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Chronic lymphocytic leukemia (CLL) cells may bear mutations in IGHV genes, the 2%-cutoff allowing to discriminate two subsets,
unmutated (U)- or mutated (M)-CLL, with different clinical course. IGHV genes may also incorporate additional ongoing mutations, a
phenomenon known as intraclonal diversification (ID). Here, through an original bioinformatic workflow for NGS data, we used the
inverse Simpson Index (iSl) as diversity measure among IGHV sequences to dichotomize cases with different ID levels into IDy;gn
(iSI'=1.2) vs. Doy (iSI < 1.2) both in CLL (n =983) and in other lymphoproliferative disorders (LPD; n = 127). In CLL, IDngn cases
accounted for 14.6%, overrepresented in M-CLL (P = 0.0028), while higher percentages were documented in GC-derived LPD. In
M-CLL (n = 396), IDyg patients (n = 69) experienced longer time-to-first treatment than Dy, patients (P = 0.015), and multivariate
analyses (n = 299) confirmed ID as independent variable. IGHV gene mutations of IDy;g, cases had molecular signatures indicating
ongoing activity of the AID)/Poln-dependent machinery; consistently, IDyign M-CLL expressed higher levels of AID transcripts than
IDjow M-CLL (P = 0.012). In conclusion, we propose a robust NGS protocol to quantitatively evaluate ID in CLL, demonstrating that: i)
all CLL patients presented ID although at various degree; ii) high degree of ID has clinical relevance identifying a M-CLL subset with
better outcome.
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INTRODUCTION

In chronic lymphocytic leukemia (CLL), a neoplastic disease
characterized by highly variable clinical courses [1-4], the muta-
tional status of the heavy chain variable region of the immunoglo-
bulin (IGHV) genes represents one of the most relevant prognostic/
predictive biomarkers [5]. In particular, CLL expressing a mutational
load of IGHV genes lower than or equal to the established cut-off of
2% are identified as unmutated (U-CLL), and are associated with a
poorer prognosis compared to CLL carrying IGHV gene mutations
exceeding the 2% cut-off (mutated CLL, M-CLL) [3]. Nowadays, such

a dichotomized IGHV mutational status is included in several
prognostic algorithms predicting the time-to-first treatment (TTFT)
[2, 4], as well as the response to chemo-immunotherapy regimens
(CLL-IPI) [5, 6]. Conversely, in the context of novel target therapies
the clinical impact of the IGHV gene mutational status is less clear
and still to be evaluated [1-3, 7-9].

Despite the dichotomous categorization according to the IGHV
gene mutational status, CLL cases may exhibit marks of ongoing
mutations in the context of IGHV genes, a phenomenon known as
intraclonal diversification (ID). After the neoplastic transformation
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of mature B cells, CLL may incorporate novel mutations in IGHV
sequences due to the maintenance of the physiologic process of
somatic hypermutation (SHM) physiologically responsible for the
refinement of |G affinity and the generation of heterogeneity of
the IG repertoire [10]. In this regard, Gurrieri et al. demonstrated
that the physiological SHM machinery, driven by the activated-
induced cytidine deaminase (AID), is frequently activated in CLL
and responsible for the ID phenomenon [11, 12]. Similarly, Degan
et al. confirmed that these IGHV ongoing mutations found in CLL
bore the signature of AID, and were compatible with reparation
mechanisms involving both AID and error-prone bypass lesion
DNA polymerases [10, 13]. These studies, however, since
performed using Sanger sequencing, had limited capacity with
regard to analytical depth and breadth.

The advent of the high-throughput Next-Generation Sequen-
cing (NGS) revolutionized the study of the immunological
repertoire due to an increased discrimination power [14]. Despite
the use of NGS allows a finer discrimination and quantification of
IG gene repertoire, both at the clonal and the subclonal levels [14],
the NGS technique by itself may retain artifact/bias in part
overcome by the introduction of Unique Molecular Identifiers
(UMI) for the generation of the Repertoire Sequencing (RepSeq)
library [15, 16]. Following this reasoning, Bagnara et al. [17], by
applying an UMI-based multiplex amplification protocol to study
ID in CLL, could confirm previous findings, without demonstrating
correlation between ID and clinically relevant parameters
[11, 13, 17]. In addition, other studies limited ID analyses to
specific CLL stereotyped subsets [18, 19].

More recently, a bioinformatic tool has been presented characteriz-
ing the mutations occurring in the context of the ID process and their
interconnections, with the aim to build “mutational pathways” [18, 20].
However, so far, the low number of tested samples due to the
complexity of a UMI-based approach, and the scarcity of ad-hoc
biocinformatic packages have hampered a high-throughput character-
ization of ID in CLL providing clinical correlations.

In this study, we evaluated ID in a large cohort of CLL and other
germinal center (GC)- and non-GC-derived lymphoproliferative
disorders (LPD) by applying a deep NGS strategy for IG repertoire
analyzed through an ad-hoc developed UMI-independent bioin-
formatics pipeline. By taking advantage of this original approach,
we have been able to provide compelling evidence that ID is a
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phenomenon present in CLL, although rarer than in other GC-
derived LPD, and more frequent in M- than U-CLL. In particular,
M-CLL with substantial ID (IDpigh M-CLL) were clinically associated
with longer TTFT than M-CLL without substantial ID (ID,,,, M-CLL).

MATERIAL AND METHODS

CLL and LPD cohorts

The study comprises a multicenter retrospective cohort of 1091 CLL
primary samples diagnosed from 2005 to 2021 and referred to a single
institution (Clinical and Experimental Onco-Hematology Unit, Centro di
Riferimento Oncologico, I.R.C.C.S., Aviano, Italy) for molecular and
cytogenetic analyses (Fig. 1). IGHV sequencing data were directly retrieved
from the NGS analyses performed in the context of diagnostic procedures
for cases received by the reference center after 2015; cases diagnosed
before 2015, whose IGHV sequencing were originally done by Sanger, were
re-tested by NGS from archived nucleic acids (Table S1). All analyses were
performed on a sample received at the time of diagnosis/first presentation,
always before therapy. All patients were diagnosed and treated according
to iwCLL guidelines [1, 2]. Among 1091 patients, TTFT was available for 759
CLL patients (Fig. 1), updated as of August 2023. Out of 759 cases, 320
were treated with a median TTFT from CLL diagnosis of 29 months (95% Cl
26.0-31.0, range 0-199). Analysis of clonal evolution of ID was performed
on 33 patients with sequential time-points available (median number of
time-points available =2, range 2-5) and with a median time interval
between sequential samples of 25.8 months (range 0.7-112.8 months). For
the comparison of ID levels, cohorts of LPD encompassing different stages
of mature B cell differentiation, including 45 mantle cell ymphoma (MCL),
28 diffuse large B cell lymphoma (DLBCL), 40 follicular lymphoma (FL), 14
hairy cell leukemia (HCL) cases were collected. The study was carried out in
accordance with the declaration of Helsinki upon IRB approval (Approval n.
IRB-05-2010 and n. IRB-05- 2015, Centro di Riferimento Oncologico of
Aviano; Approval n. 10C0066, National Cancer Institute; Approval,
University of Wirzburg, January 17th, 2006), and informed consent.

IGHV sequencing and library preparation with UMI-

tagged IGHV

DNA/RNA extraction, RNA retro-transcription, IGHV amplification and NGS
sequencing were performed according to standard protocols (details in
Supplemental Materials and Methods). The major IG stereotyped CLL
subsets were assigned with ARResT Tool (https:/bat.infspire.org/arrest/
assignsubsets/) [21].

UMI-tagged libraries were generated for evaluation of the immunoglo-
bulin repertoire, according to the protocol from Khan et. al. by utilizing UMI
generated as 3 non-randomic sequences interspersed by 3 bp spacers
(details in Supplemental Materials and Methods, Figure S1 and Table S2) [15].

Hotspot and coldspot mutability calculation

To evaluate the mutability within AID-specific hotspots/coldspots [12, 22, 23],
we applied the igphyml algorythm on corrected data [24]. To confirm the
results, we applied a custom python script which retrieves the number of
mutations per sample and catalogues them as compatible with SHM
signature or not (details in Supplemental Materials and Methods).

AID mRNA quantification with qPCR

AID and Beta-2-Microglobulin (32 M) mRNA levels, the latter as control
gene, were assessed through Tagman-qPCR assay (Thermo Fisher) using a
CFX96 PCR System (BioRad). The relative expression was calculated with
the AACT method using MEC1 cell line as a positive control.

Other CLL characterizations

Interphase FISH was performed to detect del17p, 11922.3 deletion
(del11q), 13q14 deletion (del13p), and trisomy 12 (tris12) [25, 26]. CLL
patients were also characterized for age, sex, Rai/Binet staging, CD38 and
CD49d expression, as well as by a standard immunophenotypic profile
which included evaluation of the expression of CD5, CD23, CD20, FMC7,
CD43, CD79b, Smlg, IgM and IgD, as previously reported [27, 28].

Survival analysis
All the statistical analyses were performed with R programming language.
TTFT was computed from the date of diagnosis to the date of first
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Illustrative phylogenetic trees in dependence of presence of IGHV Intraclonal Diversification (ID). A ID was calculated from the Hill

number-based diversity profiles of diversity indices. Among the different Hill number-derived indices, the inverse Simpson index (iSI,
corresponding to a Hill number = 2) was selected. B Phylogenetic tree examples of three different CLL samples with increasing iSI. Nodes in
the tree can be either the root node (orange node), leaves (sequences of cells that had no descendants; green nodes), or internal nodes.
Internal nodes can be either split nodes, those with more than one child (light blue nodes); or pass-through nodes, those with exactly one
child (red nodes). Size of the circle corresponds to the percentage of the specific subclone inside the pathological clone.

treatment (events) or last follow-up (censoring). Molecular studies were
blinded to the study end points. To compare differences in TTFT we
applied the Log-rank tests, and Kaplan Meier curves were used for
visualization [29]. ID levels, as evaluated according to the iSl, were tested
for possible cut-off values of prognostic relevance with maximally selected
log-rank statistics [30]. Cox models were used to verify independent
prognostic power of parameters; model minimization was performed by
stepwise backward elimination. Departure from proportionality in hazard
was tested in all Cox models. Internal bootstrapping validations were as
reported [31], by performing at least 500 replications. In all comparisons a
P value level of 0.05 was established as statistically significant.

RESULTS

Measurement of ID in CLL by a UMI-independent strategy
Out of 1091 CLL primary samples, an identifiable pathological clone
was retrieved in 1058 CLL samples (97.0%) either by IGHV Leader or
FR1 assays, while in 33 cases a prevalent CLL clone was not detected
(Fig. 1 and Figure S2). Among these 1058 cases, 75 were excluded due
to <5000 total number of reads referring to the pathological clone, to
reach the final number of 983 CLL evaluable samples (Fig. 1 and
Figure S2A). Accordingly, the median number of sequences analyzed
in the context of the final cohort is 15407 (range 5.192-70.078;
interquartile range 25%-75%; 8.525-21.480; Figure S2B)

Preliminary to ID determination, Fastq files were analyzed using
a custom bioinformatic pipeline which includes an original custom
python script to identify and correct systematic sequencing errors
which may affect ID evaluation (ltalian Patent 102022000027138/
publication #IT202200027138A1), as detailed in Supplemental
Materials and Methods and Figure S3-S6 [32-35].

After correction of systematic sequencing errors, as hallmark of
ID, a subclone was defined as having the same IGHV, IGHD, IGHJ,
and CDR3 sequence of the main clone but differing from the main
clone by at least one nucleotide somewhere in the sequence. To
measure ID inside the CLL clone, we took advantage from
rarefaction curves extrapolated through Hill number-based
diversity profiles of diversity indices; in this regard, Fig. 2A reports
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three different rarefaction curves calculated according to the
generalized form of Hill's numbers [36]. In particular, among the
different Hill number-derived indices, we used the inverse
Simpson index (iSI, corresponding to a Hill number =2), as an
index that take into consideration the proportional abundances of
the different subclones within the immunoglobulin population
(Fig. 2B) [36, 371.

For iSI calculation, all the sequences with a frequency =0.1% of
the total number of reads belonging to that clone were
considered. Only cases with a total read number >5000 were
considered for iSlI calculation (Figure S2) to avoid iSI over-
estimation due to low count clones as well as to have the
possibility to identify subclones with 0.1% frequency (at least 5
supporting reads per subclone).

When plotting the iSI values against the percentage of the
major subclone inside the pathological clone in the 983 CLL
evaluable samples, a continuum of iSI values was observed
(median iSI=1.016, range 1.0-20.4) inversely correlating (Spear-
man'’s coefficient = —0.966; P < 0.0007) with the percentage of the
major subclone (Fig. 3A).

No quantitative differences in term of major/minor subclone
composition and iSI were found by comparing 91 cases in which
ID was investigated by using IGHV Leader-specific primers starting
from cDNA and IGHV FR1-specific primers starting from DNA when
our custom pipeline of analysis was employed (Figure S7A-C),
suggesting that RNA transcription and/or translation should not
be involved in the generation of ID.

Comparison between UMI-independent and UMI-dependent
strategies in ID measurement in CLL
Fifty-two cases, previously analyzed with the IGHV Leader assay,
were subjected to an UMI strategies to investigate whether our
UMI-independent strategy could be prone to possible random
PCR artifacts [15, 16].

In this context, fastq were merged with vsearch and UMI were
extracted from fastq with a custom python script (Figure S8). In
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Fig. 3 Diversity score in lymphoproliferative disease. A The scatter plot depicts the iSI calculated for 983 CLL versus the percentage of the
Major Clone (clone with the higher percentage) inside the identified pathological clone. B Maximally selected rank statistics graphs for the
determination of the best iSI cutoff. C Kaplan-Meier curves comparing TTFT probabilities of 327 M IGHV cases with low intraclonal (iSl < 1.2;
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disease. Dotted line refers to iSl cutoff of 1.2.

addition, again to correct possible systematic errors (Figure S4),
not bypassed by UMI usage for IGHV sequencing, the same
original custom python-based bioinformatic pipeline (Figure S3),
with minor changes, was employed (Figure S8). Again, iSI was
calculated for ID assessment as reported above (see Figure S3 and
Supplemental Materials and Methods).

The frequency distribution of the major and of the minor
pathological subclones, as identified by both assays, showed a
significantly high correlation (R* = 0.9467 and R*> = 0.8503, respec-
tively; P < 0.0001; Figure S7D-E). Consistently, a significant correla-
tion was also obtained by comparing the iSI scores between
samples processed with or without a UMI-based protocol
(R? = 0.8945; P <0.0001; Figure S7F). Overall, this demonstrated
that our UMI-independent approach is able to recapitulate UMI-
generated results in terms of sequence complexity and ID.

Clinical relevance of ID measurement in CLL

To test whether ID measurement may be a clinically relevant
parameter in CLL, we retrieved the TTFT of 759 patients (Fig. 1).
We firstly confirmed that M-CLL patients had longer TTFT than
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U-CLL patients (median TTFT: 132.0 versus 31.0 months; P < 0.0001,
Figure S9).

Then, we sought for the optimal cut-off point yielding the best
separation of CLL with or without significant ID levels into two
subgroups with different TTFT. According to the trend of
standardized log-rank statistics plotted along with iSI values as
measures of ID, the optimal cut-off point (Fig. 3B) was chosen at
an iSI value set at 1.23 (rounded at 1.2 for our purposes).
According to this value, the cohort of 759 cases with clinical data
available was split into CLL cases with substantial ID (IDpigp,
iSI > 1.2, n =104) and cases with lower level or no evidence of ID
(IDjows iSI < 1.2, n = 655).

The clinical impact of ID in CLL was defined by introducing ID
into a conventional M/U-CLL prognostic stratification. As shown in
Fig. 3C, M-CLL patients with IDpgn (n = 69) witnessed significantly
longer TTFT respect to their IDy,,, counterpart (n =327; median
TTFT not reached versus 122.0 months, respectively; P=0.015).
Conversely, no significant variation in TTFT was observed
comparing IDpigh (n =35) and IDyg,, U-CLL (n = 328; median TTFT
51.0 months versus 31.0 months, respectively; P = 0.5305, Fig. 3C).

Leukemia (2025) 39:1905- 1914
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Table 1. Univariable and multivariable analyses of TTFT (n = 299).

UVA MVA?
HR LCI uci P HR
Gender (Male) 1.19 0.79 1.78 0.4045 -
Age (265) 107 072 159 07524 -
Rai stage (lI-ll-IV) 8.57 5.61 13.10 <0.0001 7.97
CD49d (high) 2.35 1.59 3.48 <0.0001 1.85
CD38 (high) 1.62 1.07 2.46 0.0237 ni
Intraclonal diversification 2.01 1.07 3.77 0.0293 2.11
(IDiow._M)
Genetic model (reference:
normal)
del13q 0.88 0.52 1.51 0.6466 1.00
tris12 1.96 1.06 3.61 0.0317 1.03

del11q and/or del17pb 3.92 2.15 7.4 <0.0001 2.38

Bootstrap (1000 replications)
LCI uci P HR LCl uci % P < 0.05

5.06 12.57 <0.0001 8.83 5.76 15.08 100%

1.16 293 0.0092 1.86 1.05 295 67.4%

1.11 4.02 0.0224 2.20 1.28 4.38 67.8%

0.57 1.76 0.9880 0.97 0.61 1.57 4.0%
0.54 1.95 0.9351 1.05 0.55 2.21 10.6%
1.27 4.47 0.0070 2.51 1.43 4.90 78.0%

CD49d low vs high according to 30% cutoff; CD38 low vs high according to 20% cutoff; Dohner classification according to FISH analysis of del17p, del11q,
tris12, and del 13q; M_C, IGHV mutated (M), <98% identity with germ line and absence of intraclonal diversification; M_I, IGHV M, and presence of intraclonal

diversification.
P-values less than 0.05 are reported in bold.

TTFT time to first treatment, UVA univariable analysis, MVA multivariable analysis, HR Hazard Ratio, C/ confidence interval, LCI 95% lower Cl, UCI 95% Upper Cl; -:

not used in the final model, ni not included in the final model.

“Multivariable analysis was carried out using the following variables (n = 299): Rai stage, CD49d, CD38, hierarchical genetic model (del17p and/or del11q with
or wothout tris12 and/or del13q; tris12 with or without del13q; del13q), intraclonal diversification.
PTreated as categorical variables respect to normal (absence of del17p, del11q, tris12, and del13q) cases.

In the context of M-CLL (n=299), ID remained independent
TTFT predictor (P = 0.022) after adjusting for possible confounders,
including Rai staging and other biological factors (CD49d, and
CD38 expression, and genomic abnormalities; Table 1). Consis-
tently, independent variables were the most frequently selected
by internal bootstrap validation (Table 1).

Biological validation of iSI cut-off in other LPD

To further validate our approach for ID determination and the 1.2
iSI cutoff, ID was investigated in other B-cell malignancies better
characterized in the literature regarding ID. As reported in Fig. 3D,
the median iSI for HC, DLBCL and FL was 1.22 (range: 1.0-2.0), 1.34
(range 1.0-15.3) and 2.44 (range 1.0-16.56), respectively. By
applying the same iSI cutoff found in CLL, 50% of HCL (7/14),
73.0% of DLBCL (19/26) and 82.5% of FL samples (33/40) were
classified IDpigh in keeping with literature data [38-42]. On the
contrary, 43 MCL cases, usually lacking ID features [43], presented
a median iSI of 1.1 (range: 1.0-3.4), with only 23.2% of cases (10/
43) turning out IDyg (Fig. 3D).

Comparison of ID measurement by iSI with the intraclonal
complexity determined by the immunoglobulin

phylogenetic tree

Bioinformatics tools have been presented for the characterization
of mutations occurring in the context of the ID process and their
interconnections, with the aim to build “mutational pathways” of
different complexity [18, 20]. As reported in Figure 510, IDpgn CLL,
identified according to our approach, always showed the highest
levels of the different parameters of the phylogenetic trees which
were associated with a higher intraclonal complexity of immu-
noglobulin [18, 20].

Characterization of CLL with different ID levels: gene usage
and IG stereotyped subsets

According to the 98% cutoff, the whole cohort of 983 cases
comprised 508 M- and 475 U-CLL with a distribution of IGHV
genes comparable with literature data (Figure S11) [19]. Consider-
ing together ID and IGHV mutational status, we observed 422 IDyy,,
U-CLL, 417 Doy M-CLL, 53 IDpign U-CLL, and 92 IDpgn M-CLL
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samples, with a significant overrepresentation of ID,g cases
among M-CLL cases (P=0.0028, x> test; Fig. 4A), without a
significant skewing in IGHV families and IGHV gene usage
between IDpign and IDy,,, CLL (Fig. 4B, Figure S12, and Table S1).
As reported in Table S1 and Table S3, we identified 111 out of 983
CLL (11.3%) belonging to the major IG stereotyped subsets [44].
Again, no evident skewing was observed between IDyigh and IDq,,
in the context of CLL patients with stereotyped BCR (Table S3).

Characterization of CLL with different ID levels:
immunophenotype and cytogenetic lesions

Based on the analysis of immunophenotypic profiles in 189 CLL
(112 IDiow, 77 IDpigh M-CLL), we showed no significant difference in
term of MFI expression between IDy,, and IDngn M-CLL, the
majority of cases in both groups expressing a typical CLL
immunophenotype (i.e. CD5+/CD23+/CD43+ with variable/dim
expression of CD20/FMC7, as well as variable/dim expression of
CD79b/Smlg/IgM; Figure S13) [27, 28].

Finally, no significant skewing was documented by comparing
IDhigh and 1Dy, cases (n=2840) in the context of the major
cytogenetic lesions (i.e. del17p, del11q, del13q, and tris12; Table S1
and Table S4).

Molecular mechanisms of ID in CLL

Changes in mutability levels of know mutational hotspots/
coldspots of AID and polymerase eta (Poln) [12, 22] were
evaluated by processing 840 CLL samples amplified with IGHV
Leader assay by means of the igphyml algorithm [24]. As shown in
Fig. 5A, AID hotspots (WRC/GYW) significantly increased their
mutability rates in the context of IDngn cases respect to IDjoy,
cases, whilst AID coldspots (SYC/GRS), supposed not to be
targeted by AID activity [12, 22], were significantly less mutated
in IDpign samples respect to their IDyo,, counterpart.

By excluding all the shared mutation and circumscribing the
analysis to the partially shared/unique mutations, ie. the
mutations allegedly acquired after the neoplastic transformation
[11, 13], again a significant skewing of hotspot mutations was
documented in IDhgn M-CLL cases, indicative of an ongoing
activity of the AID/Poln-dependent machinery (Figure S14).
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Fig. 4 Distribution of IGHV families and genes in the CLL cohort among samples with low or high intraclonal diversification (ID). A The
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represent U-CLL and IDy,g, cases, green bars represent mutated IGHV (M-CLL) and ID,,,, cases, purple bars represent M-CLL and IDy,;gp, cases. P

value refers to chi-square test.

To further validate the role of AID in determining ID in IDpign
M-CLL, we evaluated AICDA expression levels in 90 samples, 27
IDhigh (19 M-, and 8 U-CLL) and 65 ID,,, samples (40 M-, and 25
U-CLL). As summarized in Fig. 5B, IDnhgn M-CLL expressed
significantly higher transcript levels of AID compared to IDjo,
M-CLL samples (P = 0.012), while no differences were observed in
the U-CLL (P=0.54). Despite a slight increase in median
expression level of AICDA in IDy, U-CLL versus IDpign M-CLL
(0.01 versus 0.0062 relative expressions) no significant difference
was observed (P = 0.3040).

Finally, we evaluated the frequency of replacement and silent
mutations along the IGHV sequence. In this regard, we showed a
significant increase in the density of replacement mutations across
the framework region 3 (FR3) in the context of IDhign M-CLL, while
no differences were observed in the complementarity determin-
ing regions 1 and 2 (CDR1 and CDR2; Fig. 5C, and Figure S15).

Altogether, IDnign CLL, as identified according to our UMI-
independent approach using the iSI cutoff, have features
consistent with the physiologic AID-driven ID phenomenon
occurring in normal B cell during the GC-specific B cell
differentiation [45].

Clonal evolution of ID over time

Sequential analysis of iSI scores, performed on 33 cases (21
classified as IDign and 12 classified as IDjo,, CLL) revealed that all

SPRINGER NATURE

patients maintained the ID classification of the first available
sample without changing the ID assignment (Figure S16).
Comparing the first and last time point of each case no significant
difference was observed in terms of iSl for both IDpign and IDjgy,
(IDhigh: median first time point = 2.053, range 1.24-15.56, median
last time point = 2.364, range 1.23-22.11; P = 0.340; ID,,,,: median
first time point=1.027, range 1.00-1.12, median last time
point = 1.044, range 1.00-1.16; P =0.5181).

DISCUSSION

The present study took advantage from NGS IGHV sequencing
data from a large CLL cohort generated during routine procedures
and re-analyzed with a novel custom pipeline built ad-hoc to allow
ID evaluation. To achieve this, we first developed an original
bioinformatic pipeline to identify and correct systematic sequen-
cing artifacts. In high-throughput parallel sequencing, the read
quality lowers in a position-dependent and read-dependent
fashion due to the decay of sequencing reagents [46, 47].
Randomic low-frequency errors may take place due to incorrect
nucleotide incorporation of polymerases in both the PCR-
amplification and the sequencing process. Moreover, it has been
reported that data generated by the Miseq sequencer could be
affected by systematic errors in dependence of the library-
preparation protocol and the nucleotidic sequences flanking the
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represent M IGHV and IDy,,, cases, purple boxes represent M IGHV and IDyg, cases. P values refer to student T-test.

specific base [46, 47]. Although not usually affecting mutation
calculation in the context of the prevalent clone to define the M/U
IGHV mutational status [48], systematic sequencing errors may
have an impact on ID quantification. For this reason, we identified
the specific nucleotidic sequences with the lowest quality score
[46], and eventually corrected them by inserting a specific
package in the pipeline of analysis.

Then, we moved to quantitatively estimate ID by taking
advantage of the Hill number-based diversity profiles of diversity
indices, a diversity metric borrowed from the ecology field and
adapted to study the diversity repertoire of B-cell populations
[36, 37, 49].

Here, instead of performing diversity measures on the hetero-
geneous B-cell population, we focused on diversity measures
within the pathological clone, identified as the most expressed
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clone inside the sample bearing the same IGHV, IGHD, and IGHJ
genes and identical/similar CDR3. In this context, subclones can be
identified, defined as having the same IGHV, IGHD, IGHJ, and
CDR3 sequence of the main clone but differing from the main
clone by at least one nucleotide somewhere in the sequence; ID
was defined by the presence of at least one subclone.

Among the different Hill number-derived indices, to quantify ID,
we used the iSl, corresponding to a Hill number equal to 2, an
index that allows the calculation of the intraclonal diversity by
taking into consideration the proportional abundances of the
different subclones within the immunoglobulin population in a
UMl-independent and phylogenetic tree-independent approach
[36, 37, 49].

Although the distribution of iSI in CLL was represented by a
continuum, a significant 1.2 iSI cutoff was capable to discriminate
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CLL cases into two subsets with different TTFT intervals. By
combining the conventional UM/M IGHV classification with a
classification according to the 1.2 iSI cutoff, IDyign M-CLL displayed
significantly longer TTFT than ID,, M-CLL patients, and ID
emerged as an independent predictor of TTFT in M-CLL. Moreover,
more complex phylogenetic tree-dependent parameters
[17, 18, 20] were found in the context of IDng, CLL, and the
majority of LPD characterized by frank ID features, i.e. HCL, DLBCL,
and FL [38-42], displayed higher iSI respect to MCL usually
displaying U-IGHV gene and lacking SHM features, given its
alleged pre-GC origin [43, 50]. All together, these findings
confirmed the validity of our approach which integrates informa-
tion reported in the literature for ID identification with a new
concept for ID quantification able to classify CLL based on the
subclonal complexity without experimental-expensive or comput-
ing demanding workflows.

This is the largest CLL dataset of IGHV analyzed so far for ID and,
according to our pipeline, about 15% of CLL patients had evidence
of a high level of ID (the so-called IDy;g, CLL), in keeping with a
previous report of ours [13]. Different percentages of IDy,gn cases,
as identified in other papers [17, 51-54], were always related to
very small and/or selected CLL cohorts. Overall, the highest
percentage of IDygn cases (18.0%) was found in the context of
M-CLL without a specific skewing in IGHV family/gene usage, and
CLL subsets. Nevertheless, a non-negligible fraction of Dy, cases
was also observed in U-CLL (11.1%), although in the absence of
prognostic impact. The presence of a subset of IDgn U-CLL may
be consistent with the post-GC derivation of (some) U-CLL, as
historically reported [55, 56].

High mutability rates of AID/poln hotspots were detected in
IDhigh M-CLL, suggesting the involvement of a canonical AID-
dependent SHM process in the in-vivo generation of ID in CLL, as
preliminary observed by us in the pre-NGS era [13]. Consistently,
higher AICDA levels in IDpgn respect to IDi,, M-CLL were
demonstrated further underlining a direct involvement of this
enzyme in the SHM process occurring in IDyign CLL. These findings
are in keeping with Palacios et al. who reported a significant
higher progression rate among M-CLL with null AICDA expression
compared to M-CLL with higher AICDA expression, the latter
allegedly resembling the AID-high/IDyign M-CLL from our cohort
[57]. High AICDA levels were also detected in U-CLL, regardless of
ID status, not significantly different from levels found in IDpgh
M-CLL. This observation, again consistent with previous reports
[57-60], originally suggested a prominent role of AICD in ongoing
class-switch recombination rather than SHM [58, 61]. The notion
that high AICDA levels are also associated with high ongoing IGHV
mutations in M-CLL, as shown here, suggested a more complete
physiologic activity of AICDA in CLL, similar to that of normal
germinal-center B cell reaction [40, 41, 59].

The reasons behind the better clinical outcome of AID-high/
IDhigh M-CLL remain to be established. A possible explanation
could be related to a chronic ongoing antigen stimulation
occurring in this CLL subset, in some instances associated with
upregulation of AID and insertion of AID-driven ongoing muta-
tions in IGHV genes, eventually leading to induction of an anergic
CLL cell state and a better prognosis [62, 63]. Moreover, one can
speculate that the ID process may contribute to increase a BCR-
related generation of neoantigen expressed on CLL cells [38, 64],
as suggested by a higher rate of replacement mutations in the FR3
region of IDpigh M-CLL similarly seen in other LPD [64], with a
subsequent more effective control of the CLL clone by reactive
immune cells.

Altogether, evaluation of ID in CLL is feasible to be performed in
the same context as the analysis of the IGHV gene mutational
status and no other tests are required. In this scenario, an ad-hoc
ID calculator will soon be available to calculate the iSI value and
easily classify a given patient as IDpign O IDjoy.
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In the present study, data of ID were mostly analyzed using the
first available sample and always before the start of treatment.
However, according to ID calculation in longitudinal samples,
although generated on a small cohort again analyzed during the
watch-and-wait CLL phase, it seems that a single determination is
sufficient to classify CLL as IDpgn Or IDjoy,.

Clinically, ID calculation may be useful to refine the CLL-IPI for
the prediction of TTFT in CLL patients [65]. Furthermore, the
clinical impact of ID evaluation in the context of new target
therapies, including e.g. BCL-2 inhibitors for which it is known that
the IGHV gene status still has a prognostic value [66, 67], will be
our future goal.

In conclusion, here we were able to develop and validate a
robust NGS protocol to quantitatively evaluate ID in CLL,
demonstrating that a quantitative analysis of ID is feasible in a
large-scale by a UMI-independent approach. In this context, ID has
been virtually found, although at various degree, in all CLL
patients. A high degree of ID was demonstrated to have a clinical
impact by identifying a M-CLL subset with significantly better
outcome.
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