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STATEMENT OF TRANSLATIONAL RELEVANCE 

IGHV4-34 is the most frequently utilized IGHV gene in chronic lymphocytic leukemia (CLL) cases 

expressing B cell receptor immunoglobulin (BcR IG) with somatically hypermutated IGHV genes 

(M-CLL). Amongst IGHV4-34 M-CLL cases, different subsets exist, each defined by a distinctive 

stereotyped BcR IG. Here, we explored whether the similarity between cases belonging to the 

same subset extends from immunogenetic features to other biological features and also clinical 

outcome. We report that IGHV4-34 M-CLL stereotyped subsets have distinct clinicobiological 

profiles and highlight subset #4 and #16 cases, both expressing IgG-switched BcR IG with similar 

somatic hypermutation patterns, as particularly indolent. Overall, these findings indicate that 

identifying IG sequence relationships has implications for clinicobiological research aimed at 

dissecting the heterogeneity of CLL and, eventually, improving clinical decision-making through 

the implemention of tailored patient management strategies. 
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ABSTRACT  

 

PURPOSE: We sought to investigate if B cell receptor immunoglobulin (BcR IG) stereotypy is 

associated with particular clinicobiological features amongst chronic lymphocytic leukemia (CLL) 

patients expressing mutated BcR IG (M-CLL) encoded by the IGHV4-34 gene, and also ascertain 

whether these associations could refine prognostication. 

EXPERIMENTAL DESIGN: In a series of 19,907 CLL cases with available immunogenetic 

information, we identified 339 IGHV4-34 expressing cases assigned to one of the four largest 

stereotyped M-CLL subsets, namely subsets #4, #16, #29 and #201, and investigated in detail 

their clinicobiological characteristics and disease outcomes. 

RESULTS: We identified shared and subset-specific patterns of somatic hypermutation (SHM) 

amongst patients assigned to these subsets. The greatest similarity was observed between 

subsets #4 and #16, both including IgG-switched cases (IgG-CLL). In contrast, the least similarity 

was detected between subsets #16 and #201, the latter concerning IgM/D-expressing CLLs. 

Significant differences between subsets also involved disease stage at diagnosis and the 

presence of specific genomic aberrations. IgG subsets #4 and #16 emerged as particularly 

indolent with a significantly (p<0.05) longer time-to-first-treatment (TTFT) (median TTFT: not yet 

reached) compared to the IgM/D subsets #29 and #201 (median TTFT: 11 and 12 years, 

respectively). 

CONCLUSIONS: Our findings support the notion that BcR IG stereotypy further refines 

prognostication in CLL, superseding the immunogenetic distinction based solely on SHM load. 

Additionally, the observed distinct genetic aberration landscapes and clinical heterogeneity 

suggests that not all M-CLL cases are equal, prompting further research into the underlying 

biological background with the ultimate aim of tailored patient management. 
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INTRODUCTION 

 

The human IGHV4-34 gene has attracted great interest due to its inherent ability to encode 

autoreactive antibodies (Abs)(1). B cells expressing B cell receptor immunoglobulin (BcR IG) 

utilizing the IGHV4-34 gene are expanded following infections by microbial pathogens [including 

particular lymphotropic viruses e.g. cytomegalovirus (CMV) and the Epstein-Barr virus (EBV), and 

bacteria e.g Mycoplasma pneumoniae] as well as certain autoimmune disorders (e.g. systemic 

lupus erythematosous, SLE)(2). Especially for SLE, IGHV4-34 Abs represent a major fraction of 

the total serum Abs and their IgG-switched counterparts have been associated with increased 

disease activity and progression(3). In contrast, IgG-switched IGHV4-34 Abs are 

underrepresented in the serum of healthy adults(4), strongly indicating that B cells expressing 

IGHV4-34 BcR IG are normally under close scrutiny in order to avoid the consequences of 

unwanted autoreactivity. 

Chronic lymphocytic leukemia (CLL) is a malignancy of mature B cells, the most frequent adult 

hematologic malignancy(5). Ample evidence suggests that the development and evolution of 

CLL are critically dependent upon microenvironmental drive: key players in this process are the 

immune receptors, especially the B cell receptor (BcR)(5). Strong support to this notion has been 

provided by the immunogenetic analysis of the clonotypic BcR IG which revealed (i) distinct 

outcomes for patients with differential imprint of somatic hypermutation (SHM) within the 

clonotypic immunoglobulin heavy variable (IGHV) genes, since patients bearing a substantial 

SHM load (‘mutated’ CLL, M-CLL) follow considerably more indolent clinical courses compared 

to those with no or limited SHM (‘unmutated’ CLL, U-CLL)(6,7); and, (ii) pronounced IG gene 

repertoire skewing(8,9), culminating in the existence of (quasi)identical, alias stereotyped, BcR 

IG in a remarkable one-third of all patients(9-11).  

The IGHV4-34 gene ranks among the most frequent IG genes (~9%) in the BcR IG repertoire of 

CLL(8,9). Interestingly, it is utilized at even higher frequency (~12%) amongst M-CLL(12) and 

peaks at a remarkable 44% amongst M-CLL cases of the rare IgG variant(13). Moreover, a 

significant proportion (~30%) of IGHV4-34 M-CLL cases are assigned to different stereotyped 

subsets9-11. The best studied is subset #4, the largest stereotyped subset within M-CLL(9) (~2% of 

all M-CLL) which has also emerged as a prototype for indolent disease, likely due to the paucity 

of adverse genomic aberrations combined with attenuated signaling through the BcR IG(14-16). 
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Immunogenetically, subset #4 BcR IGs are quite distinctive as they display long and positively 

charged variable heavy complementarity determining region 3 (VH CDR3)(9), reminiscent of 

pathogenic anti-DNA auto-Abs(17,18). 

Previous studies have reported distinctive SHM patterns in IGHV4-34 CLL, especially in subset #4 

cases(12,19), which resemble edited autoreactive Abs(20). These observations mainly pertain to 

the introduction of negatively charged residues in either heavy or light or even both 

immunoglobulin chains(12,19). However, certain positions that constitute binding motifs for the 

N-acetyllactosamine (NAL) carbohydrate epitope, namely residue W7 and the AVY motif (codons 

24-26 in framework region 1, FR1-IMGT) (21) remain unmutated in the vast majority of IGHV4-

34 BcR in CLL(12,22-24); in principle retaining the ability to engage in (super)antigenic 

interactions with NAL-containing epitopes in both self and exogenous antigens(21).  

Prompted by the unique biological make-up and distinctive clinical behavior of subset #4, 

analogous studies have been performed for other IGHV4-34-utilizing subsets; however, 

definitive conclusions could not be drawn due to small patient numbers(25). This limitation is 

not unexpected when dealing with stereotyped subsets due to the fact that even the largest 

subset, subset #2 (IGHV3-21/IGLV3-21), accounts for only ~3% of all CLL cases, clearly indicating 

that for meaningful conclusions to be reached, large patient series are imperative(9). Here, 

taking advantage of a cohort of ~20,000 CLL patients consolidated in the context of a multi-

institutional collaboration, we performed a systematic analysis of IGHV4-34 M-CLL with a major 

focus on the SHM profiles, clinicobiological characteristics and prognosis of patients assigned to 

the 4 largest stereotyped subsets, namely subsets #4, #16, #29 and #201. 
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MATERIALS AND METHODS 

 

Patients 

Overall, 19,907 CLL patients with available immunogenetic data (sequences deposited in the 

IMGT/CLL-DB (http://www.imgt.org/CLLDBInterface/) from collaborating institutions in Europe 

and the United States were included in the study. All patients were diagnosed following IWCLL 

criteria(26). The collected clinicobiological information concerned IGHV4-34 M-CLL cases. The 

study was approved by local Ethics Review Committee. 

 

FISH analysis 

Interphase FISH analysis was performed using probes for the cytogenetic abnormalities included 

in the Döhner hierarchical model(27); namely del(17)(p13), del(11)(q23), del(13)(q14) and 

trisomy 12. Cell preparations were counterstained with 4,6-diamidino-phenyl-indole (DAPI) and 

a minimum of 200 interphase nuclei were examined(28). 

 

CD38 expression 

CD38 expression was assessed using flow-cytometry and  30% was used as a threshold to 

indicate positivity(6,29,30). 

 

Analysis of gene mutations 

Mutational screening for NOTCH1, TP53 and SF3B1 genes was performed as previously 

described(31). In brief, PCR amplification and Sanger sequencing was performed for the 

following exons: 4-9 of the TP53 gene, and 14–16 of the SF3B1 gene. For NOTCH1, exon 34 or 

the specific mutation hotspot (del7544-45/p.P2514Rfs*4) was analyzed. 

 

PCR amplification and sequence analysis of IGHV-IGHD-IGHJ rearrangements 

PCR amplification of IGHV-IGHD-IGHJ gene rearrangements was performed on either genomic 

DNA (gDNA) or complementary DNA (cDNA), as previously described(9,12,32,33). PCR amplicons 

were subjected to direct sequencing on both strands. IGHV-IGHD-IGHJ sequence data were 

analyzed using the IMGT® databases and the IMGT/V-QUEST tool (http://www.imgt.org)(34,35). 

Only productive rearrangements were included in downstream analyses. Output data extracted 
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and used concerned IGH gene repertoires, VH CDR3 length and amino acid (AA) composition as 

well as nucleotide/amino acid changes introduced by SHM. 

Silent (S) and replacement (R) mutations were calculated per FR and CDR. Considering that VH 

regions differ in length, absolute mutation counts were normalized by the actual nucleotide 

length of the corresponding VH region as previously described(12). VH FR1 sequences were not 

included in such comparisons as in 698 cases the primers used for the amplification of IGHV4-34 

gene rearrangements were located in the VH FR1, thereby this part had to be excluded in order 

to avoid ambiguity.   

To identify novel N-glycosylation (N-glyc) sites introduced by SHM, all IGHV4-34 rearranged 

sequences with less than 100% germline identity (GI) were analysed by the NETGlyc 1.0 Server 

(http://www.cbs.dtu.dk/services/NetNGlyc/). 

 

Assignment to stereotyped subsets 

Assignment to stereotyped subsets was performed using established bioinformatics methods as 

previously described(9,36). In brief, VH CDR3 sequences clustered together if sharing: (i) initially, 

at least 50% AA identity and 70% similarity regarding AA physicochemical properties, (ii) 

phylogenetically related IGHV genes, (iii) identical VH CDR3 lengths and (iv) identical offsets of 

shared VH CDR3 motifs. Each resulting subset was then described in a Bayesian model 

respecting the same underlying clustering criteria, enabling new sequences to be statistically 

assigned to the subsets(36) 

 

Comparisons of amino acid changes introduced by somatic hypermutation in IGHV4-34 

stereotyped subsets 

Evaluation of the AA changes introduced by SHM was based on both qualitative and quantitative 

comparisons of the AA composition at each codon in the IGHV4-34-encoded portion of the VH 

domain spanning from VH CDR1 down to VH FR3 following a purpose-designed bioinformatics 

pipeline that was based on the Euclidean Distance method(37,38).  

Each subset was considered as a collection of 77 vectors, one vector per AA position (codon) 

from VH CDR1 to VH FR3 (i=27..104; n=77). Each vector xi contained 22 attributes, which 

included the percentages across the whole subset of the 20 AA, gaps and stop codons for that 

specific position. 
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The difference (distance) between two subsets (X and Y) in AA distribution at the ith position 

position was expressed as the Euclidean distance between the vectors xi and yi. This distance 

was calculated as follows: 

,ܺ)௜݁ܿ݊ܽݐݏ݅ܦ݊݋݅ݐ݅ݏ݋݌  ܻ) = ඥ(ݔ௜ −  ௜)ଶݕ 

 

All distance metrics were adjusted and compared to the maximum difference identified. 

The total distance between two subsets X and Y was employed to express the cumulative 

difference in AA distribution, and was calculated according to the following equation: 

,ܺ)ݐݏ݅݀ ܻ) = ෍ ,ܺ)௜݁ܿ݊ܽݐݏ݅ܦ݊݋݅ݐ݅ݏ݋݌ ܻ)ଵ଴ସ
௜ୀଶ଻  

 

Statistical analysis 

Differences in frequencies were evaluated using descriptive statistics. Contingency tables 

depicted the common distribution of pairs of categorical variables, and associations between 

them were assessed by the Chi-square or the Fisher's exact test for independence. TTFT was 

evaluated from the date of diagnosis until the date of initial treatment or the date of last follow-

up for untreated cases. Survival curves were constructed using the Kaplan-Meier method, and 

the log-rank test was used to determine differences between survival proportions. All tests were 

two sided and significance was defined as a p value less than 0.05. All statistical analyses were 

performed using Statistica Software 10.0 (Stat Soft Inc., Tulsa, OK). 
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RESULTS  
 

Overview of the immunogenetic features of IGHV4-34 CLL 

A total of 20331 productive IGHV-IGHD-IGHJ rearrangements were obtained from 19,907 CLL 

patients; 424 cases (2.1%) carried two productive rearrangements, in line with previous 

reports(33). Of these 20331 IGHV-IGHD-IGHJ productive rearrangements, 1790 (8.8%) expressed 

the IGHV4-34 gene: 1420/1790 (79.3%) IGHV4-34 gene rearrangements had a GI <98% and, 

thus, represented M-CLL, whereas the remainder (370/1790, 20.7%) had a GI≥98% and were 

considered as unmutated (U-CLL). Within IGHV4-34 expressing U-CLL, 114 cases (6.4% of all 

IGHV4-34 CLL) exhibited some impact of SHM activity (98%<GI<100%), whereas the remaining 

256 cases (14.3% of all IGHV4-34 CLL) carried truly unmutated sequences (GI=100%).  

The VH CDR3 characteristics differed between IGHV4-34 rearrangements with distinct SHM 

status. More specifically: (i) U-CLL IGHV4-34 cases had significantly longer VH CDR3 (median: 21 

AA for U-CLL vs 17 AA for M-CLL, p<0.001); (ii) the IGHD3-3 and IGHD2-2 genes predominated 

amongst U-CLL, whereas the IGHD2-15 and IGHD3-22 genes were the most frequent amongst 

M-CLL cases; and, (iii) M-CLL IGHV4-34 rearrangements displayed equal frequencies of the IGHJ4 

and IGHJ6 genes [534/1420 (37.6%) and 510/1420 (35.9%) respectively), whereas U-CLL 

rearrangements showed a clear bias to the IGHJ6 gene (236/370, 63.8%), with fewer cases 

(75/370, 20.3%) utilizing the IGHJ4 gene. That notwithstanding, interesting exceptions became 

apparent when cases were grouped in different stereotyped subsets, particularly for M-CLL (see 

below). 

Following the approach described in methods(9,39), 546/1790 (30.5%) cases were assigned to 

stereotyped subsets, 423 cases (23.6%) belonging to M-CLL and the remaining 123 cases (6.9%) 

to U-CLL (Table 1)(Supplemental Figure 1). Hereafter, we focused our attention on those IGHV4-

34 M-CLL subsets comprising 50 or more cases (the largest IGHV4-34 M-CLL subsets observed), 

namely: subsets #4 (n=185), subset #16 (n=51), subset #29 (n=50), and subset #201 (n=53). 

 

Differential imprints of SHM on IGHV4-34 stereotyped subsets 

 Differences in the distribution of SHM were observed amongst the various IGHV4-34 

stereotyped subsets. In particular, subsets #16, #29 and #201 had lower R/S mutation ratios 

within the VH CDR1 compared to the VH CDR2, while the opposite was evidenced in subset #4 

(statistical comparisons were performed based on the number of R mutations; p=0.03 for R 
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mutations within CDR1). Within the FRs, subsets #4 and #16 had overall similar R/S mutation 

ratios within VH FR2 and VH FR3, whereas subsets #29 and #201 had higher R/S mutation ratios 

in VH FR3 compared to VH FR2 (Figure 1). More frequent targeting of AID/APOBEC 

hotspot(40),(41) motifs was identified in the CDR1 over the CDR2 (53% versus 32%, p<0.001) of 

subset #201 cases, thus contrasting subsets #4, #16 and #29 that followed the opposite pattern. 

In a proportion (698/1790 cases, 39%) of the IGHV4-34 M-CLL cases under study, the clonotypic 

IGHV-IGHD-IGHJ gene rearrangement was PCR-amplified using VH FR1 primers, hence the VH 

FR1 could not be analysed completely. Therefore, in order to avoid confounding effects and/or 

possible biases, when performing comparisons between IGHV4-34 cases, we focused our 

attention on codons 27-104 within the VH domain (from CDR1-IMGT to FR3-IMGT) and assessed 

the sequence distance/similarity between subsets and the corresponding IGHV4-34 germline 

sequence based on a pairwise qualitative and quantitative comparison of the respective amino 

acid composition. The minimum distance calculated, and hence the greatest similarity, was 

observed between subsets #4 and #16, both being IgG-switched cases (IgG-CLL), which is 

notable given the overall rarity of IgG-CLL(42,43). In contrast, the maximum distance, implying 

the least similarity, was detected between subsets #16 and #201, the latter representing IgM/D-

CLL (Figure 2).  

Extreme variations between subsets were noted in codons spanning the entire VH domain, 

highlighting a subset-biased distribution of SHM (results summarized in Table 2). In more detail, 

we observed that almost all (155/156, 99.4%) IGHV4-34 M-CLL subset cases with available VH 

FR1 sequence data retained the germline-encoded W at codon 7, critically involved in the 

creation of the N-acetyl-lactosamine binding motif; however, differences were noted between 

subsets regarding the incidence of SHM in the other residues of this motif, namely AVY at 

codons 24-26 (ranging from 0% for subset #16 to 32.5% for subset #201 (p=0.0006). An 

additional example concerned the germline-encoded N-glycosylation (N-glyc) Asn-His-Ser motif  

at codons VH CDR2 57-59 which was abrogated by SHM significantly less frequently in subset 

#16 (9/51 cases, 17.6%) compared to subsets #4 (72/185, 39%), #29 (23/50, 46%) and #201 

(23/53, 43.4%) (p=0.016). Prompted by this novel finding and also considering the emerging role 

of SHM-induced N-glyc motifs as a mechanism to modulate antibody avidity, potentially 

alleviating autoreactivity(44,45), we analyzed the VH FR1 - VH FR3 part of the VH domain of the 

stereotyped IGHV4-34 subsets for the presence of additional N-glyc motifs. A remarkable 

enrichment for N-glyc motifs generated by SHM was identified in the VH FR3 of subset #201, 
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particularly codons 66-68 (37.7% versus 0-3.9% in the remaining subsets, p<0.001); codons 67-

69 (22.6% versus 0% in the remaining subsets, p<0.001); and, codons 77-79 (13.2% versus 0% in 

the remaining subsets, p<0.001).  

In keeping with previous observations(12), the stereotyped IGHV4-34 M-CLL subsets displayed 

recurrent replacement AA changes, albeit often with markedly different frequencies within each 

subset (Table 2 and Supplemental figure 2A). Illustrative examples of the most striking 

statistically significant differences (p<0.0001) include the following: 

(i) codon 28 in VH CDR1 was heavily targeted for a recurrent change from glycine to glutamic or 

aspartic acid (G28>E/D) in subsets #4 (68.6%) and #16 (84.4%), thus sharply contrasting subsets 

#29 (6.9%) and #201 (6.5%); 

(ii) codon 36 in VH CDR1 carried a recurrent G36>E/D change in 72.9% of subset #29 cases thus 

contrasting all other subsets, especially #16 that showed no AA change at this codon in any case 

examined; 

(iii) codon 40 in VH FR2 displayed a conservative serine to threonine change (S40>T) in 40.5% 

and 57% of subset #4 and #16 cases, respectively, in contrast to subsets #29 and #201 where the 

vast majority of cases (0%-1.8%, respectively) remained in germline configuration;  

(iv) codon 45 in VH FR2 exhibited  a proline to serine change (P45>S) in 37.8%, 34% and 22.4% of 

subset #4, #16 and #29 cases, that was seen in almost none of subset #201 cases (frequency, 

1.8%) 

(v) codon 55 in VH FR2 carried a glutamic acid to glutamine change (E55>Q) in 47% of subset #16 

cases versus only 3.7% of subset #4 cases and no subset #29 or subset #201 case; 

(vi) codon 64 in VH CDR2 that was targeted for a recurrent serine to isoleucine change (S64>I) in 

48% of subset #29 cases, thus contrasting all other subsets (0-9.4% frequency of the S64>I 

change).  

 

Clinicobiological associations 

In order to explore whether the distinct immunogenetic profiles identified here were associated 

with different biological and clinical characteristics, we assessed the clinicobiological 

characteristics of 275 IGHV4-34 stereotyped subset cases (Table 3 and Supplemental figure 2B). 

Significant differences were observed between subsets regarding i) disease burden at diagnosis; 

ii) CD38 expression; iii) frequency of del(13q); and iv) TP53 abnormalities (deletion of 

chromosome 17p and/or TP53 mutations, TP53abn). In more detail, although the great majority 
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of all IGHV4-34 stereotyped subset cases were diagnosed at Binet stage A, percentages ranged 

from >90% in IgG subsets #4 and #16 to 83% in subset #201 and 74% in subset #29 (p=0.029). 

However, when comparing with the remaining M-CLL no statistically significant differences were 

observed (p=0.067). CD38 positivity ranged from extremely low (1%) in subset #4 to 10% in 

subset #201 (p=0.013).  

Notably, the large IGHV4-34 M-CLL subsets under study (#4, #16, #29 and #201) mainly 

concerned younger patients (<70 years old) in contrast to the remaining M-CLL (p=0.009) and 

even more interestingly they had a higher prevelance of patients <55 years old (p=0.03 for all 

comparisons).  

Regarding genetic aberrations, del(13q) was identified as a sole aberration in 76% of subset #29, 

55.8% of subset #201 and 44.7% and 34% of subsets #4 and #16 respectively (p=0.01 for all 

comparisons). Interestingly, 4/29 (14%) cases in subset #29 carried TP53abn, thus significantly 

contrasting subsets #4 (3.6%), #16 (0%) and #201 (3%) (p<0.05 for all comparisons); such 

aberrations were also less frequent in the remaining IGHV4-34 M-CLL (6.7%), however the 

difference from subset #29 did not reach statistical significance (p=0.14). No differences 

between subsets were identified regarding other genetic aberrations that were either absent 

(NOTCH1 exon 34 mutations) or infrequent (SF3B1 mutations, trisomy 12, del(11q): all with 

frequencies ranging from 0% to 9%) (Table 3). 

TTFT was analyzed for 204 cases. IgG subsets #4 and #16 had significantly (p=0.046) longer TTFT 

(median not yet reached at 8.8 years) compared to the IgM/D subsets #29 and #201 (median: 11 

and 12 years, respectively) (Figure 3). Even more interestingly, subsets #4 and #16 also displayed 

significantly (p=0.023) longer TTFT compared to non-subset IGHV4-34 M-CLL cases (median 

TTFT: 12.6 years) (Supplemental figure Figure 3A) or M-CLL cases utilizing other IGHV genes 

(median TTFT: 11.9 years, p=0.00038) (Supplemental Figure 3B). The differences in TTFT held 

even after excluding cases carrying TP53abn (p value for comparisons to non-subset IGHV4-34 

M-CLL cases and M-CLL cases utilizing other IGHV genes is 0,031 and 0,0003  respectively).  

We also assessed clinical implications of stereotypy within the broader context of M-CLL. 

Evaluated parameters included advanced clinical stage (Binet B/C), male gender, CD38 positivity 

(30% cut-off), cytogenetic aberrations of the Döhner model [del(13q), +12, del(11q) and 

del(17p)] and subset #4 membership; less populated subsets such as #16, #29 and #201 were 

not evaluated as the small group size would not allow reaching powerful statistical conclusions. 

On univariable analysis (n=2335; Supplemental Table 1), membership in stereotyped subset #4 
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was significantly (p=0.0001) associated with longer TTFT, whereas advanced clinical stage, CD38 

positivity, trisomy 12, del(11q) and del(17p) predicted shorter TTFT (p<0.05 for all comparisons). 

On multivariable analysis (n=1107), only advanced clinical stage, CD38 positivity and del(11q) 

retained statistical significance (p<0.001), while subset #4 membership had borderline 

significance with a p-value of 0.08, predicting for a 37% lower risk for treatment administration 

(Supplemental Table 1). 
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DISCUSSION  

 

The SHM status of the clonotypic IGHV genes is a robust prognosticator in CLL(6,7). However, 

recent evidence suggests that immunogenetic features in addition to SHM, particularly BcR 

stereotypy, can also be clinically relevant(25) and define distinct subgroups with different 

prognosis even amongst cases with similar SHM status. Regarding the latter, studies by us and 

others have highlighted subset #4 as remarkably indolent even when compared with M-CLL 

cases harboring isolated del(13q)(25,46,47), traditionally considered as the most favorable-

prognostic subgroup of CLL patients(27). However, no firm conclusions could be drawn for 

other, less populated M-CLL subsets, mainly due to the small number of patients analysed. 

Here, taking advantage of a very large dataset of IG gene rearrangement sequences from cases 

with CLL from our multi-institutional consortium deposited in the IMGT/CLL-DB 

(http://www.imgt.org/CLLDBInterface/query), we reappraised the immunogenetic features and 

clinicobiological profiles of M-CLL stereotyped subsets, focusing on cases utilizing the IGHV4-34 

gene, the most frequent IGHV gene amongst M-CLL. We report that IGHV4-34 expressing M-CLL 

stereotyped subsets are characterized by ‘public’ as well subset-biased SHM patterns that allude 

to both shared and distinct immunopathogenetic processes, while also supporting a functional 

purpose for the observed AA changes introduced by SHM. 

More specifically, all subset #16 cases and the majority (>80%) of subset #4 and #29 cases have 

retained an intact carbohydrate NAL-binding motif, in principle allowing for superantigenic 

interactions with NAL-containing self and exogenous antigens. This is in contrast to subset #201 

cases, where disruption of the AVY motif due to SHM was identified in 32.5% of cases, which is 

higher than the frequency observed in all IGHV4-34 M-CLL cases evaluated. Subset #201 is also 

noteworthy owing to the high frequency of novel N-glycosylation motifs created by SHM within 

the VH FR3 (30/53 cases, 56%). These findings along with several other examples of subset-

biased distribution of SHM throughout the VH domain allude to particular antigen exposure 

histories and/or immune responses. However additional research is needed in order to clarify 

the functional purpose for each and every one of these AA changes (Table 2).  

In an attempt to obtain insight into the potential functional and/or clinical relevance of the SHM 

characteristics observed on IGHV4-34 M-CLL stereotyped subsets, we developed a novel 

bioinformatics approach for assessing the overall similarity of their primary sequences as shaped 

by SHM. This approach, enabled us to identify high overall similarity between subsets #4 and 
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#16, both IgG-switched CLL, which differed significantly from subsets #29 and #201, both 

expressing the IgM/D isotype. Taking into consideration the overall rarity of IgG-expressing 

CLL(42,43), this observation is unlikely to be due to serendipity alone, but instead may be 

considered as further evidence in support of selective forces driving the ontogeny and, perhaps, 

evolution of different stereotyped subsets(10,48,49). 

From a clinical perspective, our study confirms and significantly extends previous reports 

regarding the indolent clinical behavior of subset #4, while also offering firm evidence that 

subset #16 is another particularly indolent variant of CLL. Hence, the overall immunogenetic 

similarity between these two subsets is also reflected in their clinical behavior and outcome. Of 

note, preliminary investigations into the signaling capacity of subset #16 based on the effects of 

TLR stimulation and stimulation through the BcR using anti-IgG strongly allude to a signaling 

profile akin to subset #4, for which we recently reported an anergic phenotype(16), indicating 

that IgG-switched stereotyped subsets of IGHV4-34 CLL cluster together and are distint from the 

IgM/D variant.  

Additional noteworthy observations concern the exceptionally high frequency (73%) of del(13q) 

as a sole aberration in subset #29, combined with a 14% frequency of TP53abn which is 

unusually high for M-CLL, where such aberrations are rather scarce (<3%) at diagnosis(50). 

Admittedly, further analysis with next generation sequencing techniques is needed in order to 

confirm and possibly highlight this subset-biased distribution in TP53 aberrations. That said, 

these findings further highlight a more complex disease model for this particular stereotyped 

subset, potentially implying that an intricate interplay of cell-intrinsic and cell-extrinsic factors 

are involved in disease development and progression. 

In conclusion, we document different spectra of SHM and AA changes between stereotyped 

IGHV4-34 CLL subsets. The finding of subset-biased, recurrent AA changes at certain codons 

indicates that the respective progenitor cells may have responded in a specific manner to the 

selecting antigen(s), despite expressing the same IGHV gene, indicating a functional purpose for 

these modifications. Moreover, the finding of differing outcomes for different stereotyped 

subsets with similar SHM status i.e. M-CLL reinforces our previous claim that integration of 

subset membership into well established prognostic models such as the hierarchical Döhner 

model can further refine prognostication in CLL(10,25).  
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Tables  

 

Table 1. Summary of the immunogenetic features of all IGHV4-34 subset cases from the 
present cohort. Subsets investigated in-depth are highlighted in cyan. 

Subset n IGHD IGHJ Mutated/       
unmutated 

median IGHV gene 
germline identity%

VH CDR3-
IMGT length

#4 185 IGHD5-18 IGHJ6 Mutated 93.3 20
#16 51 IGHD2-15 IGHJ6 Mutated 93.8 24
#29 50 IGHD6-19 IGHJ3 Mutated 93 14
#201 53 unassigned IGHJ3 Mutated 92.6 17
#N4-34-1 5 unassigned IGHJ4 Mutated 92.69 10
#N4-34-10 2 unassigned IGHJ1 Mutated 96.31 16
#N4-34-11 3 IGHD3-10 IGHJ2 Mutated 96.14 16
#N4-34-12 5 IGHD2-2 IGHJ4 Mutated 94.04 16
#N4-34-13 2 IGHD2-21 IGHJ4 Mutated 92.81 16
#N4-34-14 5 IGHD6-6 IGHJ6 Mutated 93.68 17
#192 3 IGHD5-12 IGHJ4 Mutated 93.68 12
#198 5 IGHD6-19 IGHJ4 Mutated 94.12 9
#N4-34-2 3 unassigned IGHJ4 Mutated 92.28 10
#N4-34-3 3 IGHD2-15 IGHJ4 Mutated 95.09 13
#N4-34-5 2 IGHD2-15 IGHJ4 Mutated 89.62 13
#N4-34-6 4 IGHD4-23 IGHJ4 Mutated 94.91 13
#N4-34-8 2 IGHD5-18 IGHJ4 Mutated 94.03 14
#N4-34-9 3 IGHD6-19 IGHJ4 Mutated 94.56 14
#N4-34-GF 3 unassigned IGHJ4 Mutated 90.88 13
#N4-34-WE 2 IGHD3-3 IGHJ4 Mutated 92.76 13
#N4-34X 7 IGHD3-22 IGHJ4 Mutated 94.57 15
#N4-34-7 5 IGHD2-2 IGHJ4 Mutated 93.9 14
#11 20 IGHD3-10 IGHJ4 Mutated 94.11 15
#125 7 IGHD3-3 IGHJ6 Unmutated 100 25
#129 3 IGHD2-2 IGHJ4 Unmutated 100 21
#130 16 IGHD3-3 IGHJ6 Unmutated 100 23
#205 17 IGHD6-19 IGHJ6 Unmutated 100 17
#207 2 unassigned IGHJ2 Unmutated 100 20
#64D 25 IGHD2-2 IGHJ6 Unmutated 100 21
#N4-34-15 3 IGHD6-6 IGHJ6 Unmutated 100 19
#N4-34-16 4 IGHD2-2 IGHJ6 Unmutated 100 20
#N4-34-17 4 IGHD2-2 IGHJ6 Unmutated 100 20
#N4-34-20 7 IGHD2-2 IGHJ6 Unmutated 100 23
#N4-34-21 11 IGHD3-3 IGHJ6 Unmutated 100 23
#N4-34-22 4 IGHD3-3 IGHJ6 Unmutated 100 24
#N4-34-23 14 IGHD2-2 IGHJ6 Unmutated 100 26
#N4-34-19 2 IGHD2-21 IGHJ6 Unmutated 100 21
#N4-34-18 4 IGHD2-2 IGHJ6 Unmutated 98.39 20
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Table 2. Summary of Somatic Hypermutation characteristics in major IGHV4-34 stereotyped subsets and and the remaining IGHV4-34 M-CLL 
cases.  

 

 
 
 

Column1 Subset #4 Subset #16 Subset #29 Subset #201 p-value                    
(across subsets)  

remaining IGHV4-
34 M-CLL 

p-value                            
(across subsets and 
the  
remaining IGHV4-34  
M-CLL) 

SHM at codon 7 (FR1-IMGT) 1/87 (1.14%) 0/19 (0%) 0/27 (0%) 0/23 (0%) p=non significant 2/557 (0.35%) p=non significant 

AVY motif disruption (Codons 24-26; FR1-IMGT) 17/149 (11.4%) 0/39 (0%) 6/35 (17.1%) 13/40 (32.5%) p=0.0002 108/816 (13.23%) p=0.0006 

SHM at codon 28 (CDR1-IMGT) 115/166 (69.3%) 38/45 (84.4%) 5/43 (11.6%) 3/46 (6.5%) p<0.0001 115/945 (12.1%) p<0.0001 
Codon 28: G28->D/E 114/166 (68.6%) 38/45 (84.4%) 3/43 (6.9%) 3/46 (6.5%) p<0.0001 77/945 (8.1%) p<0.0001 
SHM at codon 36 (CDR1-IMGT) 42/184 (22.8%) 0/48 (0%) 38/48 (79%) 7/52 (13.4%) p<0.0001 380/1024 (37.1%) p<0.0001 
Codon 36: G36->D/E 39/184 (21.1%) 0/48 (0%) 35/48 (72.9%) 5/52 (9.6%) p<0.0001 242/1024 (23.6%) p<0.0001 
SHM at codon 40 (FR2-IMGT) 97/185 (52.4%) 28/49 (57%) 0/49 (0%) 3/53 (5.6%) p<0.0001 456/1038 (43.9%) p<0.0001 
Codon 40: S40->T 75/185 (40.5%) 28/49 (57%) 0/49 (0%) 1/53 (1.8%) p<0.0001 303/1038 (29.1) p<0.0001 
SHM at codon 45 (FR2-IMGT) 103/185 (55.7%) 23/50 (46%) 22/49 (44.9%) 3/53 (5.6%) p<0.0001 319/1045 (30.5%) p<0.0001 
Codon 45: P45->S 70/185 (37.8%) 17/50 (34%) 11/49 (22.4%) 1/53 (1.8%) p<0.0001 231/1045 (22.1%) p<0.0001 
SHM at codon 55 (FR2-IMGT) 20/185 (10.8%) 26/51 (50.9%) 0/50 (0%) 0/53 (0%) p<0.0001 80/1057 (7.5%) p<0.0001 
Codon 55: E55->Q 7/185 (3.7%) 24/51 (47%) 0/50 (0%) 0/53 (0%) p<0.0001 20/1057 (1.9%) p<0.0001 
Disruption of CDR2 N-glycosylation motif  72/185 (39%) 9/51 (17.6%) 23/50 (46%) 23/53 (43.4%) p=0.11 433/1057 (41%) p=0.016 
Recurrent disruption of both AVY and N-glyc motifs 13/149 (8.7%) 0/51 (0%) 2/35 (5.7%) 5/53 (9.4%) p=non significant 39/815 (4.8%) p=non significant 
SHM at codon 64 (CDR2-IMGT) 76/185 (41%) 25/51 (49%) 50/50 (100%) 29/53 (54.7%) p<0.0001 405/1057 (38.3%) p<0.0001 
Codon 64: S64->I 9/185 (4.8%) 0/51 (0%) 24/50 (48%) 5/53 (9.4%) p<0.0001 40/1057 (3.7%) p<0.0001 
Creation of novel N-glycosylation motifs in FR3 by 
SHM 4/185 (2.16%) 2/51 (3.9%) 1/50 (2%) 23/53 (43.3%) p<0.0001 55/1057 (5.2%) p<0.0001 
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Table 3. Summary of the clinicobiological characteristics in different IGHV4-34 M-cases evaluated in the present study  

 
 

Column1 #4|n=150 #16|n=44 #29|n=39 #201|n=42 p-value      (across 
subsets) 

Remaining IGHV4-34 M-
CLL|n=354 

p-value (across 
subsets and the 

remaining IGHV4-34 
M-CLL) 

Male 76/150 (51%) 21/44 (48%) 18/39 (46%) 22/42 (52%) p=0.93 218/354 (61.6%) p=0.057 
Age at diagnosis (median) 57 (37-95) 56 (37-85) 58.5 (36-77) 57 (41-100) 66 (36-92) 

<55 58/136 (43%) 17/41 (41%) 14/37 (38%) 15/42 (36%) p=0.85 101/354 (28.5%) p=0.03 

50<n<70 59/136 (43.4%) 20/41(48.8%) 18/37 (48.6%) 21/42 (50%) p=0.83 164/354 (46.3%) p=0.92 

>70 19/136 (14%) 4/41 (10%) 5/37 (14%) 6/42 (14%) p=0.9 89/354 (25.1%) p=0.009 
Clinical Stage (Binet) 

A 116/127 (91%) 37/40 (93%) 26/35 (74%) 30/36 (83%) p=0.029 228/265 (86%) p=0.067 
B 8/127 (6%) 2/40 (5%) 6/35 (17%) 4/36 (11%) p=0.16 22/265 (8.3%) p=0.2 
C 3/127 (2%) 1/40 (2%) 3/35 (9%) 2/36 (6%) p=0.33 16/265 (6%) p=0.4 

High CD38 expressiona 1/95 (1%) 1/26 (4%) 1/21 (5%) 3/29 (10%) p=0.12 34/190 (18%) p=0.0003 
High ZAP-70 expression 4/37 (10.8%) 0/9 (0%) 0/10 (0%) 1/10 (10%) p=0.53 21/97 (21.6%) p=0.13 

del(13q)b 43/96 (44.7%) 9/26 (34.6%) 19/25 (76%) 19/34 (55.8%) p=0.01 71/150 (47.3%) p=0.027 
Trisomy 12 3/102 (3%) 1/28 (4%) 0/27 (0%) 3/37 (8%) p=0.34 25/157 (16%) p=0.001 
del(11q)c 3/104 (3%) 1/28 (4%) 1/27 (4%) 0/38 (0%) p=0.72 6/171 (3.5%) p=0.84 

TP53 abnormalityd 4/112 (3.6%) 0/31 (0%) 4/29 (14%) 1/37 (3%) p=0.04 11/178 (6.2%) p=0.11 
del(17p) 3/103 (2.9%) 0/28 (0%) 3/27 (11.11%) 1/37 (3%) 11/178 (6.2%)

TP53 mutation 2/48 (4.1 %) 0/11(0%) 1/18 (5.5%) 1/15 (7%) N/A 
SF3B1 1/46 (2%) 1/11 (9%) 0/17 (0%) 0/18 (0%) p=0.35 N/A N/A 

NOTCH1 0/57 (0%) 0/14 (0%) 0/18 (0%) 0/18 (0%) N/A N/A 
Other malignancy 13/65 (20%)e 4/20 (20%)f 6/25 (24%)g 1/15 (7%)h p=0.58 N/A N/A 
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a: cut-off >30%, b: deletion of chromosome 13q, c: deletion of chromosome 11q, d: deletion of chromosome 17p and/or TP53 mutation, e: of 
the 13 patients diagnosed with a second malignancy, only 4 received treatment; 3/4 were diagnosed with a second malignancy prior to 
treatment initiation; only 1/13 developed a hematological malignancy; f: of the 4 patients diagnosed with a second malignancy, only one 
received treatment after the diagnosis of the second malignancy; none of these patients developed a hematological malignancy;  g: of the 6 
patients diagnosed with a second malignancy, only 3 received treatment; 2/3 were diagnosed with a second malignancy prior to treatment 
initiation; none of these patients developed a hematological malignancy; h: Only one patient was diagnosed with a second malignancy (non-
hematological), following treatment. 
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FIGURE LEGENDS 

 

Figure 1. Subset-biased distribution of replacement/silent (R/S) mutation ratios in stereotyped 

IGHV4-34 CLL. IGHV4-34 M-CLL stereotyped subsets displayed an asymmetric distribution of R/S 

mutations within the different VH subregions. 

Figure 2. Sequence similarity between subsets and the corresponding IGHV4-34 germline 

sequence (G4-34). The results are presented as a heatmap. Color gradient sets to the lowest 

value (light red)-least identity-to the highest (dark red) – greatest identity (explained also in the 

color bar above). The greatest similarity was calculated for subsets #4 and #16, whereas the 

least similar subsets were subsets #16 and #201 

Figure 3. CLL with mutated IGHV4-34 receptors: shared and distinct clinical outcomes. IgG 

subsets #4 and #16 had significantly (p=0.046) longer TTFT (median not yet reached) compared 

to the IgM/D subsets #29 and #201 (median: 11 and 12 years, respectively).  
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