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Abstract

Biological hallmarks of splenic marginal zone lymphoma (SMZL) remain poorly described. Herein, we performed
in-depth SMZL characterization through multimodal single-cell analyses of paired blood/spleen samples. The
3’-single-cell RNA-sequencing, Cellular Indexing of Transcriptomes and Epitopes by sequencing, and 5’-V(D)J
single-cell RNA-sequencing datasets were integrated to characterize SMZL transcriptome profiles, including B-cell
receptor and T-cell receptor repertoires. Hyperexpanded B-cell clones in the spleen were at a memory-like stage,
whereas recirculating tumor B-cells in blood encompassed multiple differentiation stages, indicating an unexpected
desynchronization of the B-cell maturation program in SMZL cells. Spatial transcriptomics showed the enrichment
of T-effector and T-follicular helper (Tgy) signatures in the nodular subtype of SMZL. This latter also exhibited gene-
based cell-cell interactions suggestive of dynamic crosstalk between Tgy and cancer cells in transcriptomics, further
substantiated by using imaging mass cytometry. Our findings provide a comprehensive high-resolution description of
SMZL biological hallmarks and characterize, for the first time in situ, inter- and intra-patient heterogeneity at both
transcriptomic and protein levels.

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Marginal zone lymphomas (MZLs) are indolent chronic
B-cell lymphomas comprising approximately 6% of
all non-Hodgkin lymphomas. MZLs include three
distinct entities: splenic MZL (SMZL), nodal MZL., and
extranodal MZL of mucosa-associated lymphoid tissue
[1,2]. Among them, SMZL is characterized by a prolifer-
ation of small lymphomatous B-cells infiltrating the
spleen and bone marrow, and involving peripheral blood.
The prognosis of SMZL is generally good, with median
survival around 15 years; nevertheless, one-third of patients

still have a poor outcome, with multiple relapses and
possibly a progression or transformation into an aggressive
lymphoma [3]. Therapeutic strategies for these entities are
undergoing rapid evolution, with no standard treatment
available [4,5]. Given the heterogeneity of clinical evolu-
tion, understanding the development and progression of
SMZL is paramount.

The postulated origin of B-cells with IlgM"€" IgD',
and CD27 phenotype is an antigen-experienced B-cell
homing at the marginal zone (MZ) [3]. This zone sur-
rounding secondary follicles is composed of B- and
T-lymphocytes, dendritic cells/macrophages, and follicular
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Integrative single-cell analyses of SMZL

dendritic cells capturing and presenting blood-borne
antigens to the MZ B-cells. Thus, MZ B-cells are
continuously exposed to antigens, leading to B-cell
receptor (BCR) engagement. The assumption that anti-
gen recognition could play a role in the pathogenesis of
SMZL is supported by the somatic hypermutation
and biased repertoire of the IGVH gene, involving
IGVH1-2*04 allele in approximately 30% of cases [6,7].

In addition, SMZL exhibits multiple mutations, but
not unifying genomic alterations, that induce constitutive
BCR, Toll-like receptor, NF-kB, and NOTCH signaling.
Of note, most of these pathways are involved in normal
MZ differentiation [8—13]. Recently, four molecular
clusters in SMZL with two prominent genetic clusters
termed NNK (representing 58% of cases, including
mutated genes in NF-kB, NOTCH, and KLF2 modules)
and DMT (32% of cases, with mutations in genes DNA
damage response, MAPK, and Toll-like receptor modules),
have been identified [12]. Finally, 30% of SMZL harbor
chromosome 7q deletions, while gains of 3q, 12q, and 18q
are less frequent.

Beyond the genetic lesions, the tumor microenviron-
ment (TME) of SMZL remains poorly understood. A
subset of SMZL shows an expansion of inflammatory
T-cells [14], which suggests TME is distinct among
SMZL patients with different outcomes. Although dis-
tinct histological patterns of SMZL have been reported
[1,2,15], their relationship with TME remains to be
investigated.

Single-cell RNA-sequencing (scRNA-seq) technologies
are so far the most successful method for dissecting the
cellular composition of malignant tissue and identifying
the molecular markers of each subpopulation. However,
characterizing the cellular and molecular heterogeneity of
cancer samples in sifu represents a major challenge. Here
we performed multimodal scRNA-seq profiling by both 3’
Cellular Indexing of Transcriptomes and Epitopes by
sequencing (CITE-seq) and 5’-V(D)J-repertoire of paired
blood and spleen samples from SMZL patients, further
combined with both spatial transcriptomics and multi-
spectral imaging analysis of the spleen samples. Our
study revealed unexpected molecular hallmarks and
novel cellular interactions that underlie the heterogeneous
physiopathology of SMZL..

Materials and methods

Patient sample collection

SMZL samples were processed for cytogenetic studies and
histopathological examination, including immunochemis-
try studies and 67 targeted genes sequenced by next-
generation sequencing (see Supplementary materials and
methods) [16]. The control spleen specimens were obtained
from patients with a traumatic spleen injury. Clinical infor-
mation is detailed in Supplementary materials and methods.
All samples were collected at the Institut Universitaire
du Cancer de Toulouse-Oncopole (IUCT-O) following
standard ethical procedures (Declaration of Helsinki)
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and after obtaining written informed consent and
approval by the Institutional Review Board (DC-2009-989
AC-2008-820).

Single-cell RNA-sequencing

After SMZL and healthy donor (HD) sample cell isolation
(see Supplementary materials and methods), scRNA-seq
libraries were prepared following the manufacturer’s
instructions (10x Genomics, Pleasanton, CA, USA), using
Chromium Single Cell 3° (V3) and 5° (V1) Library & Gel
Bead Kit and Chromium Controller Single-Cell Instrument
(10x Genomics). Cell surface protein labeling was
performed before single-cell 3’-library construction
using 1 pg each of the following TotalSeq-B antibodies
(Biolegend, San Diego, CA, USA): anti-CD274 (800234),
anti-CD45RO (800238), anti-CD3 (800239), anti-CD19
(800241), anti-CD279 (800248), anti-TIGIT (800249),
anti-CD45RA (800253), anti-CD4 (800255), anti-CD8a
(800257), anti-CD14 (800258), anti-CD56 (800259), and
anti-CD25 (800260). scRNA-seq data pre-processing and
quality control are detailed in Supplementary materials
and methods.

Spatial transcriptomics

Frozen sections of spleen samples were mounted on to
Visium spatial slides, fixed using methanol, stained with
H&E and digitized using an LSM 710 videomicroscope
(Carl Zeiss Microscopy, Miinchen, Germany). Then,
tissues were permeabilized on the slide and reverse
transcription was performed in situ. Finally, second-
strand synthesis, denaturation, DNA amplification,
library construction, and sequencing were performed fol-
lowing the manufacturer’s instructions (Visium Spatial
Gene Expression Reagent Kits User Guide — Rev C, 10x
Genomics).

Signature scores

Unless specified otherwise, the gene signatures were
from MSigDB (https://www.gsea-msigdb.org/gsea/
msigdb/collections.jsp) or published elsewhere [17].
Each signature was scored for every single cell or spatial
spot using the Single-cell Signature-Scorer [18], then
merged with cell or spot coordinates [uniform manifold
approximation and projection (UMAP), Minimum
Spanning Tree (MST), spatial transcriptomic (ST)], and
visualized using Single-Cell Signature-Explorer [18],
Multilayer-Viewer [19], or Spatial-Explorer [20] (open
source software developed at CRCT, Toulouse, France).

ST-inlays

ST-inlays are scRNA-seq-derived numerical scores
mapped on a microscopy image of H&E-stained tissue
using the Single-Cell Spatial-Explorer software (https://
github.com/FredPont/spatial), which represents signa-
ture scores of spatial spots as heatmaps with tunable
scales (minimum, maximum, opacity) [20].
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Reference differentiation trajectories, ab extra cell
injection, classifications

To infer a trajectory of peripheral B-lymphocytes, the MST
method was applied on the reference scRNA-seq dataset of
normal peripheral B-lymphocytes (n = 4,662) [17,21]. In
contrast, for mapping the trajectory of B-cells from spleen
tissue, ANGLE was selected and applied on the reference
scRNA-seq dataset of germinal center B-lymphocytes
(Bge) (n = 21,905) from HD tonsils [21,22]. Each of the
above B-cell trajectories represented the reference devel-
opment trajectory for peripheral B-lymphocytes and Bgc,
respectively (detailed in Supplementary materials and
methods). In addition, T-cells (CD8 T and y8 T) were also
injected in their respective trajectories, as previously
reported [19,23]. In this work, CD4 T-cells from HD [24]
were used to stablish the reference trajectory.

Synchronized B-cell differentiation genes

The pseudo-temporal evolution of top genes associ-
ated with blood B-cell development was analyzed as
described previously [25]. Among the 80 top genes
associated with the peripheral B-cell differentiation
trajectory, only those (n = 38) expressed by all samples
were selected for expression analysis in each sample and
visualized with cells and genes ordered by pseudo-time.
The most correlated group of co-evolving genes was then
analyzed for gene set enrichment across the entire
MSIgDB by using AutoCompare_ZE [26] (open source
software developed at CRCT, Toulouse, France; available
at https://sites.google.com/site/fredsoftwares/products/
autocompare-ze).

Gene-based ligand-receptor pair interactions

To investigate the gene expression-based ligand—
receptor interactions, we used the Ligand-receptor
Analysis Framework (LIANA) [27]. As reported, we
applied the recommended workflow for ‘consensus’
analysis (https://github.com/saezlab/liana) and used as
an input the annotated CD4 T- and B-cells of each
SMZL spleen sample separately.

Imaging mass cytometry

The principle of the assay has been described previously [28].
Tissue labeling and data acquisition using the Hyperion
Imaging System (Standard Biotools, San Francisco,
CA, USA) were performed following the manufac-
turer’s instructions, as described previously [29].
Further details are provided in Supplementary materials
and methods.

Results

Integrative single-cell profiling of spleen and blood
cells from SMZL patients

We generated 3’-CITE-seq and 5’-scRNA-seq V(D)J
profiles of peripheral blood mononuclear cells and
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spleen cells from three patients with SMZL and two
HD. In total, 90,556 cells passed quality control, were
normalized, and integrated together into one so-called
‘3’-5’ dataset’. 3’5’-UMAP validated the integration of
the 3’ and the 5° datasets as well as tissue origin
(Figure 1A, and supplementary material, Figure Sla).
Thus, the immune cells from each SMZL patient and
those from HDs were clustered by main cell type,
whereas tumor B-cells from each SMZL patient clus-
tered distinctly by patient (Figure 1B). To identify the
composition of these different areas, we performed
unsupervised clustering and delineated 18 clusters
(Figure 1C). These clusters were identified based on
their differentially expressed genes and cell surface
phenotypes (Figure 1D and supplementary material,
Figure S1b,c). Consistent with BCR repertoire analyses,
the private areas encompassed clusters of hyperexpanded
tumor B-cell clones from each patient (supplementary
material, Figure S1d).

The normal B-cells (CDI19, CD79A, CD79B,
MS4A1) from HD blood and spleen generated two
clusters (clusters 13, 14). The HD control samples also
encompassed a few plasmacytoid dendritic cells
(CLEC4C, IL3RA) (cluster 18), scarce in SMZL sam-
ples. All samples together shared four T-cell clusters,
including CD4" T, CD8" T, and a few yd T-lymphocytes.
These clusters delineated naive T-cells (Tn) (LEFI,
TCF7, CCR7?) in cluster 4, central memory T-cells (T.,)
(ANXAI, IL7R, KLRBI, LTB) in cluster 6, effector T-cells
[both effector memory (T.,) and effector memory
CD45RA" (Temra)] (CCL5, NKG7, GZMA, GZMK) in
cluster 7, and CD3*CD56" NK-like T-cells (NKT) in
cluster 15 (GNLY, NKG7, IL32, PRF1, GZMA). An adja-
cent cluster (cluster 10) of cytotoxic CD3~CD56"
non-T-cells corresponding to the NK cells was also
identified. In addition, the myeloid cells comprised
one macrophage cluster (CD68, FCGR3A, FCERIG,
TYROBP) (cluster 12) and distinct monocyte clusters:
monocytes (cluster 8) (CDI4, S100AS, SI00A9, LYZ),
monocytes CD16" (cluster 11), classical dendritic cells-like
(cluster 16), and active monocytes (cluster 17). Finally,
each patient’s blood and spleen samples comprised a large
majority of cancer cells (SMZL1 in clusters 2 and 5;
SMZL2 in cluster 1; SMZL3 in clusters 3 and 9).

Thereby, three major cell populations were identified
in this dataset. Both circulating and splenic tumor SMZL
B-cells corresponded to hyperexpanded lymphoma
clones, which clustered together in a patient-specific
manner. That indicated inter- and intra-patient heteroge-
neity of tumor B-cells in SMZL, while, in every patient,
the immune microenvironment cells encompassed vari-
ous proportions of T-cells and myeloid cells.

Multimodal analysis of SMZL tumor B-cells

Intra-tumor B-cell heterogeneity in B-cell lymphomas
may result from divergent sub-clonal genetic evolu-
tion or cellular plasticity. Analyzing the 5’-V(D)J
dataset, we first confirmed that the hyperexpanded
B-cell clones expressed high IgM and low IgD chain
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Figure 1. Multimodal single-cell transcriptomics of SMZL blood and spleen. (A) Sampling and analytic workflow. (B) 3°-5’-UMAP per
patients and HD. (C) 3°-5"-UMAP per cluster. (D) Differentially expressed genes per cluster. The gene expression values are shown as
the cluster's average (log2FC over all others) (color) and the cluster's percentage of expressing cells (bubble size). Same color key
for (C) and (D).
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encoded by selective use of Ig heavy: IGHV4-4D6-19J3/
IGLV7-43J3C2 in SMZL1, IGHV4-39J5/IGKV4-1J4C
in SMZL2, and IGHV5-51J4/IGLV1-51J2C2 in SMZL3
(Figure 2A). These results showed that hyperexpanded
B-cell clones from each SMZL patient constituted dis-
tinct clusters in their single-cell transcriptomic dataset,
primarily driven by their distinct IGH clonal sequences.
Interestingly, these single IgM™&" IgD'*™ B-cell clonotypes
were prominent in both compartments, spleen, and circu-
lating blood of each patient, suggesting the recirculation
of tumor B-cells from spleen MZ.

To better characterize the heterogeneity of malignant
B-cells, we next investigated the transcriptional states of
the hyperexpanded B clones identified by the 5’-V(D)J
sequence in each patient and excluded normal B-cells
from all further analyses. We then investigated the tem-
poral relationships among B-cell clusters by ab extra cell
injection into reference differentiation trajectories
(see Materials and methods and supplementary material,
Figures S2 and S3). As expected, the physiological
blood B-cell differentiation encompassed transitional
B-cells (Bans), naive B-cells (B,,), [gM* memory B-cells
(BMm-mem), classical memory B-cells (Bc.mem), and
IgD~CD27" double negative (DN) B-cells compris-
ing IgA-expressing DN (Bpy 1g4) and IgM- and IgG-
expressing DN (Bpn 1gm-106) (see supplementary
material, Figure S2). In contrast, the circular differentiation
trajectory of Bgc (n = 21,905), revealed a GC zone entry
(BGc enuy)» dark zone (Bpy), light zone (By z), and GC zone
exit (Brz exi)- By projecting tumor splenic B-cells on the
linear differentiation trajectory established for peripheral
blood mononuclear cells, these cells mainly showed a
commitment at the Byy_,em Stage (supplementary material,
Figure S3). This indicated that a linear differentiation
trajectory was not adapted to study the differentiation of
splenic B-cells, which displayed a circular differentiation
trajectory.

Then, to investigate the differentiation states of nor-
mal B-cells and SMZL hyperexpanded B-cell clones
from blood and spleen (3°-5’ dataset), they were injected
on their respective reference trajectories (see Materials
and methods). The peripheral B-cells from HD encompassed
the six blood stages, whereas their B-splenocytes comprised
predominantly By . cells, which also express markers of
commitment to the Byy_nem state (Figure 2B). Despite
inter-patient variability, hyperexpanded tumor B-cell
clones in the spleen were essentially on By 7 o, as the
normal splenocytes. In contrast, their circulating counterpart
presented multiple stages of differentiation (Figure 2B).
Such findings showed that hyperexpanded B-cell SMZL
clones are Byjmem cells like splenocytes (Bge.rztike
according to reference trajectory) [22] and recirculated
in blood SMZL patients with several differentiation
phenotypes. This suggests a transcriptional desynchro-
nization of B-cell maturation in SMZL, as observed in
follicular lymphoma (FL) [25].

Thus, to further understand whether peripheral B-cell
development programs were dissociated in SMZL, we
analyzed the pattern of gene expression involved in
the B-cell differentiation process. To this aim, the
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top-trajectory-associated genes of blood B-cells from HD
were identified, ordered by differentiation stage, and
presented in a heatmap (Figure 2C). Similar heatmaps
were then generated for circulating B-cell samples from
SMZL patients showing distinct expression patterns
(Figure 2D).

Enrichment analyses indicated that these trajectory
top-genes are notably involved in ‘BCR signaling (KEGGY)’,
‘B-cell activation (GO-BP)’, or ‘CD22-mediated BCR
regulation (REACTOME)’ (MZB1, FOXPI, CD72,
CD79B, IGHM IGHD; p = E-04), as well as ‘Translation
initiation complex formation (REACTOME) (RPSI0,
RPS24; p =4E-03) and ‘Leukocyte trans-endothelial
migration’ (KEGG) (CXCR4, NCF1; p = 1.6e-02) (not
shown). Notably, trajectory top-genes involved in BCR
signaling (MZB1, CD72, FOXP1, CD79B, IgHD, IgHM)
decreased concomitantly with differentiation in B-cells
from HD, whereas they were dynamic and asynchronous
in hyperexpanded B-cell clones from all SMZL patients
(Figure 2E).

Finally, we investigated whether desynchronized
B-cell programs were responsible for distinct signaling
profiles in tumor B-cell clones. By scoring all MSIgDB
gene signatures across the whole 3°-5” dataset and com-
paring the tumor (clusters 1, 2, 3, 5, 9) and normal
(clusters 13, 14) B-cells, further molecular hallmarks of
SMZL cancer cells were identified. Indeed, several sig-
natures were significantly enriched in the tumor clusters
relative to normal B-cells, such as BCR and NFKB
signaling, and the KEGG cell cycle (Figure 2F). This
signature profiling confirmed the inter-patient heteroge-
neity mentioned above, as exemplified by higher scores
for BCR and NOTCH signaling in SMZL3 than SMZL1
and SMZL.2, and for cell cycle in SMZL1 than SMZL2
and SMZL3.

Overall, the tumor B-cell clones were Byi_mem cells,
like splenocytes within the splenic tumor, but
recirculated in the blood of SMZL patients with several
stages of differentiation. In contrast to normal B-cells,
hyperexpanded B-cell clones showed patient-specific
gene expression profiles, enrichment of some cancer
signaling pathways, and a transcriptional desynchro-
nization of B-cell maturation programs. These features
may participate in the intra-tumoral heterogeneity of
malignant SMZL cells.

T-lymphocytes of SMZL TME

The next step of our analysis was to characterize the
microenvironment cells from SMZL samples excluding
the myeloid cells, whose paucity possibly reflected their
under-sampling after thawing.

Based on integrative analyses from both transcriptomes
(including epitope sequencing using CITE-seq) and
UMAP clusters, all non-myeloid and non-B-cells were iden-
tified and classified as NK cells (cluster 10: CD3™ cells),
NKT (cluster 15: CD3"CD56" cells), or T-lymphocytes
(Figure 1C). Using the immunophenotype (3’ CITE-seq
data), the T-cell composition across the different stages of
T-cell maturation: Ty, Tep, Tem, and Ty, Wwas determined
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Figure 2. Multimodal characterization of SMZL tumor B-cells. (A) Sankey plots of the hyperexpanded B-cell clonotypes per patient;
percentage of the B-cell repertoire. Upper insert: projection of the same clonotype in the 3’-5’-UMAP. The 30 largest (non-hyperexpanded)
clones are shown for the HD samples. (B) Both blood and spleen, B-cells from HD (light blue) and tumor B-cell clones from the SMZL patients
were injected into the normal blood B-cells (B, top) and human tonsil Bgc cells (B, bottom) reference trajectories (gray), respectively.
(C) Expression of B-cell differentiation-associated top genes (left margin) in the (n = 4,662) reference blood B-cells from healthy adults
[same cells as (B, top)], with genes and cell milestones, ordered based on evolution along pseudo-time. (D) Similar heatmaps (same genes and
order) for blood B-cells from SMZL1 (n = 13,762 cells), SMZL2 (n = 8,326 cells), and SMZL3 (n = 10,849 cells). (E) Evolution along pseudo-
time of representative B-cell differentiation genes in the specified cells. Expression is presented relative to the maximum expression. (F) Gene
signatures significantly enriched (BH-corrected ZE p <1077) in tumor B-cells relative to normal B-cells (clusters 13, 14), the enrichment
scores for the specified signatures are shown only for B-cell clusters (clusters 1, 2, 3, 5,9, 13, and 14).
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for each sample (Figure 3A). The tumor infiltrates
differed quantitatively between patients, but within
patients, the T-cell subset composition of blood
and spleen tumors was correlated (Pearson r = 0.91).
Indeed, SMZL1 and SMZL2 tumors were weakly
infiltrated, mostly by CD4 T,, (SMZL1) and CDS8 T,
cells (SMZL2). By contrast, the spleen of SMZL3
was enriched in CD4 T, and yd T.,, cells. These
findings were further verified by injecting T-cells
into reference differentiation trajectories of the
CD4 T- [24], CD8 T-, and yd T-cell lineages [19,23]
(see Supplementary materials and methods and
supplementary material, Figure S4). The lymphoid
environment of each sample also encompassed a few
NK and NKT cells.
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As shown in supplementary material, Figure S1,
TCR-repertoire analyses revealed polyclonal T-cell
populations with a moderate/high degree of sharing
between blood and tumor (on average 10% of all TCR
af clonotypes found in each patient were in both blood
and tumor). More particularly, the T-cell clone sizes
identified by the 5°-V(D)J data pinpointed recirculating
tumor infiltrating lymphocyte (TIL) clonotypes (found
in both tumor and blood) of large size (1-10% of the
repertoire). In SMZL1, only three of the 24 largest TIL
clones were recirculating (12%, including both CD4 and
CD8 T-cells). In SMZL2 by contrast, six of eight
(62%, all CD8 T-cells), and in SMZL.3, six of the seven
largest TIL clones (86%, all CD4 T-cells) recirculated
(Figure 3B).
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Figure 3. T- and NK cells infiltrating SMZL spleen and peripheral blood. (A) UMAP view of T- and NK cells from the integrated 3’-5 dataset
(gate: upper insert) shown per sample and patient with subsets of lineage and percentage of each differentiation stage (legend). (B) Largest
T-cell clones in the specified sample. (C) Distribution of single-cell scores for one T-cell exhaustion signature [45] in the specified cell groups

(bars: group mean; dotted line: T exhausted (T,) positivity threshold).
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In all patients, TIL that reached T, and Te,. Stages
exhibited the most exhausted phenotype, as previously
defined by multiple signatures [19]. In addition, CD4,
CD8, displayed higher exhaustion signature scores in
SMZL spleens, compared with their circulating T-cell
counterparts (Figure 3C).

In summary, within patients, the composition of blood
and tumor T-cell infiltrate was identical, but its content
differed quantitatively across compartments. Between
patients, heterogeneity was found in TILs with some
tumors weakly infiltrated by TILs (SMZL1 and 2)
identified as cold tumors, whereas other tumors were
more inflamed with a microenvironment enriched in
CD4 T-cells (SMZL3). In addition, some specific sub-
populations of TIL in each tumor were characterized by
immune escape features.

Spatial cartography of SMZL spleen

To explore the in situ organization of T-cells infiltrating
the SMZL spleen, a biopsy from each SMZL splenic
tissue and a control spleen were stained with H&E,
imaged under a LSM 710 videomicroscope (Carl Zeiss
Microscopy) (supplementary material, Figure S5a), and
their spatial transcriptomes measured across 55 pm
diameter spots by using Visium technology (10x
Genomics). From these four samples, 7,116 spots of
spatial transcriptomes were obtained, normalized
together, and integrated as a single spatial dataset (sup-
plementary material, Figure S5b,c).

First, public and in-house signatures for T- and B-cell
subpopulations were scored for all samples together and
inlayed across the spatial slides independently. As
expected, T-cells were infiltrating all spleen tumors in a
patient-associated manner. Validating the previous 3°-5’
single-cell analysis, SMZL1 and SMZL?2 were charac-
terized by scarce T-cell infiltrates relative to SMZL3 and
HD (Figure 4A). The CD8" cytotoxic population was
randomly distributed within the tissue and was quite rare
in all SMZL, as compared with HD (supplementary
material, Figure S5d). Moreover, the SMZL1 and
SMZL.2 samples displayed very few T-follicular helper
(Tgy) cells dispersed in the spleen; whereas in SMZL3, a
Try population was organized in a structured manner
surrounding B-cell nodules (Figure 4A) (depicted by a
lighter H&E coloration in supplementary material,
Figure S5a).

To further explore the molecular mechanism underlying
the relationship between tumor and T-cells, putative gene-
based ligand—-receptor pair interactions were investigated
on the 3’-5 dataset using LIANA (see Materials and
methods). As shown in Figure 4B, strong predictive gene
interactions between CXCLI3 and CXCR)5 expressed by
CD4 T-cells and B-cells, respectively, were found in
SMZL 3, but absent in both SMZL1 and SMZL2 samples.
Interestingly, CXCR5/CXCL13 signaling is known to pro-
mote chemotaxis and follicle formation in B- and Ty cells
and may contribute to the specific nodular architecture of
SMZL3. Additional putative gene-based interactions
between B- and T-cells were also identified in SMZLs,
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through the CD40L-CD40 axis, TNF superfamily, or
BTLA and their receptors, such as TNFRSF14. Together,
the predicted gene-based interactions, capable of promot-
ing B-cell survival and proliferation, were more enriched in
SMLZ3 than in SMZL1 and SMZL2.

Finally, these singular spatial patterns of tumor B- and
T-cells were validated at the protein level in our SMZL
patients and additional SMZLs (n = 6 in total), by using
imaging mass cytometry (IMC, Hyperion imaging sys-
tem, Standard Biotools) with a 34 antibody panel (sup-
plementary material, Table S1) (see Materials and
methods). As illustrated in Figure 4C, the FFPE samples
from SMZL nodular subtypes exhibited a CD4" T-cell
expansion into B nodules, whereas most CD8" T-cells
lay in the inter-nodular area. In addition, nearly all peri-
or inter-nodular CD4'T-cells were positive for the
CD45RO0 and PD-1 markers associated with the T, dif-
ferentiation and Tgy phenotype, respectively (Figure 4D).
To further investigate the spatial proximity between tumor
B-cells and T-cells, the distance among cells was calcu-
lated on tissue using IMC data (supplementary mate-
rial, Figure S6a). We found that CD4*PD1* T-cells
were more likely to be found in close proximity to
tumor B-cells as compared with CD8" T-cells as well
as PD1-CD4" T-cells. This proximity facilitates func-
tional interactions between Tgyy and tumor B-cells. We
next quantified the number of PD17CD4" T-cells and
Ki-67" tumor B-cells in nodule and diffuse areas of
SMZLs and found a significant positive correlation
between high tumor proliferation rate and Tgy-rich
zones (r =0.72; p =0.01) in tumor nodules only
(supplementary material, Figure S6b). Together, these
findings validated, at the protein level, the previous
multimodal transcriptomic findings and suggested a
pro-survival interaction between Tgy and B-cells in
SMZL nodular subtypes.

Discussion

Our integrative multimodal study represents the first in
situ characterization at both transcriptomic [a total of
19 single-cell transcriptome datasets of blood and spleen
paired samples from 3’CITE-seq (n =7), 5’-V(D)J
(n = 8), and spatial transcriptomics (n = 4) of three
SMZL patients and two HD (see Figure 1A)] and protein
(seven IMC samples) levels of inter- and intra-patient
cell heterogeneity. For each SMZL patient, it identified
the major tumor B-cell clones invading both spleen
and blood. Despite harboring the same Ig phenotype
(IgM* IgD" heavy chains and common light chain),
these hyperexpanded clones surprisingly lack a specific
developmental blockade and can simultaneously present
successive stages of differentiation. Transcriptome
analysis of 74,259 single cells showed that TMEs of
SMZL also varied across patients, but each patient
showed consistent T-cell repertoires in the blood and
spleen, suggesting TILs recirculate as well in SMZL.
This finding implies that the immune response can be
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assessed or monitored in blood samples. In situ mapping
of SMZLs showed distinct patterns of T-cell infiltration,
generating neighborhood patterns and specific cell—cell
interactions. Together, these findings raise several
comments.

First, spatial transcriptomics and multispectral imag-
ing confirmed distinct nodular and diffuse histological
patterns of SMZL, at both molecular and phenotypic
levels [1,2,15]. Indeed, although BCR signaling as well
as NF-kB and NOTCH signaling were enriched in both
SMZL subtypes, as reported in bulk samples [12],
single-cell data revealed different ranges of expression
in cancer cells at the single-cell level. Particularly, the
nodular subtype showed a higher BCR signaling score of
SMZL tumor cells as compared with diffuse SMZL. The
nodular subtype also showed different immune cell
compositions and functional states of T-cells in spleen
and exhibited the highest density of immune infiltrate.
Moreover, several features of the B-cell surrounding Try
in the nodular pattern suggest a critical and possibly
more general role of Tgy in SMZL disease, as reported
in diffuse large B cell lymphoma (DLBCL) and FL [30].
In particular, dynamic interactions between Tgy and
tumor cells have been shown to sustain B-cell survival
and proliferation in vitro and in vivo [30-33]. A recent
study has shown that PD1" T-cells infiltrating SMZL
were more often found near Ki-67" proliferating tumor
B-cells [34]. Finally, a recent single-cell mass
cytometry-based study demonstrated that the presence
of Tgy was significantly correlated with a higher number
of tumor B-cells in SMZL [35]. In our study, spatial
transcriptomics and IMC analyses confirmed this close
association and unveiled specific gene interactions between
Ty subpopulations and tumor B-cells, supporting the key
role of Tgy in SMZL pathogenesis.

Second, the projection of immune single cells from a
newer dataset on a predefined differentiation trajectory
(e.g. already built from any public dataset) is highly
powerful to precisely characterize their differentiation
stage [19,23,36,37]. However, the differentiation tra-
jectory approach in cancer cells represents a major-
challenge in lymphoma, as their maturation stage
mapping is unknown. The present study mapped
hyperexpanded SMZL B-cell clones from all patient
spleens as Bgc.1z at Mem-like state, whereas their circu-
lating compartment presented multiple stages of differ-
entiation. Hence, SMZL is not blocked in a specific
B-cell state and rather displays a transcriptional
desynchronization of B-cell differentiation programs,
whatever the patient. The dynamics and plasticity of
tumor B-cells, previously discovered in FL, may
increase the intra-tumor heterogeneity of SMZL
[12,25,31] and thus contribute to the dynamic evolution
of the disease.

Third, a recent study revealed that SMZL spleens
were infiltrated mainly by exhausted and late-stage
differentiated CD8"* T-cells [35]. In our case, 3* and 5’
data confirmed these findings, but also extended them
thanks to the in-depth exploration of the blood compart-
ment associated with tumor samples. This analysis
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revealed a similar proportion of T-cell subpopulations
in both spleen and its blood counterpart in each patient,
but specific differentiation stage. Moreover, the percentage
of recirculating TIL clonotypes was variable among
patients. The diversity of the TCR repertoire may
reflect distinct activation and response of T-cells in
patients [38,39]. Some studies have reported that more
diverse TCR repertoires in the tumor site as compared
with normal tissue are associated with a better progno-
sis of the disease [40,41]. In addition, a higher number
of shared TCR sequences between the tumor and the
normal counterpart tissues was also associated with a
better outcome [42]. For instance, in DLBCL patients,
highly dominant T-cell clonal expansions within the TME
are conversely associated with a poor outcome [43],
suggesting that genetic diversification of B-cell tumors
leads to inadequate immunosurveillance to target all
malignant B-cell subclones. However, BCR clonality in
SMZL cells is less diverse [6,44]. Indeed, hyperexpanded
B-cell clones from SMZL showed a stereotyped IGH
CDR3 and were also present in the peripheral blood [44].
Whether the TCR repertoire is associated with good prog-
nosis in SMZL has to be defined in larger series. In
conclusion, our integrative phenotypic and transcriptomic
analyses at the single-cell level revealed that SMZL tumor
B-cells are a patient-specific clonotype expansion, with
desynchronized maturation programs. In addition, spatial
transcriptomics and mass cytometry revealed the different
immune repertoires and infiltrate patterns that are
involved in the dynamic ecosystem of SMZL.
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