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Abstract 
 
The somatic hypermutation (SHM) status of the clonotypic, rearranged immunoglobulin heavy variable (IGHV) gene is an 
established prognostic and predictive marker in chronic lymphocytic leukemia (CLL). Analysis of SHM is generally per-
formed by polymerase chain reaction (PCR)-amplification of clonal IGHV-IGHD-IGHJ gene rearrangements followed by 
sequencing to identify IGHV gene sequences and germline identity. Targeted-hybridization next-generation sequencing 
(NGS) can simultaneously assess clonality and other genetic aberrations. However, it has limitations for SHM analysis due 
to sequence similarity between different IGHV genes and mutations introduced by SHM, which can affect alignment effi-
ciency and accuracy. We developed a novel SHM assessment strategy using a targeted-hybridization NGS approach (Eu-
roClonality-NDC assay) and applied it to 331 samples of lymphoproliferative disorder (LPD). Our strategy focuses on 
analyzing the sequence downstream to the clonotypic, rearranged IGHJ gene up to the IGHM enhancer (IGHJ-E) which 
provides more accurate alignment. Overall, 84/95 (88.4%) CLL cases with conventional SHM data showed concordant 
SHM status, increasing to 91.6% when excluding borderline cases. Additionally, IGHJ-E mutation analysis in a wide range 
of pre- and post-germinal center LPD showed significant correlation with differentiation and lineage status, suggesting 
that IGHJ-E analysis is a promising surrogate marker enabling SHM to be reported using NGS-capture strategies and 
whole genome sequencing.  
 

Introduction 
Somatic hypermutation (SHM) is a key part of physiological 
B-cell development that underlies immunoglobulin (IG) af-
finity maturation and diversity in rearranged IG genes. Ac-
tivation-induced cytidine deaminase (AID) enzyme 
introduces single nucleotide variants (SNV) in transcribed 
IG gene rearrangements.1,2 AID-mediated SHM is restricted 
to a narrow window of B-cell development, predominantly 
in germinal centers (GC), controlling the frequency of ge-
nomic mutations.3,4 Lymphoproliferative disorders (LPD) 
associated with various stages of GC development there-
fore present variable SHM levels; disorders originating from 
mature memory B and plasma cells present higher SHM 

levels.  
Somatic hypermutation status in immunoglobulin heavy 
chain variable (IGHV) genes is a robust prognostic and pre-
dictive marker in chronic lymphocytic leukemia (CLL),5 and 
can define two groups: mutated-CLL (M-CLL), with a long 
time to first treatment and overall survival,6,7 and unmu-
tated-CLL (U-CLL), a more aggressive disease, less sensi-
tive to chemoimmunotherapy, and with reduced overall 
survival.8-10 IGHV SHM status testing is recommended prior 
to treatment for all patients by the European Research In-
itiative on CLL (ERIC) and the International Workshop on 
CLL (iwCLL).11-13 
Somatic hypermutation analysis is generally performed by 
polymerase chain reaction (PCR) amplification of clonal 
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IGHV-IGHD-IGHJ gene rearrangements followed by Sanger 
sequencing.14 Rearranged IGH genes and germline identity 
of the clonal sequence are determined by comparison to 
IG germline databases, such as ImMunoGeneTics (IMGT).15,16 
SHM status in CLL employs a 2% mutational threshold (i.e., 
98% identity to the closest germline gene allele) to ac-
count for potential polymorphic variation from unknown 
IGHV alleles, according to the first reports.17-19 Almost two 
and a half decades later, IMGT have substantially expanded 
the reference dataset of the polymorphic alleles, challeng-
ing the accuracy of this empirical threshold.20 In addition, 
borderline IGHV identity (97-97.9%, according to ERIC 
guidelines) presents variable outcomes, warranting caution 
in clinical decision making.20-22 More recently, a wider bor-
derline group of 97-98.9% IGHV identity was established, 
as cases with 98-98.9% SHM appear indistinguishable 
from 97-97.9%,20,21 in contrast to earlier reports.22 In this 
paper, borderline SHM status refers to the wider 97-98.9% 
identity. 
Polymerase chain reaction amplification of clonal IGHV-
IGHD-IGHJ gene rearrangements and Sanger sequencing 
is well-validated, highly standardized, and can be adapted 
for a small number of cases, but it has limited scalability, 
provides no insight on subclonal architecture nor assess-
ment of other molecular risk factors.23 Recent next-gen-
eration sequencing (NGS) applications for IGHV SHM 
analysis mainly rely on amplicon-based enrichment and 
present similar limitations, yet allow analysis of intraclonal 
variation.24-26 Alternatively, NGS targeted-hybridization/cap-
ture applications can simultaneously assess IG/T-cell re-
ceptor gene rearrangements alongside other molecular 
risk factors, enabling a transition from multiple clinical in-
vestigations to a single assay.27,28 However, so far, SHM 
status has not been widely reported using NGS-capture 
methods.  
Current SHM assessment is restricted to the IGHV gene 
due to technical challenges imposed by the most common 
PCR methods, but also to the inherent difficulty in accu-
rately distinguishing between SHM and random, non-tem-
plated nucleotides inserted at the ends of the recombining 
V, D and J genes. NGS-capture assessment of clonotypic 
IGHV genes is challenging due to insufficient and inaccur-
ate read alignment of rearranged genes, particularly in the 
presence of a high level of SHM. Interestingly, high AID ac-
tivity continues beyond rearranged IGHV genes (1.5-2kb 
downstream of IGHM enhancer) and could become a po-
tential surrogate SHM marker (Figure 1A).29,30 Despite 
multiple studies  looking at these regions in mouse 
models, to the best of our knowledge no studies in CLL or 
other clinical entities in humans have considered SHM in 
alternative AID-targeted regions such as IGHJ genes or in 
the region between the VDJ junction and the IGHM en-
hancer (IGHJ-E). In this paper, we describe a novel method 
using targeted NGS-capture data generated with the Eu-

roClonality-NDC assay to report SHM status using IGHJ-E 
in LPD. This method aims to provide a new alternative for 
SHM assessment using NGS data without reliance on 
clonal amplification of VDJ junctions, allowing integrated 
analysis of SHM alongside clinically relevant genomic al-
terations in a single assay.  

Methods 
Patient samples 
A total of 331 LPD cases were studied for NGS IGHJ-E SHM 
status. All samples were collected according to local in-
stitutional review board approval and/or policies and in ac-
cordance with the Declaration of Helsinki. Patient samples 
consisted of genomic DNA (gDNA) from three cohorts. Co-
hort 1 was made up of 73 T-cell LPD (negative controls, 
presumed to lack IG rearrangements and SHM); cohort 2: 
197 B-cell LPD comprising a wide range of clinical entities 
with different levels of maturation and including 34 CLL 
cases with SHM data; and cohort 3: whole peripheral blood 
from 61 CLL samples with available SHM data (Online Sup-
plementary Table S1). Cohorts 1 and 2 are part of the Eu-
roClonality-NDC validation study28 and consisted of 184 
high-molecular weight (HMW) and 86 formalin-fixed paraf-
fin-embedded (FFPE) samples. Samples were processed 
as previously described28 apart from cohort 3 samples, 
where 500 ng of gDNA were used for PCR-free library prep-
aration. 

NGS-capture assessment of clonality and sequence 
variation 
The EuroClonality-NDC ARResT/Interrogate bioinformatics 
pipeline,31,32 capable of detecting B- and T-cell receptor re-
arrangements from NGS capture data with >95% sensitiv-
ity and specificity, was used for the detection of 
IGHV-IGHD-IGHJ rearrangements. We used the published 
threshold of ≥6 unique rearranged clonal fragments to as-
sign IGH clonality.28 Variant calling for somatic sequence 
variants in IGHJ-E was performed using Pisces (v5.1.3.60) 
(Illumina, San Diego, CA, USA).33,34 Aligned BAM files were 
visually assessed using the Integrated Genomic Viewer (IGV 
v2.5; Broad Institute, Cambridge, MA, USA)35 and ≥6 unique 
rearranged reads to report IGHV-IGHD-IGHJ rearrange-
ments.  

IGHJ-E somatic hypermutation reporting strategy 
Next-generation sequencing-capture SHM status was de-
termined using an integrated analytical workflow that com-
bines IGHV-IGHD-IGHJ gene rearrangements and SNV 
analysis (Figure 1). Rearranged IGHJ genes were identified 
by ARResT/Interrogate (http://bat.infspire.org/arrest/inter-
rogate/), providing a sample-specific analysis target region 
covering 1500 bp from the rearranged IGHJ towards the en-
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hancer region (IGHJ-E). The assessed IGHJ-E region started 
from the 3’ end of the rearranged IGHJ gene to minimize 
alignment artefacts associated with reads falling on the VDJ 
junction. SNV detected in the 1500 bp IGHJ-E target region 
were assessed for somatic status (Figure 1B and C).  
Distinction of SHM from non-somatic variants (i.e., poly-
morphic variants and sequencing/alignment artefacts) was 
achieved using progressive variant filtering and ROC/AUC 
analysis using the original clinical IGHV SHM status in CLL 
cases (see Online Supplementary Methods).  

IGHV gene somatic hypermutation analysis by Sanger 
sequencing 
Ninety-five CLL cases from cohorts 2 and 3 were assessed 
for IGHV gene SHM status using PCR and Sanger sequenc-
ing according to ERIC guidelines.12 The IMGT database was 
used to assign IGH genes and IGHV identity.16  

IGHJ-E somatic hypermutation analysis in a wide range 
of lymphoproliferative disorders 
Lymphoproliferative disorder subtypes were categorized 
into three groups based on the expected SHM frequency. 
The ‘High’ category included 103 mature LPD where >90% 
cases are expected to have a significant level of SHM, 
namely Burkitt’s lymphoma (BL), diffuse large B-cell lym-
phoma (DLBCL), follicular lymphoma (FL), mucosa-as-
sociated lymphoid tissue (MALT) lymphoma, and plasma 
cell myeloma (PCM). An ‘Intermediate’ category (n=139) 
was defined for entities in which up to 30-60% of cases 
contain SHM, i.e., CLL, mantle cell lymphoma (MCL), and 
marginal zone lymphomas (MZL). The ‘Low’ category 
(n=89) was reserved for entities with no expected SHM, 
such as immature B-cell malignancies like B-cell precur-
sor acute lymphoblastic leukemia (BCP-ALL) plus the 
control T-cell LPD cohort. 

Figure 1. Somatic hypermutation frequency over the IGH genes and approaches to report somatic hypermutation status using 
Sanger sequencing and a novel next-generation sequencing (NGS)-capture approach. (A) Somatic hypermutation (SHM) occurs 
from the promoter region (P), and the frequency of mutations decreases towards the conserved enhancer region (E). The 
Sanger sequencing approach targets the clonal immunoglobulin heavy variable (IGHV) gene to compare to a database of known 
germline sequences and a mutational threshold of 98% is implemented to account for polymorphic variation and distinguish 
between mutated chronic lymphocytic leukemia (CLL) M-CLL (≤98%) and unmutated CLL (U-CLL) (>98%). SHM testing by 
NGS-capture targets the 1500 bp between the 3’ end of the rearranged IGHJ and the IGHM enhancer, referred to as IGHJ-E 
identity. (B) The clonotypic rearranged IGHJ gene is identified by ARResT/Interrogate and all single nucleotide variants (SNV) 
detected are reported in the case-specific IGHJ-E. (C) SNV are inspected for non-somatic variants, separating meaningful 
SHM from any artefacts and polymorphisms. The frequency of true somatic mutations is calculated and IGHJ-E identity is re-
ported as a percentage.   

A

B

C
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Results  
Detection of rearranged IGHV genes by next-generation 
sequencing-capture in chronic lymphocytic leukemia  
Sanger sequencing showed 27 different rearranged IGHV 
genes among the cohort of 95 CLL cases, in which IGHV1-
69, IGHV3-21, and IGHV4-34 were most common: n=13, 
n=9, and n=9, respectively (Online Supplementary Table 
S2). IGHV identity results showed 50 M-CLL (IGHV ident-
ity <98%) and 45 U-CLL (IGHV identity ≥98%); a total of 
12 cases (7 M-CLL and 5 U-CLL) showed borderline IGHV 
identity (i.e., 97-98.9% identity).  
Visual assessment of rearranged IGHV genes was con-
cordant with clonotypic IGHV from the original Sanger 
sequencing IGHV data in 53/95 (55.8%) cases, all of 
which were also concordant by ARResT/Interrogate. Of 
note, M-CLL made up 32/42 (76.2%) discordant cases by 
visual assessment, and so discordant cases also showed 
significantly lower IGHV identities compared to concord-
ant cases (Online Supplementary Figure S1A; Wilcoxon 
test, P<0.01). Ten U-CLL cases showed discordant re-
arranged IGHV genes by visual analysis, including four in-
determined IGHV genes and four also undetected by 
ARResT/Interrogate. Reads in clonally rearranged IGHV 
genes showed poor alignment of mutated NGS reads, re-
sulting in poor detection of SNV in highly mutated cases 
(Online Supplementary Figure S2). Taken together, this 
suggests IGHV analysis by capture-based assays and 
conventional alignment algorithms is not reliable without 
significant post-processing manipulation. 
Detection of IGHV rearranged genes by ARResT/Inter-
rogate analysis was concordant with clonotypic IGHV in 
86/95 (90.5%) cases. Four of the cases with IGHV genes 
that are not specifically included in the NGS-capture 
assay were concordant with ARResT/Interrogate, sug-
gesting those IGHV genes were captured due to se-
quence homology to other IGHV genes included in the 
assay. No significant difference in percentages of IGHV 
identity from the original data was shown between AR-
ResT/Interrogate discordant and concordant cases (Wil-
coxon test, P=0.9) (Online Supplementary Figure S1B). 

Comparison of NGS-capture IGHJ-E and Sanger 
sequencing-based IGHV analysis in  chronic 
lymphocytic leukemia 
We evaluated the frequency of mutations in the 1500 bp 
IGH sequence from the 3’ end of the rearranged IGHJ 
gene to derive the NGS IGHJ-E mutation status. Pro-
gressive non-somatic variant filtering was performed 
using the population GnomAD database (v3, minor allele 
frequency >0.02%), recurrent polymorphic artefacts from 
the test samples (TF>10%), and a minimum frequency 
filter for SNV (variant allele frequency [VAF] >5%) prior 
to visual IGV assessment of all SNV to confirm somatic 

mutations (Online Supplementary Figures S3-S7). Re-
ceiver operating characteristics analysis of the IGHJ-E 
region performed against clinical IGHV SHM status in CLL 
cases showed an area under the curve of 0.94 with an 
optimal IGHJ-E germline identity threshold of 99.8%, i.e., 
IGHJ-E identity >99.8% was used to classify samples as 
U-CLL and ≤99.8% as M-CLL (Online Supplementary Fig-
ure S3). IGHJ-E analysis showed significant correlation 
to clinical IGHV identity (Spearman’s test, P<0.01) (Figure 
2A). M-CLL cases showed significantly lower IGHJ-E 
identity compared to U-CLL (Spearman’s test, P<0.01) 
(Figure 2B). Furthermore, borderline cases showed a dis-
tinct IGHJ-E identity that was significantly higher than 
M-CLL and lower than U-CLL (Wilcoxon test, P<0.01) 
(Figure 2B). 
Employing a 99.8% IGHJ-E and 98% IGHV identity 
threshold, IGHJ-E SHM status was concordant with IGHV 
gene SHM status in 84/95 (88.4%) CLL cases (Figure 2C). 
A positive predictive value (PPV) of 86.5% to report M-
CLL and a negative predictive value (NPV) of 90.7% to re-
port U-CLL was found in 95 CLL cases. Borderline 
comprised 12/95 cases and showed the lowest concord-
ance between IGHJ-E and IGHV gene SHM status, with 
only 8/12 (66.7%), compared to 39/42 (92.9%) M-CLL and 
37/41 (90.2%) U-CLL (Figure 2D). Excluding clinically am-
biguous borderline cases, overall concordance increased 
to 91.6% (76/83), with a PPV of 90.7% to report M-CLL 
and an NPV of 92.5% to report U-CLL.  

Assessment of IGHJ-E somatic hypermutation status in 
lymphoproliferative disorders besides chronic 
lymphocytic leukemia 
IGHJ-E SHM status was assessed in 331 LPD cases en-
compassing various lymphoid (B- and T-cell) malig-
nancies categorized by expected SHM frequency into 
three groups. The High SHM category (103 cases from 
predominantly [post-]GC malignancies) showed signifi-
cantly lower IGHJ-E identity than both Intermediate 
(P<0.01) and Low (P<0.01) categories (Figure 3). Inter-
mediate cases (139 cases from malignancies where 30-
60% carry SHM, such as CLL, MCL and MZL) also showed 
significantly lower IGHJ-E identity than the Low SHM 
category (89 cases from immature B-cell malignancies 
and T-cell LPD) (P<0.01) (Figure 3).  
Using the 99.8% threshold, the High SHM category 
showed 80/103 (77.7%) mutated IGHJ-E sequences, while 
five showed at least one somatic mutation and 18 re-
ported no mutations. The Intermediate SHM category 
showed 73/139 (52.5%) mutated IGHJ-E sequences. The 
Low SHM category showed 88/89 cases (98.9%) mutated 
IGHJ-E sequences; one angioimmunoblastic T-cell lym-
phoma (AITL) case was IGHJ-E mutated (mean VAF=0.12) 
with clonal IGHV-IGHD-IGHJ gene rearrangements (AR-
ResT/Interrogate; http://bat.infspire.org/arrest/inter-
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rogate/), consistent with the presence of accompanying 
clonal B-cell population.  

Discussion  
This study aimed to develop a novel analytical approach 
for NGS-capture and whole genome sequencing (WGS) 
methods as a surrogate for canonical SHM status as-

sessment, complicated by aligning shotgun library prep-
arations to highly mutated rearranged IGHV genes. The 
NGS-capture IGHJ-E SHM assessment strategy applies 
four key differences to traditional PCR-based IGHV SHM 
testing: (i) IGHJ-E as a surrogate SHM marker for IGHV; 
(ii) a longer assessable IGH sequence (i.e., 1500 bp vs. 
300 bp); (iii) exclusion of most polymorphic germline 
variants; and (iv) a stringent 99.8% mutational threshold. 
Altogether, 331 LPD cases were assessed for IGHJ-E SHM 

Figure 2. Comparison of Sanger sequencing immunoglobulin heavy variable gene to next-generation sequencing IGHJ gene en-
hancer with regards to identity and somatic hypermutation status in 95 chronic lymphocytic leukemia (CLL) samples from B-
cell malignancies. (A) Spearman’s correlation of Sanger sequencing immunoglobulin heavy variable (IGHV) gene compared to 
next-generation sequencing (NGS) rearranged IGHJ and the IGHM enhancer (IGHJ-E). (B) Comparison of IGHJ-E identity between 
cases from mutated (<97%), borderline (97-98.9%) and unmutated (>99%) subgroups reported by Sanger sequencing. Wilcoxon 
signed-rank test, ***P≤0.001, ****P≤0.0001. (C) Pie chart of the NGS IGHJ-E somatic hypermutation (SHM) status concordance 
to Sanger sequencing. (D) Bar chart of NGS SHM status concordance at mutated (<97%), borderline (97-98.9%) and unmutated 
(>99%) subgroups reported by Sanger sequencing.

A B

C D
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status using this strategy. IGHJ-E NGS showed 88% 
overall concordance in SHM status to traditional assess-
ment in CLL, which rose to 91.6% when clinically am-
biguous borderline cases were disregarded.  
Next-generation sequencing-capture to report IGHV gene 
SHM status was initially considered. However, visual as-
sessment of sequencing reads identified clonotypic re-

arranged IGHV genes in only 56% cases, mostly because 
of SHM inhibiting alignment to the reference genome, as 
shown by significantly higher IGHV identity in the con-
cordant cases. Consequently, IGHV reads containing po-
tential SHM are unavailable for SHM assessment in the 
absence of significant post-processing manipulation of 
unaligned reads. Conversely, ARResT/Interrogate analysis 

Figure 3. Comparison of next-generation sequencing rearranged IGHJ and enhancer gene identity (IGHJ-E) for 331 cases with 
different expected somatic hypermutation status from B- and T-cell malignancies. Expected somatic hypermutation (SHM) fre-
quency were categorized as High, Intermediate, and Low. High (blue): germinal center (GC) or post-GC B-cell malignancies from 
Burkitt’s lymphoma (BL), diffuse large B-cell lymphoma. (DLBCL), follicular lymphoma (FL), mucosa-associated lymphoid tissue 
(MALT) lymphoma, and multiple myeloma (MM). Intermediate (orange): heterogeneous-GC B-cell malignancies from chronic lym-
phocytic leukemia (CLL), mantle cell lymphoma (MCL), and marginal zone lymphomas (MZL). Low (green): pre-GC B-cell from B-
cell acute lymphocytic leukemia (B-ALL) and T-cell malignancies from angioimmunoblastic T-cell lymphoma (AITL), anaplastic 
large cell lymphoma (ALCL), cutaneous anaplastic large cell lymphoma (C-ALCL), enteropathy-associated T-cell lymphoma (EATL), 
intestinal T-cell lymphoma (ITCL), mycosis fungoides (MF), peripheral T-cell lymphoma (PTCL), Sézary syndrome (SS), T-cell acute 
lymphocytic leukemia (T-ALL), and T-cell lymphoblastic lymphoma (T-LBL). Red line: next-generation sequencing (NGS)-capture 
CLL 99.8% mutational threshold. Wilcoxon signed-rank test, ****P≤0.0001. NGS: next-generation sequencing; PCM: plasma cell 
myeloma; N: number.
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(http://bat.infspire.org/arrest/interrogate/), which does 
not rely on alignment to the reference genome, detected 
the clonotypic IGHV gene in 89% of cases, suggesting 
that poor alignment rather than probe hybridization is 
responsible for the absence of IGHV rearrangements 
(particularly somatic hypermutated cases) from the 
aligned files.   
Polymerase chain reaction amplification of IGHV-IGHD-
IGHJ limits assessment to ~300-360 bp of IGHV 
genes,29,30 while analysis of IGHJ-E provides a larger 1500 
bp region with fewer homologous sequences, hence im-
proving read alignment.24,36 One key limitation of IGHJ-E 
analysis is the assumption that only one allele is con-
tributing to the SHM category, and while this is certainly 
true in most cases, there is evidence that discordant 
SHM can be found in 2 alleles in up to 1.5% of CLL.12,13 
Chronic lymphocytic leukemia SHM status testing em-
ploys a 98% identity threshold for IGHV genes, although 
functionally, a single SHM could significantly influence 
B-cell receptor affinity and clonal selection.20 Continuous 
IGHV-based SHM values have been reported to signifi-
cantly impact overall survival37 and recent retrospective 
analysis of historical studies showed that up to 10% of 
cases can change between M-CLL, U-CLL, and border-
line categories using the latest ERIC guidelines and IMGT 
databases.21 While the 98% threshold validity can be 
questioned, it still clearly defines CLL subgroups with in-
dependent prognostic and treatment response.20,37-39  
The NGS-capture IGHJ-E strategy used a 99.8% muta-
tional threshold to stratify cases with high correlation to 
conventional IGHV SHM status. We believe that a strin-
gent NGS mutational threshold is required due to re-
duced AID activity towards the IGH enhancer leading to 
greater germline homology compared to rearranged 
IGHV,40 and filtering SNV accounting for most common 
germline variations. IGHJ-E assessment may provide 
more clarity for risk-stratification in borderline cases, 
given the lower concordance with IGHV gene germline 
identity.  
Incidence and burden of SHM differs significantly by LPD 
subtype, based primarily on the postulated cell of origin 
and its stage of development in relation to GC.41 B-cell 
malignancies thought to originate from GC cells display 
high SHM rates, whereas T-cell and progenitor B-cell ma-
lignancies (e.g., B-cell acute lymphocytic leukemia, B-
ALL) are not expected to display SHM. CLL, MCL and MZL 
constitute an intermediate group where the stage of dif-
ferentiation is heterogenous, displaying variable SHM 
status.42 LPD with expected high SHM frequency showed 
at least one mutation in 81% of cases, with a significantly 
lower IGHJ-E identity compared to B-ALL and T-cell LPD, 
providing biological validation of the approach. A single 
AITL case from the Low SHM category showed mutated 

IGHJ-E, and since clonal IG gene rearrangements have 
been reported in up to one-third of AITL cases,43-45 we 
hypothesize that the observed SHM in this case is due 
to infiltrating mature B-cell clones. Cases with an ex-
pected Intermediate SHM frequency formed a signifi-
cantly distinct subgroup between the High and Low SHM 
categories, as anticipated. 
The novel IGHJ-E strategy correlates with CLL SHM 
status by conventional IGHV sequencing, and detects 
biologically meaningful SHM in other LPD, offering a 
strong proof of principle. While conventional IGHV SHM 
analysis in CLL provides critical prognostic and predictive 
value, NGS-capture can improve risk stratification by re-
ducing polymorphic interference and evaluating prog-
nostic markers including mutations, translocations and 
copy number analysis.28  
A critical advantage of this new strategy is its potential 
application in IGKJ and IGLJ genes, providing a more 
comprehensive view of the SHM status than current 
methods. This NGS strategy can also be applied to WGS 
data, something that has not been reported thus far.  
The main limitation of our study is the small CLL sample 
size and lack of clinical outcome analysis. Nonetheless, 
the IGHJ-E method showed a level of discrepancies be-
tween SHM categories similar to recent studies using 
newer versions of IMGT.21 Studies in larger CLL cohorts 
with long-term follow up are warranted to evaluate the 
clinical prognostic value, particularly in ambiguous bor-
derline cases. Further investigation into IGHJ-E SHM may 
confirm its clinical significance and facilitate an integrated 
next-generation analysis of SHM assessment alongside 
other genomic risk factors. Additional research may also 
consider this method in the analysis of WGS data to 
seamlessly incorporate SHM status in CLL and other LPD.  
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