRDmonitoring even if it does not fulfill marker criteria

in the diagnostic sample; (iii) use DNJ-stem abundance as the sum
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of all family members to avoid underestimation of the extent

of MRD.
4 Discussion

Clonal evolution in the IGH locus and its significance and

implications in BCP-ALL patients have all been well documented

(5, 33–35). Our research was conducted on a well-studied cohort in

order to develop tools for the identification and characterization of

this important phenomenon. We provide refined observations with

a more detailed insight into clonal evolution processes during BCP-

ALL therapy.

We report that IGH clonal evolution is prevalent in BCP-ALL,

conservatively identified in one-third of the cases. Clonal evolution

has been shown to be a malignancy-related phenomenon of B cells

(8). The approach presented in this manuscript to identify IGH

clonal evolution and the resulting IGH oligoclonality is not based

on the simple detection of more than two dominant clonal IGH

rearrangements, which could be present even without oligoclonality

in the case of biallelic rearrangements or trisomy of the IGH locus

(e.g., in hyperdiploid ALL) (36, 37). Instead, we introduce the

concept of ‘marker DNJ-stem’ to cover the entire, clonally-related

family of evolving clonotypes. We identified 40% of evolving

marker DNJ-stems at levels below conventional clonality

thresholds (<5% reads) in 38/280 (14%) patients presenting clonal

evolution. In such cases, conventional abundance thresholds

produce misleading results and should therefore not be applied.

In other words, evolving DNJ-stems at any level should be assumed

to be BCP-ALL-related and therefore considered as a marker.

We further investigated whether the degree of clonal evolution

and the composition of DNJ-stem family members differs between

BM and PB. Comparing the diagnostic sample pairs of 46 patients,

we found that the high overlap of marker DNJ-stems and their

evolution status indicates that PB is a comparable and reliable

source for the determination of the IGH oligoclonality status. The

VH usage of DNJ-stem family members did not show a tendency

towards more mature clonotypes in PB compared to BM. In line

with our previous study, which showed that MRD levels tend to be

lower in PB than in BM (38), 22% of marker DNJ-stems were

exclusively found in BM, where DNJ-stems and clonotypes are

generally more abundant and evolving, indicating that not all

malignant family members access the bloodstream in sufficient

numbers to be detected. As expected, the combination of the low

abundance of evolved family member clonotypes and sampling

biases resulted in their low overlap between the two materials - but

of note, their total number was not higher in BM compared to PB.

Abandoning the conventional 5% reads clonality threshold for

evolving DNJ-stems as suggested above entails the risk of reporting

unspecific, malignancy-unrelated markers which can result in

impaired MRD detection. Thus, it should be discussed if the

DNJ-stem is unique and specific enough to be a reliable MRD

target. The insertion of short palindromic P nucleotides during

VDJH recombination has been reported in around ten percent of

IGH rearrangements (39). These nonrandom sequences might

reduce the specificity of the DNJ-stem for MRD detection,
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especially in cases with short or completely absent N2 nucleotides.

Furthermore, it is not clear if the application of DNJ-stem-based

MRD detection is of benefit in mature lymphoid malignancies. We,

therefore, tested the sensitivity and specificity of this approach using

IGH sequences in internal cohorts of two distinct mature B-

lymphoid malignancies, i.e. ~100 chronic lymphocytic leukemia

(CLL) and ~100 multiple myeloma (MM) cases. While we detected

no clonal evolution in the CLL cohort, three DNJ-stems in as many

cases in the MM cohort were reported. All three were ‘borderline’

calls with few family members and low variability of genes and

junction lengths, calls that in the context of MM could be dismissed.

Additionally, we screened our BCP-ALL cohort for marker DNJ-

stems that appear in more than one patient at diagnosis. Only one of

the 511 marker DNJ-stems detected in the IGH-VJ library was

shared between two patients. Overall, we would advise the

application of bio/medical context during the interpretation of

results, and to examine DNJ-stem sequences for specificity within

each cohort and against a large reference cohort.

The study of the junction alignments of the family members of

evolving DNJ-stems allowed us to identify the apparent mechanism

involved, DH/VH to DJH recombination or VH replacement, and

thus provide another perspective into our data and results

(Figures 3-5).

DH-DJH segment fusions were first hypothesized in 1982 (40),

experimentally verified in 1989 and thereby considered a rare but

physiologically legitimate activity adding another combinatorial

dimension to the antibody repertoire diversity (11). Since DH-DJH
recombination clearly violates the 12-23 rule applying in the process

of V(D)J recombination, concerns were raised about a possible

aberrant nature of this phenomenon. Further research led to the

discovery of hitherto uncharacterized cryptic RSS in the DH genes,

confirming the physiological nature of the occasional DH-DJH
recombination (10).

Taken together, our data undoubtedly show that all of the

described ongoing recombinatory processes, the DH/VH to DJH
recombination and VH replacement, drive the clonal evolution in

BCP-ALL patients. Moreover, we demonstrate that these

mechanisms are almost mutually exclusive and separate patients

into clearly delineated groups on different levels:

(i) the DH/VH-DJH group was characterized by an

overrepresentation of KMT2A and PAX5 aberrations, the

presence of a DJH root, the preferential usage of DH-proximal VH

genes and the presence of low-abundant DNJ-stem family

members, as well as accompanying DH-DJH evolution in KMT2A

rearranged cases;

(ii) the VH replacement group was (less strongly) associated

with the DUX4 and Ph-like molecular subtypes, as well as with D-

distal VH genes used by DNJ-stem family members, one or more of

which playing the role of abundant mother clonotypes.

The two exceptions to the observation that DH-DJH evolution

cases associated with VH-DJH evolution, were two cases belonging

to the newly described CDX2/UBTF molecular subtype, which

otherwise presented no IGH evolution despite the predominance

of a pro-B immunophenotype (26).

Our results point towards DH/VH-DJH recombination as an

ontogenically earlier-stage and VH replacement as an ontogenically
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later-stage associated mechanism. In most VH-DJH cases, the DNJ-

stem was detectable in the IGH-DJ library, suggesting that VH-DJH
is a highly active and ongoing process, resulting in a burst of

immature rearrangements. Generally, the biased usage of DH/VH

genes, particularly VH6-1 in VH-DJH recombination and DH2-2 in

DH-DJH recombination, could be related to the distinctive

accessibility of different parts of the VH and DH clusters to the

VDJH recombination machinery as postulated by Tsakou and

colleagues (41) and previously shown in mice (42).

The preferential use of VH6-1 could at least be related to

hampered PAX5 activity. Wild-type PAX5 was reported to

cooperate with interleukin receptor 7 to confer locus contraction

and subsequent VH-DJH recombination of distal VH segments,

whereas it was not required for the preceding DH to JH
recombination (43, 44). Consequently, at least the biased usage of

VH6-1 could be related to the inaccessibility of distal VH segments

due to absent or hampered activity of PAX5 and/or related factors.

Our results, which clearly demonstrate a correlation of the

molecular subtype with different frequencies and even different

mechanisms of clonal evolution, entail clinical consequences. Our

selected longitudinal case reports show that MRD quantification, in

the form in which it is currently routinely performed, can be

affected by the degree of clonal evolution and at worst might lead

to false negative MRD results. Thus, the reliability of IGH-based

MRD quantification varies depending on the molecular subtype. In

particular, patients with the KMT2A subtype, of whom more than

94% are evolving, should be monitored with caution.

Besides the high rates of clonal evolution in KMT2A-

rearranged BCP-ALL, increasing the susceptibility to errors,

studies have shown that IG/TR rearrangements in infant

KMT2A-rearranged ALL are more likely oligoclonal or even

completely absent, which makes any IG/TR based MRD-

monitoring less convenient. It has therefore been recommended

to preferably employ the KMT2A gene fusion for more stable and

reliable MRD detection (45, 46).

On the basis of our findings, we suggest the following in order to

improve IG/TR-based MRD detection in BCP-ALL: i) follow the

DNJ-stem (covering all DNJ-stem family members) and not specific

family members; ii) follow the DNJ-stem using both IGH-VJ and

IGH-DJ assays; iii) express MRD as the DNJ-stem abundance (the

sum of all DNJ-stem family members) in order to avoid

underestimation of the MRD level in samples with high degree of

clonal evolution; iv) be aware that the classical and still widely

adopted real-time quantitative PCR (RQ-PCR) often uses primers

and probes designed to track only specific clonal rearrangements

(unlike HTS), thus potentially missing family members that are

either already present at diagnosis or arise during the course of the

disease. Crucially, further testing of the above-suggested approach

on large well-defined cohorts is necessary to prove its prognostic

strength before it can be routinely applied.

Wrapping up, we will outline a number of future perspectives.

First, we herein only studied clonal evolution in the IGH locus, but a

study on clonal evolution of T-cell receptors might allow deeper

insights - particularly as the TRD locus has shown similar

recombinase activity as the IGH locus in patients with VH

replacement (47). Second, a recent study has shown that BCP-
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ALL harboring TP53 alterations are associated with immature DJH
rearrangements (48). Assuming that TP53 alterations occur already

in the pre-leukemic cell compartment, one should study if these

cases show clonal evolution rates similar to KMT2A-rearranged

cases. Finally, it was recently reported that in childhood BCP-ALL,

clonal evolution is not only relevant for reliable MRD detection but

also directly correlated to the clinical outcome (33). A

similarinvestigation into this critical association of outcome and

clonal evolution in adult BCP-ALL would require expanded

prospective studies.
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