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Abstract

Almost one-third of all splenic marginal zone lymphoma (SMZL) cases express B-cell receptor immunoglobulin (BcR 1G) encoded
by the IGHV1-2*04 gene, implicating antigen selection in disease ontogeny. Evidence supporting this notion mostly derives from
low-throughput sequencing approaches, which have limitations in capturing the full complexity of the BcR IG gene repertoire.
This hinders the comprehensive assessment of the subclonal architecture of SMZL as shaped by antigen selection. To address
this, we conducted a high-throughput immunogenetic investigation of SMZL aimed at the comprehensive characterization of the
somatic hypermutation (SHM) and intraclonal diversification within the IG genes. We identified significant differences in the
SHM and ID profiles between cases expressing the IGHV1-2*04 gene and those expressing other IGHV genes. Specifically,
IGHV1-2*04 cases displayed (i) targeted SHM resulting in recurrent replacement SHMs, and (ii) significantly more pronounced
intraclonal diversification, reflecting ongoing antigen selection. Overall, our findings suggest that SMZL cases expressing the
IGHV1-2*04 gene have a distinct immunogenetic signature shaped by microenvironmental pressure on the clonotypic BcR IG,

corroborating the idea that this group may represent a distinct molecular variant of SMZL.
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INTRODUCTION

Splenic marginal zone lymphoma (SMZL) is a mature B-cell malig-
nancy displaying considerable biological and clinical heterogeneity.!
Despite advances in identifying key drivers of the disease, the precise
ontogeny of SMZL remains to be fully elucidated. That said, micro-
environmental interactions mediated through the B-cell receptor
(BcR) have emerged as critical to the natural history of SMZL. This
claim is supported by immunogenetic studies demonstrating biases in
the BcR immunoglobulin (BcR IG) gene repertoire, alluding to selec-
tion by specific antigen(s).2~> Notably, one-third of SMZL cases ex-
press clonotypic BcR IG utilizing allele *04 of the IGHV1-2 gene.>”
This finding is particularly striking, given the low frequency of this
IGHV gene allele in other mature B-cell lymphomas, such as chronic
lymphocytic leukemia (CLL) or mantle cell lymphoma (MCL) (around
5% and 2%, respectively).®? Furthermore, SMZL cases expressing
IGHV1-2*04 BcR IG are enriched for certain genomic aberrations [del
(7q) as well as NOTCH2 and KLF2 mutations] and follow a more
aggressive clinical course compared to cases utilizing other IGHV
genes.lo’15

The germline IGHV1-2*04 gene allele is unique in encoding
tryptophan (W) at position 75 of the heavy variable framework
region 3 based on the IMGT unique numbering (VH FR3 75),
contrasting all other alleles of IGHV1-2 and nearly all other human
IGHV gene alleles that encode arginine (R) at this position (https://
www.imgt.org/IMGTrepertoire/Proteins/index.php#C).  This R
residue typically forms a critical intramolecular ionic bond with an
aspartic acid (D) residue at position VH FR3 98, which contributes to
the stability of the BcR IG heavy chain.2~1® While the precise role
of W-75 remains unclear, previous in silico analyses suggest that it
could influence antigen binding.® When rearranged in SMZL,
IGHV1-2*04 preferentially pairs with certain IGHD genes, resulting
in a particularly long heavy variable complementarity-determining
region 3 (VH CDR3) with conserved amino acid (aa) motifs at the tip
of the loop across unrelated cases.*® Moreover, IGHV1-2*04 re-
arrangements in SMZL show biased pairings with certain IG(K/L)V-J
gene rearrangements.®*’

The somatic hypermutation (SHM) imprint on IGHV1-2*04 gene
rearrangements in SMZL is relatively modest yet distinctive, char-
acterized by a unique pattern of recurrent replacement SHMs, often
conservative, clustering within the heavy variable framework regions
(VH FR).® Furthermore, SMZL cases carrying the IGHV1-2*04 gene
allele exhibit higher levels of intraclonal diversification compared to
cases expressing other IGHV genes, indicating more pronounced and
ongoing interactions with antigen(s) throughout the course of the
disease.?°

Altogether, this evidence highlights the role of the tumor mi-
croenvironment in the pathogenesis of IGHV1-2*04 SMZL. Yet, much
of the existing evidence comes from low-throughput studies, which
are inherently limited in their capacity to capture the full complexity
of the BcR IG gene repertoire in the context of antigen selection.

To overcome this limitation, we conducted the first high-
throughput immunogenetic investigation of SMZL, focusing on the
detailed characterization of SHM and intraclonal diversification. We
report that IGHV1-2*04 cases exhibited distinct SHM patterns, linked
to AID and Poln activity and reccurent replacement amino acid
changes. Additionally, these cases displayed more pronounced
intraclonal diversification compared to cases expressing other IGHV
genes. These immunogenetic features suggest more intense and
continuous antigen-driven selection within the tumor microenviron-
ment, further supporting the notion that ongoing antigen interactions
may shape the subclonal dynamics of the BcR IG gene repertoire in
IGHV1-2*04 SMZL.

MATERIALS AND METHODS
Study group

The study group comprised 77 patients with SMZL from five colla-
borating Institutes in France, Greece, Switzerland, and the United
Kingdom. The diagnosis was based on the 2016 WHO classification
criteria and International guidelines.? The study was conducted in
accordance with the Declaration of Helsinki and approved by the
local Ethics Committee of each participating institute.

The samples were selected based on their clonotypic BcR IGH gene
rearrangement (previously characterized by Sanger sequencing). The
selection was intentionally biased toward cases expressing BcR IG en-
coded by the IGHV1-2*04 gene (n = 42). Cases (n = 35) expressing other
IGHV genes were also evaluated; of these, 8 and 6, respectively, ex-
pressed the IGHV3-23 or IGHV4-34 genes, the second and third most
frequent genes in the IG gene repertoire of SMZL. Supporting In-
formation S3: Table 1 lists the analyzed cases and provides information
regarding basic demographics, the clonotypic rearranged IGHV gene
and the genomic status of each case, particularly focusing on deletion of
chromosome 7q as well as KLF2 and NOTCH2 mutations.

PCR amplification and sequencing of IGHV-IGHD-IGHJ
gene rearrangements

The starting material was formalin-fixed, paraffin-embedded (FFPE)
splenectomy specimens in 27/77 cases (35%) of the present cohort.
In these cases, xylene-ethanol deparaffinization was followed by
genomic DNA (gDNA) extraction with the QlAamp DNA FFPE Tissue
Kit (QIAGEN, Germany), following the manufacturer's instructions. In
the remaining cases (50/77, 65%) gDNA and total RNA were si-
multaneously extracted from mononuclear cells obtained from either
peripheral blood (PB) or bone marrow (BM) samples using the QIAmp
DNA kit (QIAGEN, Germany). More specifically, gDNA was utilized in
18 (23.4%), while RNA was utilized in the remaining 32 cases (41.6%).
In the latter cases, cDNA synthesis was performed utilizing the
SuperScript Il RT reverse transcriptase (Invitrogen, MA, USA).

Amplification of IGHV-IGHD-IGHJ gene rearrangements was per-
formed by polymerase chain reaction (PCR) using the Platinum Taqg
polymerase (ThermoFisher Scientific, MA, USA). In a total of 58 samples
(32 cDNA and 26 gDNA samples, respectively), the IGHV-IGHD-IGH)J
gene rearrangements were amplified using 5' IGHV Leader and 3' IGHJ
primers, as described previously.®? In the remaining 19 gDNA samples,
all obtained from formalin-fixed, paraffin-embedded (FFPE) tissue sam-
ples, the IGHV-IGHD-IGHJ gene rearrangements were amplified using 5'
IGHV FR1 and 3' IGHJ primers following the BIOMED-2 protocol.??
PCR products were either purified using the QIAGEN DNA purification
kit (QIAGEN, Germany) or gel-purified (QIAGEN, Germany).

Library preparation was performed according to the manu-
facturer's instructions using the NEB Next Ultra Il DNA Library Prep
Kit for lllumina (NEB, Ipswich, MA, USA). Paired-end NGS was per-
formed using the MiSeq Reagent Kit v3 (2x300 bp) on a MiSeq
Benchtop Sequencer (lllumina, CA, USA).

To ensure the reproducibility of our experimental approach, PCR
amplification, and NGS, we repeated for 18 cases from all major im-
munogenetic groups of SMZL, namely IGHV1-2*04 (n = 4), IGHV3-23
(n=3), IGHV4-34 (n = 3), and other IGHV genes (n = 8).

IG gene sequence analysis

Raw NGS data were quality-filtered and stitched using an in-house
algorithm. Full-length, high-quality sequences were annotated with
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the IMGT/HighV-QUEST tool,?® using the IMGT numbering for the
V-DOMAIN. Metadata was further analyzed with the T-cell receptor
immunoglobulin profiler (tripr) tool.2 Unproductive rearrangements
and rearrangements lacking the VH CDR3 landmarks (C104 and
W118, respectively) were discarded from further analysis.

Clonotype definitions were based on the recent guidelines by the
EuroClonality NGS Working Group.?® In detail, productive IG gene
rearrangement sequences were assigned to clonotypes, defined as
unique nucleotide (nt) sequences. The most frequent clonotype of
each sample was defined as dominant. Other clonotypes were con-
sidered as close to the dominant clonotype, when they fullfilled the
following criteria: (i) they utilized the same IGHV gene, (ii) they carried
VH CDR3 of identical length; (iii) they encoded for identical or highly
similar VH CDRS3 nucleotide sequences, allowing for a maximum of
two amino acid differences, (iv) they carried one or more distinct
SHMs over the VH FR1-to-FR3 part of the VH domain. In the case of
the 19 samples that were amplified with VH FR1 primers, codons
1-23 were not taken into consideration.

Analysis of intraclonal diversification within the IG
genes

Analysis of intraclonal diversification within the IG genes was
performed using the IgIDivA software.?® The parameters used for the
analysis are listed in Supporting Information S3: Table 2. Only
clonotypes with at least 10 reads were considered for this analysis.

Analysis with IgIDivA provided the following types of informa-
tion: (i) identification of close clonotypes of the dominant clonotype
in each sample, as well as their connections, termed mutational
pathways; (ii) visualization of the connections between the dominant
clonotype and close clonotypes through graph networks; (iii) quanti-
fication of intraclonal diversification levels through the calculation of
graph network-based metrics; and (iv) statistical comparisons be-
tween particular groups of samples. More information regarding the
graph network-based metrics is provided in Supporting Information
S3: Table 3.

BcR IG 3D model generation and clustering

BcR IG 3D model generation was performed using the Repertoir-
eBuilder software.?” For the generation of the IG heavy chains of
each model, the sequences were either “SHM-free” (i.e., devoid of any
SHM) or carried the most recurrent SHMs separately or in different
combinations. Furthermore, a consensus VH CDR3 amino acid se-
guence was computed using the VH CDR3 of all SMZL IGHV1-2*04
cases of the present cohort and was incorporated into all the BcR IG
heavy chain sequences. Given the fact that NGS of the clonotypic
light chain IG sequences was beyond the scope of the present study,
the two most representative IG light chain gene sequences from our
cohort (as determined by Sanger sequencing) were paired with each
heavy chain.2? This choice was based on (i) the high frequency of the
respective genes (IGKV1-8 and IGKV1-39/1D-39) in both the present
cohort as well as in SMZL in generalzg; and (ii) the lack of SHMs, to
minimize the impact of the light chain on the overall 3D BcR IG
structure. Immunogenetic information regarding the utilized light
chain IG sequences is provided in Supporting Information S3: Table 4.

To assess the overall structural similarity,?>*° the 3D BcR IG
models were compared against each other and the root mean square
deviation (RMSD) metric was calculated for each pairwise comparison
utilizing the PDBefold software.®? Subsequently, RMSD values cor-
responding to the structural differences between each pair of 3D BcR

IG models were used for the generation of a distance matrix. Finally,
hierarchical clustering was performed for the identification of groups
of structurally similar 3D BcR IG. To analyze the output, a threshold
was applied at 0.4 to obtain a number of fairly populated clusters that
could facilitate the extraction of meaningful conclusions.

Statistical analysis

For the group comparisons, the Kruskal-Wallis and the Wilcoxon
tests were applied (if appropriate). The significance level was set to
5%, all tests were two-sided, and, in case of post hoc analyses,
a p value correction was also applied.

RESULTS

Higher levels of clonality and VH CDR3 sequence
convergence in SMZL cases utilizing the IGHV1-2*04
versus other IGHV genes

A total of 14,034,541 IGHV-IGHD-IGHJ gene rearrangement se-
quences were obtained, with an average of 188,267 sequences per
sample (Supporting Information S3: Table 5). After pre-processing and
filtering, 12,144,902 (86.5%) sequences were classified as “produc-
tive” by IMGT/HighV-QUEST and subjected to downstream analysis.
The average number of productive sequences was significantly higher
in cases utilizing the IGHV1-2*04 (180,900) versus cases utilizing
other IGHV genes (129,917) (p = 0.04).

All 77 analyzed samples exhibited a clear monoclonal profile.
Specifically, the average cumulative frequency of the dominant clo-
notype and its closely related clonotypes was 93.8% (median: 97.8%;
Supporting Information S3: Table 6). The remaining clonotypes were
classified as follows: (i) distant clonotypes, with more than two amino
acid differences within the VH CDRS3 (average cumulative frequency:
1%; median: 0.4%); (i) unrelated clonotypes, which carried different
IGHV genes and VH CDR3 sequences (average cumulative frequency:
5.2%; median: 1.8%) (Supporting Information S3: Table 6).

The median cumulative frequency of the dominant clonotype and
its closely related clonotypes was significantly higher (p < 0.01) in the
IGHV1-2*04 group (98.3%, range: 83.4-99.9) compared to cases
carrying other IGHV genes (93.5%, range: 61.9-99.8). A similar trend
was observed when comparing the IGHV1-2*04 group to groups of
cases utilizing the second and third most frequent IGHV genes in
SMZL, namely IGHV3-23 (96.4%, range: 62-99.8) and IGHV4-34
(95.3%, range: 62.4-98.8), yet the differences did not reach statistical
significance (p =0.07 for both comparisons). Vice versa, unrelated
clonotypes were significantly more frequent in the non-IGHV1-2*04
group (median: 4.2%, range: 0.1-37.5), as well as in the IGHV3-23
(3.4%, range: 0.2-37.5) and the IGHV4-34 groups (4.36%, range:
1-35) compared to the IGHV1-2*04 group (median: 1%, range:
0.1-16.2) (Supporting Information S3: Table 7) (p<0.05 in all
comparisons).

VH CDR3 convergence was assessed through determining the
number of different clonotypes encoding the same VH CDR3 amino
acid sequence in each sample. The IGHV1-2*04 group showed more
pronounced VH CDR3 convergence compared to non IGHV1-2*04
group, with a significantly higher (p < 0.01) median number of clono-
types encoding for the same VH CDR3 amino acid sequence (111 vs.
61; Supporting Information S3: Table 5 and Supporting Information S1:
Figure 1). This was also evident in the comparisons between the
IGHV1-2*04 group against either the IGHV3-23 group (111 vs. 58.5;
p <0.01) or the IGHV4-34 group (111 vs. 83, p < 0.05).
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TABLE 1  Graph metrics values for comparisons between the IGHV1-2*04 SMZL group, the non-IGHV1-2*04 group at large, as well as the IGHV3-23 and
IGHV4-34 groups individually. For each metric, the median value together with the range of values are shown for each group of samples.

Metric IGHV1-2*04 Non-IGHV1-2*04 p value IGHV3-23 p value IGHV4-34 p value
RRC 0.10 (0.01-8.3) 0.01 (0.002-1.13) <0.01 0.012 (0.002-0.327) <0.01 0.028 (0.017-0.062) NS
END 0.33 (0.1-0.7) 0.42 (0.2-0.5) <0.05 0.48 (0.2-0.5) NS 0.44 (0.2-0.5) NS
MPL 3 (2-6) 2 (2-6) <0.05 2 (2-4) NS 2 (2-5) NS
MML 3(2-12) 2 (2-29) NS 2 (2-29) NS 5(2-6) NS
ADe 2.59 (1.7-3.5) 2.7 (1.2-3.2) NS 2.8 (1.71-3.2) NS 2.7 (2.4-2.9) NS
ADi 2 (1-3) 2(1-3) NS 2(1-2) NS 2(1-2) NS

Abbreviations: Ade, average degree; Adi, average distance; END, end nodes density; MML, maximal mutational length; MPL, maximal pathway length; NS, non significant;
RRC, relative reads convergence.
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FIGURE 1 Differential SHM targeting in IGHV1-2*04 cases versus cases utilizing other IGHV genes. The topology of replacement SHMs reveals the existence
of different patterns in IGHV1-2*04 cases compared to cases expressing the IGHV3-23 or IGHV4-34 genes. Rows in each table represent the codons of the
clonotypic BcR IG heavy chain sequence from the start of VH FR1 until the end of VH FR3. The sequence of the first 26 codons of VH FR1 was not available in 19
IGHV1-2*04 rearrangements that were PCR-amplified utilizing VH FR1 rather than leader primers; this part of the graph is depicted with a light gray color. Columns in
each table represent individual SMZL cases in each group.
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To address the potential confounding effect of having
significantly more BcR IG sequences in the IGHV1-2*04 group versus
the group of cases utilizing other IGHV genes, we divided the former
into two subgroups; this division was based on a threshold of 130,000
BcR IG sequences, which corresponds to the median of the non
IGHV1-2*04 group. We did not find any significant differences in the
median cumulative frequencies of either the dominant clonotype and
its closely related clonotypes, nor in the frequencies of the distant
and unrelated clonotypes. Differences were also insignificant for VH
CDRS3 convergence or any of the intraclonal diversification-related
metrics (data not shown). These findings indicate that the higher
number of BcR IG sequences in the IGHV1-2*04 group did not affect
their subclonal immunogenetic architecture.

More pronounced intraclonal diversification in SMZL
cases utilizing IGHV1-2*04 versus other IGHV genes

The IGHV1-2*04 SMZL group showed a higher level of inter-
connection between clonotypes, with mutational pathways conver-
ging toward few end clonotypes bearing specific combinations of
SHMs. In contrast, cases expressing other IGHV genes displayed
more random SHM patterns, resulting in more end clonotypes with
distinct SHM profiles (Supporting Information S1: Figure 2).

To quantitatively assess these differences, we calculated six
relevant graph metrics (Supporting Information S3: Table 8A), which
enabled the in-depth characterization of the complexity of
intraclonal diversification in each individual sample (Supporting
Information S3: Table 8B). Eight samples (10.4%) exhibited very low
SHM complexity, showing no connections between clonotypes, and
were therefore excluded from downstream comparisons. Overall,
we found significantly higher intraclonal diversification levels in the
IGHV1-2*04 group versus the other SMZL cases, as shown by
several graph metrics (Supporting Information S1: Figure 3 and
Table 1). Intraclonal diversification levels were also higher in the
IGHV1-2*04 group when compared to the IGHV3-23 or IGHV4-34
groups (Table 1). Intraclonal diversification was not evident in
the VH CDRS3 sequence in any of the analyzed groups, as there
were no differences in its amino acid composition between the
dominant clonotype and its closely related clonotypes in 67/69
samples (97.1%).

We also considered the possibility that differences in the geno-
mic background, particularly mutations in the KLF2 and/or NOTCH2
genes, could affect intraclonal diversification. Virtually all cases
carrying gene mutations were utilizing the IGHV1-2*04 gene; hence,
the observed differences between mutated versus wildtype cases
were confounded by the immunogenetic profiles. That said, cases
expressing the IGHV1-2*04 and carrying gene mutations exhibited
higher intraclonal diversification complexity against the wildtype
group expressing other IGHV genes.

To ensure that our findings truly reflect disease biology and are
not influenced by the experimental setup, we undertook the follow-
ing actions: (i) we explored whether differences in the starting ma-
terial could affect the reported findings by comparing ID metrics
between IGHV1-2*04 cases analyzed on gDNA (n=6) or RNA
(n = 32), finding no significant differences (Supporting Information S1:
Figure 4); and (ii) we repeated the PCR amplification and NGS steps
for 18 cases from all major immunogenetic groups of SMZL (IGHV1-
2*04 [n=4], IGHV3-23 [n=3], IGHV4-34 [n=3], and other IGHV
genes [n=8]) and used the generated NGS data to replace the re-
spective data from the original sample replicates. Remarkably, the
results regarding intraclonal diversification profiles were highly
concordant (Supporting Information S1: Figures 5 and 6).

AID and polymerase n hotspots were more frequently
targeted by SHM in SMZL cases utilizing the
IGHV1-2*04 versus other IGHV genes

We analyzed the topology of SHM by focusing on the targeting of
established AID hotspots, including WRC/GYW (W =A/T, R=A/G,
Y =C/T), WGCW, DGYW/WRCH (D =A/G/T, H=T/C/A), and the
Poln hotspot WA/TW.

In total, 322 clonal SHMs (i.e., present in the dominant clono-
type) were identified in the IGHV1-2*04 group. Of these, the
majority (226/322 clonal SHMs, 70%) were located either within
AID hotspots (190 SHMs, 59%) or within Poln hotspots 36 (11%). A
nearly identical distribution was evident for subclonal SHMs (i.e.,
present in related clonotypes), as 280/398 subclonal SHMs (70%)
were located either within AID hotspots (n=237) or within Poln
hotspots (n=43). In contrast, cases expressing other IGHV genes
exhibited significantly lower targeting (p <0.01) of AID and Poln
hotspots. In detail, only 48% of clonal SHMs (130/271) and 47% of
subclonal SHMs (164/345) were located within AID hotspots
(n =90 for clonal and n =108 for subclonal SHMs) or Poln hotspots
(n =40 for clonal and n=56 for subclonal SHMs, 15%). The pro-
portion of SHMs (both clonal and subclonal) located in hotspots was
significantly higher in the IGHV1-2*04 group compared to the
IGHV3-23 and IGHV4-34 groups (p<0.01 for all comparisons).
Specifically, of a total of 70 clonal SHMs in the IGHV3-23 group, 39
(55.7%) were located in hotspots; in addition, 51/98 subclonal
SHMs (52%) were located in hotspots. In the IGHV4-34 group,
47 clonal SHMs were identified, of which 21 (44.7%) were located
in hotspots, while 28/57 subclonal SHMs (49.1%) were located in
hotspots.

Distinct topology, higher frequency, and stronger
selection of replacement SHMs in SMZL cases utilizing
the IGHV1-2*04 versus other IGHV genes

Next, we investigated in detail replacement SHMs, both clonal
and subclonal, focusing on their distribution in groups of cases
expressing the IGHV1-2*04, IGHV3-23, and IGHV4-34 genes.

TABLE 2 Most frequently targeted codons in the heavy variable (VH)
domain in SMZL cases expressing the IGHV1-2*04 or other IGHV genes. Only
codons that were targeted by SHM (i) in 225% of the cases in each particular
group; and (i) in 25% of the mutated nucleotide variants in each case of every
SMZL group. The numbering of VH codons follows the IMGT unique
numbering.

IGHV1-2*04 (n=42) Non IGHV1-2*04 (n = 35)

Codon Cases (no) Cases (%) Cases (no) Cases (%) p value
VH CDR1-36 16 38.1 10 28.6 NS

VH FR2-39 36 85.7 - - <0.01
VH CDR2-59 10 23.8 - - NS

VH CDR2-64 - - 13 37.1 <0.01
VH FR3-66 14 333 - - <0.05
VH FR3-70 12 28.6 - - <0.05
VH FR3-85 12 28.6 - - <0.05
VH FR3-87 19 45.2 - - <0.01
VH FR3-95 13 30.9 - - <0.05

Abbreviation: NS, non significant.
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The IGHV1-2*04 group exhibited frequent targeting by replace-
ment SHMs across eight codons spanning the region between
VH FR1 and VH FR3 (Figure 1 and Table 2). In contrast, only
two codons were frequently targeted in the non-IGHV1-2*04
group. Interestingly, IGHV1-2*04 cases were characterized by
frequent targeting of the VH FR3; in more detail, 5/8 (62.5%)
of the frequently targeted codons were located in this region,
contrasting the IGHV3-23 group (Supporting Information S3:
Table 9).

Besides selectively targeting certain codons, SHM in the IGHV1-
2*04 group led to the frequent introduction of recurrent replacement
SHMs. Among samples subjected to intraclonal diversification ana-
lysis, the M-to-| replacement (M39I1) was by far the most frequent,
appearing in 31/38 cases (81.6%), in 26 in the dominant clonotype
(clonal SHMs) and in the remaining 5 in the end clonotype (subclonal
SHMs) (Figure 2). Additional examples are provided in Supporting

IGHV1-2704

M391 - ]
AB7V - [ -
O
|

G36D-
R95T - [ |
NG6K -
NS9K -
K70N -
ABTT -
S85T -
G36A-
QaH-
S85N -
Y103F - ]
£90D -
S92N -
ES1Q-

Information S3: Table 10. In addition, the VH FR2-39 M39I replace-
ment clearly predominated over other replacements at the same
position. This contrasted with the IGHV3-23 and IGHV4-34 groups,
where frequently targeted codons exhibited several different amino
acid replacements at similar frequencies (Supporting Information S3:
Table 11).

Finally, we also addressed whether the recurrent replacement
SHMs observed in the IGHV1-2*04 group were SMZL-biased, by
comparing them to large datasets from (i) CLL (data extracted
from the IMGT/CLL-DB, https://www.imgt.org/CLLDBInterface/
query), and (ii) healthy donors (NCBI, BioProject PRINA527941).
According to the results, M391 and other recurrent SHMs were
significantly overrepresented in IGHV1-2*04 rearrangements
from SMZL compared to both CLL® and the circulating normal
B-cell compartment®? (p < 0.05 in both comparisons) (Supporting
Information S3: Table 12).
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Differential distribution of recurrent replacement SHMs in IGHV1-2*04 cases versus cases utilizing other frequent IGHV genes. The IGHV1-2*04

group shows a higher frequency of recurrent replacement SHMs occurring both in the dominant clonotype as well as in the end clonotype in the context of intraclonal
diversification. Some of these SHMs, namely M391, A87V, G36D, and R95T, were found to occur simultaneously in a large number of IGHV1-2*04 cases. Co-
occurrence of recurrent replacement SHMs was significantly more limited in the other sample groups, being evident only in two samples of the IGHV3-23 group. In
each individual heatmap, rows represent different recurrent replacement SHMs, while columns represent individual SMZL cases of each group. A lighter shade of
color indicates that the SHM was present in the dominant clonotype, while a stronger shade of color indicates that the SHM was acquired in the end clonotype (i.e.,
the one with the highest number of SHMs acquired in the context of intraclonal diversification of the IG genes).
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Subclonal IG dynamics in SMZL

Three-dimensional IG modeling in IGHV1-2*04 SMZL
cases highlights replacement SHMs with a potential
significant structural impact

We conducted an in silico analysis to investigate the potential structural
impact of particular recurrent replacement SHMs in IGHV1-2*04 SMZL
cases. In total, 32 distinct models of pairs of IGHV1-2*04 heavy and light
chain sequences were generated and subjected to structural compar-
isons. Hierarchical clustering led to the identification of six individual
clusters (Figure 3). The composition of these clusters was analyzed in
relation to SHM patterns, with a particular focus on the most frequent
replacement SHMs: M391, G36D, A87V, and R?5T. Cluster 1 included
the 3D models of IGHV1-2*04 heavy chains devoid of SHMs or carrying
G36D or M39I in isolation. The presence of A87V or R95T resulted in
the assignment of the respective 3D BcR IG models to distinct clusters,
suggesting that these SHMs may exert a more pronounced structural
impact compared to G36D and M39I. Notably, no case in our cohort
harbored A87V or R95T in isolation. When looking at combinations of
SHMs, 3D BcR IG models carrying all possible combinations of the
G36D, M39I, and R95T were grouped within the C2 and C3 clusters,
indicating a high level of structural homology with the “SHM-free” 3D
models. In contrast, all models carrying A87V in any possible combina-
tion were clearly separated from the “SHM-free” BcR IG 3D models,
further supporting the distinct structural impact of this particular SHM.

DISCUSSION

Almost one-third of SMZL cases express BcR |G encoded by the IGHV1-
2*04 gene allele.®3 This remarkable restriction likely reflects functional
selection and prompts investigation into the interactions between the

malignant cells and their microenvironment.>* To address this issue from
an immunogenetic perspective, we performed a high-throughput ana-
lysis of the subclonal immunogenetic architecture in a large SMZL
cohort, intentionally enriched in cases expressing the IGHV1-2*04 gene.

IGHV1-2*04 cases displayed a significantly more clonal yet also
more intraclonally diversified BcR IG gene repertoire, with pro-
nounced sequence convergence within the VH CDR3 and recurrent
replacement SHMs in particular positions within specific VH domain
positions. This profile indicates a stronger and more prominent
microenvironmental pressure acting on the BcR of IGHV1-2*04
SMZL cases compared to cases utilizing other IGHV genes.

Clonality assessment confirmed the monoclonal profile of SMZL in
all analyzed cases, yet IGHV1-2*04 cases displayed higher levels of
clonality, perhaps alluding to stronger and/or more prolonged micro-
environmental triggering. In line with this, IGHV1-2*04 cases were
characterized by a significantly higher degree of VH CDR3 convergence
compared to non IGHV1-2*04 cases, indicative of selection pressure
favoring the preservation of a specific amino acid composition.

Analysis of intraclonal diversification within the IGHV genes
revealed that SMZL cases utilizing the IGHV1-2*04 gene exhibited
more complex connections between clonotypes, shaped by a more
prominent antigenic selection process. Using NGS combined with a
purpose-built software based on graph network metrics,2® we provide
for the first time not only an in-depth qualitative but also quantitative
assessment of intraclonal diversification dynamics. The herein reported
intraclonal diversification metrics in the IGHV1-2*04 SMZL variant
support a model of continuous accumulation of SHMs taking place in a
progressive and specified manner, leading to the emergence of
clonotypes with distinct SHM profiles. This ongoing SHM process
suggests sustained microenvironmental triggering in IGHV1-2*04
cases, uniquely shaping their immunogenetic architecture.
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FIGURE 3

In silico BcR 1G modeling and clustering in IGHV1-2*04 cases support a differential impact for recurrent replacement SHMs. The 3D BcR IG models

of the SMZL cases carrying ID-related recurrent SHMs were grouped in six different clusters. “L1" and “L2" indicate the two different light chains that were paired
with each heavy chain to eliminate the possible impact of the light chain. Each separate pair of 3D BcR IG models with a given heavy chain and a different light chain
was assigned to the same cluster, indicating that the overall structure of the 3D BcR IG models is largely unaffected by the light chain partner of the IGHV1-2*04
heavy chain. At the cluster level, C1 comprised the “SHM-free” IGHV1-2*04 models (i.e., those devoid of any SHM) as well as those carrying the G36D and M39I
mutations individually. Cluster C2 models were characterized by the presence of the R95T mutation, either as a single mutation or in combination with one of the
G36D or the M391 mutations. Clusters C3 and C4 consisted of the models carrying the G36D-M39I and G36D-M39I-R95T SHM combinations, respectively. Clusters
5 and 6 were formed by all 3D BcR IG models carrying the A87V, again either individually or in combination with the other analyzed mutations.
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IGHV1-2*04 cases were also characterized by a significantly
higher frequency of recurrent replacement SHMs compared to other
SMZL cases, reflected in a unique SHM topology. The most striking
example concerned VH FR2 M39I, which appeared to be disease-
biased, as its frequency was significantly lower in IGHV1-2*04
expressing clones in CLL® and the normal B-cell repertoire in the
blood circulation.? Furthermore, AID and polymerase n hotspots were
more preferentially targeted by SHM in IGHV1-2*04 cases at both
the clonal and subclonal levels. The selective targeting of these hot-
spots may reflect evolutionary pressures favoring interactions between
AID and/or Poln induced mutations,®® further arguing against a ran-
dom SHM process. This suggests that the unique nature of the IGHV1-
2*04 gene allele, combined with a distinct set of antigenic stimuli,
contributes to the subclonal architecture of IGHV1-2*04 SMZL.

Application of an in silico BcR IG modeling and clustering
approach, developed by our group,®® in IGHV1-2*04 SMZL cases
underlined the dominance of the IG heavy chain, at least in this
disease variant.>”*® This was evident from the structural similarity
of BcR IG models constructed using IGHV1-2*04 heavy chains
paired with light chains utilizing different variable genes, namely
IGKV1-8 and IGKV1-39/1D-39, two of the most frequently utilized
IG light variable genes in SMZL.28 Furthermore, structural modeling
suggested a distinct impact of recurrent replacement SHMs, since
BcR IG models carrying G36D and M39I clustered closely with
SHM-free models, while those harboring A87V or R95T exhibited
significant structural deviations. Given the high prevalence of M39I
and G36D in our cohort compared to either other mature B-cell
malignancies, such as CLL® or circulating normal B cells,®? our
findings may indicate refinement of BcR IG structure within the
context of affinity maturation; of note, this does not appear to affect
the unique structural features of IGHV1-2*04 gene allele, including
the distinctive W residue at position VH FR3 75.°

A limitation of the present work concerns the utilization of PCR-
based NGS methodologies on bulk cell populations rather than single-
cell approaches. While the latter would offer deeper insights into
SMZL immunogenetic dynamics, lack of viable cells precluded such
studies. That notwithstanding—our primary objective to comprehen-
sively characterize intraclonal diversification at a bulk population le-
vel, still the most scalable approach for large-cohort studies—allowed
reaching strong evidence for the distinctive immunogenetic archi-
tecture of the IGHV1-2*04 group in SMZL.

In conclusion, our findings support the notion that IGHV1-2*04-
expressing SMZL likely represents a distinct disease variant shaped by
ongoing antigenic interactions and genetic drivers. This has significant
implications for the development of novel therapeutic strategies
targeting the IGHV1-2*04 BcR. Conceivably, this can be achieved
through, e.g., the development of chimeric antigen receptor (CAR)
T cells targeting the IGHV1-2*04, similar to previous attempts by us>’
and others* with IGHV4-34 and IGLV3-21R** CARs, respectively, in
CLL and other B-cell malignancies. Alternatively, pharmacological
compounds targeting the unique structural features of IGHV1-2*04
BcRs (i.e., the IGHV1-2*04-specific VH FR3 W75) could be identified
through in silico docking-based screening of libraries of compounds
already approved for human use.
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