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Abstract 
Primary cutaneous B-cell lymphoma encompass clinically heterogeneous entities. While primary 

cutaneous diffuse large B-cell lymphoma, leg type (pcDLBCL-LT) is aggressive, primary cutaneous 

follicle centre lymphoma (pcFCL) and primary cutaneous marginal zone lymphoma (pcMZL) 

typically follow an indolent course. To clarify their pathophysiological basis, we perform single-cell 

RNA sequencing on pcFCL, pcMZL, and pcDLBCL-LT, alongside reactive B-cell rich lymphoid 

proliferations (rB-LP), gastric mucosa-associated lymphoid tissue (MALT) lymphoma, and systemic 

counterparts. 

Here we show that the indolent pcMZL, pcFCL, and rB-LP exhibit a persistent germinal centre 

reaction, not observed in pcDLBCL-LT or gastric MALT lymphoma. Further, pcMZL top expanded 

clones develop within lesions from naïve and not post-germinal centre B cells as currently presumed. 

Our data thus indicate that pcMZL and pcFCL, similar to rB-LP may be driven by (a yet unknown) 

antigen. While our data indicates that pcFCL exhibits some features of true lymphomas, it clearly 

supports the classification of pcMZL as a lymphoproliferative disease.  
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Introduction 
Primary cutaneous B-cell lymphomas comprise a heterogeneous group of extranodal non-

Hodgkin lymphomas1. The most common subtypes include primary cutaneous marginal zone 

lymphoma (pcMZL), primary cutaneous follicle centre lymphoma (pcFCL), and primary cutaneous 

diffuse large B-cell lymphoma, leg type (pcDLBCL-LT)1. pcMZL and pcFCL are generally indolent 

conditions with a 5-year disease-specific survival of >95%2. In contrast, pcDLBCL-LT is an aggressive 

disease with 5-year survival rates between 20 - 60%.3  

For pcMZL, this clinical observation led to a reclassification to a lymphoproliferative disorder in 

the International Consensus Classification (ICC) joint classification particularly referring to their 

class-switched cases2. These comprise IgG or IgA positive B-cell proliferations, which follow an 

indolent clinical course. pcMZL may be preceded by reactive B-cell rich lymphoid proliferations (rB-

LP, formerly called “pseudolymphoma”), matching that pcMZL are not veritable lymphomas4. In line, 

several studies showed that only around 5% of B cells within pcMZL lesions correspond to a top 

expanded clone5,6. Nevertheless, the WHO classification currently maintains the term lymphoma for 

pcMZL leading to a conflict between these two classifications7.  

Previous gene expression analyses identified characteristic B-cell phenotypes for each primary 

cutaneous B-cell lymphoma subtype. pcMZL B cells were found to be most similar to plasma cells and 

pcFCL showed a more germinal centre (GC)-like phenotype, whereas pcDLBCL-LT lesions were most 

consistent with activated B cells.8–10 In cutaneous B-cell lymphomas, clonality was not always 

detectable using routine molecular methods, or when a surrogate such as light-chain restriction was 

used.11 In those cases, the differentiation from rB-LP can be difficult.12 To distinguish pcMZL from rB-

LP, skin flow cytometry was found to have superior sensitivity than immunohistochemistry, in situ 

hybridization or immunoglobulin heavy chain gene rearrangement examinations.12 However, its 

routine use is difficult as it requires fresh tissue, is prone to technical challenges during processing, 

and is not widely available.12 Apart from a more precise molecular characterisation of the disease, 

the terminology of lymphoma versus lymphoproliferative disorder or cutaneous lymphoid 

hyperplasia impacts patient education and especially the patients’ perception of their disease13,14.  

Here, we present the largest single-cell RNA sequencing characterisation of primary cutaneous 

B-cell lymphomas and rB-LP and compare these findings to data from their non-cutaneous B-cell 

counterparts. In this work we show that the indolent pcMZL, pcFCL, and rB-LP exhibit a persistent 

germinal centre reaction, not observed in pcDLBCL-LT or gastric MALT lymphoma. This indicates 
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that these entities may be driven by (a yet unknown) antigen. Moreover, our data clearly supports 

the classification of pcMZL as a lymphoproliferative disease. 

 

Results 

scRNA-seq based characterisation matches the current histopathological understanding of primary 

cutaneous B-cell lymphomas 

We obtained fresh biopsies from patients diagnosed with pcMZL (n = 9), pcFCL (n = 5), pcDLBCL-

LT (n = 4), or cutaneous rB-LP (n = 5), and normal skin from healthy volunteers (NHS, n = 4) 

(Supplementary Table 1). Samples were analysed using single-cell RNA-sequencing (scRNA-seq) 

coupled with B-cell receptor (BCR) sequencing. After quality control, we obtained data for 268.224 

cells (pcDLBCL-LT: 16.908, pcFCL: 71.720, pcMZL: 109.028, rB-LP: 51.336, NHS: 19.232).  

Using canonical markers (Supplementary Fig. 1a), we were able to identify T cells and NK cells, B 

cells, plasma cells, blood vessel and lymphatic endothelial cells, dendritic cells, plasmacytoid 

dendritic cells, macrophages, melanocytes, keratinocytes, smooth muscle cells, and fibroblasts 

(Figure 1a, Supplementary Fig. 1b).  

We further subclustered all B cells in order to arrive at a detailed phenotypic characterisation 

(Figure 1b). This revealed naïve B cells, as identified by CD19, MS4A1 (CD20), and IGHD, germinal 

centre (GC) B cells, as identified by CD38, AICDA, and BCL6 that were further subdivided into a light 

zone (LZ) and dark zone (DZ) GC B-cell population, based on the presence or absence of MKI67 

(Figure 1C). Memory B cells were characterised by their expression of CD19, MS4A1 (CD20), and CD27 

with the absence of CD38 and BCL6 (Figure 1c). Plasma cells were identified through the expression 

of CD27, CD38, SDC1 (CD138), and the lack of MS4A1 (CD20) (Figure 1c). Thus, we were able to 

identify the full spectrum of canonical B-cell phenotypes ranging from naïve B cells to plasma cells.  

In addition, we observed aberrant B-cell populations, all originating from pcDLBCL-LT, that 

formed distinct clusters and could not be classified using canonical B-cell markers (Figure 1b-e). 

These were in part MS4A1 (CD20)+, but also expressed MKI67 without the typical expression of CD38 

and CD27 for canonical germinal centre B cells (“aberrant B1”, Figure 1c). Additionally, we observed 

MS4A1 (CD20) negative B cells that lacked the expression of SDC1 (CD138) and high levels of 

immunoglobulin associated genes that would be expected for plasma cells (“aberrant B2”, Figure 1c). 
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This indicates the pcDLBCL-LT contains B cells that no longer match the physiological B-cell 

phenotypes. 

We subsequently performed a differential expression analysis of all of these subtypes 

(Supplementary Data 1). Matching the phenotypic assignment, naive B cells primarily showed an up-

regulation of activation and signalling associated genes, such as CD69, CD83, and CD44, as well as 

CXCR4 which is important for chemotaxis and tissue homing. Moreover, they expressed FCER2 

(CD21) linked to B cell maturation15. Next to immunoglobulin associated genes, genes highly 

expressed in plasma cells were mainly associated with protein synthesis, such as DNAJB9, DNAJC3,  

PDIA4, and secretion, such as SEC61A1, SEC24D, and SAR1. Germinal center cells showed a strong 

expression of cell cycle regulating genes, such as PLK1, CDC20, CCNA2, CCNB1, CCNB2, CDK1, and 

CDCA3. Finally, the group of aberrant B cells uniquely overexpressed energy metabolism associated 

genes, such as member of the electron transport chain for ATP production (NDUFA4, NDUFB11, 

NDUFB4, NDUFB7, NDUFB10, NDUFB9, NDUFV2, NDUFA11, NDUFS6, NDUFS5), but also oxidative 

phosphorylation (COX5A, COX7B, and COX6A1) and glycolysis (GAPDH, LDHA, LDHB, TPI1, ENO1, 

PGAM1). This clearly shows that these aberrant B cells were metabolically highly active, matching 

their proposed malignant phenotype. 

To further validate our findings we re-processed publicly available scRNA-seq data from a study 

on the effect of oncolytic viral therapies on cutaneous B cell lymphomas by Ramelyte et al.16 which 

contained one pcFCL and one pcDLCBL-LT sample (Figure 1h, Supplementary Fig. 2). Matching our 

own data, the pcFCL sample’s clone only consisted of germinal center B cells (Figure 1h) while 

clonally expanded B cells from the pcDLBCL-LT samples showed aberrant phenotypes 

(Supplementary Fig. 2). These cells were largely CD27 positive with large portions expressing MKI67. 

Yet, the expected expression of CD38 was lacking. Similarly, naive or plasma cells were only found in 

the polyclonal B cell fraction. Therefore, this data fully matches our own observations. 

pcMZL originates from pre-germinal centre naïve B cells and follows the canonical B-cell differentiation 

trajectory 

Through our BCR sequencing data, we were able to clearly attribute B cells to the top expanded 

clone in each disease (Figure 1d). In each sample, we were thus able to unambiguously distinguish 

the clonally expanded (presumed malignant) B cells from the polyclonal bystander infiltrate 

(Supplementary Data 2). 

Matching current classifications17, pcMZL and rB-LP uniquely contained relevant numbers of 

plasma cells (Figure 1e). Conversely, pcFCL samples showed a dominance of LZ GC B cells (Figure 
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1e). pcDLBCL-LT uniquely contained aberrant B-cell phenotypes and lacked relevant numbers of 

naïve B and canonical plasma cells (Figure 1e). Our data is therefore in-line with the current 

histopathological understanding with distinct phenotypic compositions of the B-cell infiltrate for 

each entity. 

pcMZL top clones are considered to derive from post GC B cells17,18. However, we found that 

clonally expanded B cells from our pcMZL samples spanned all canonical peripheral B-cell 

phenotypes, from naïve B cells up to terminally differentiated plasma cells (Figure 1e). We used 

monocle3 to perform a pseudotime analysis of this data, which matched the canonical B cell 

differentiation (Figure 1f, Supplementary Fig. 3). An analysis of the clonally expanded B cells of each 

pcMZL sample highlighted that the clone seemed to differentiate in each individual sample (Figure 

1g). This was consistent regardless of whether the sample exhibited a predominance of plasma cells 

or germinal centre B cells and was not limited to specific subtypes of pcMZL as previously 

described18. This suggests that expanded pcMZL clones develop from naïve, pre-GC B cells 

irrespective of the phenotypic composition. 

Multiplex immunohistochemistry-based characterisation validates scRNA-seq derived composition of B cell 

infiltrates 

To corroborate our scRNA-seq findings, we used a multiplex immunohistochemistry (IHC) 

approach to simultaneously characterize naïve-like B cells (CD19+/CD20+, CD27-, CD38-, CD138-, 

CD5-), GC-like B cells (CD19+/CD20+, CD27-, CD38+, CD138-, CD5-), memory-like B cells 

(CD19+/CD20+, CD27+, CD38-, CD138-, CD5-), and plasma cells (CD19+, C20-, CD138+, CD5-) in a 

total of 40 samples (Figure 2A).  

Matching our scRNA-seq data, pcMZL and rB-LP samples harbored a diverse lymphocytic 

infiltrate with the highest number of plasma cells (Wilcoxon rank-sum test, FDR corrected p <0.01), 

when compared to pcFCL and pcDLBCL-LT (Figure 2b, c). By contrast, pcFCL samples showed 

significantly more germinal center B cells than all other entities (Wilcoxon rank-sum test, FDR 

corrected p <0.01). While most pcDLCBL-LT samples were dominated by naïve B cells, some 

additionally contained high numbers of memory B cells. This directly confirmed our scRNA-seq data 

as IHC 26 was acquired from the same patient as the scRNA-seq samples patient_117 and patient_207 

where we also observed high numbers of CD27+ (aberrant) B cells, similar to the samples from 

Ramelyte et al.16  (Supplementary Fig. 2). A Shannon diversity index based analysis subsequently 

confirmed a significantly larger heterogeneity of lymphocyte composition in rB-LP, pcMZL, and 

pcFCL samples compared to pcDLBCL-LT (Wilcoxon rank-sum test, FDR corrected p < 0.01, D). 
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Overall, these data corroborate our scRNA-seq based characterisation and shows the observed 

distributions seem stable across larger sample numbers. 

Primary cutaneous lymphomas show distinct cellular compositions from their systemic counterparts 

It is yet unclear whether our observed phenotypic composition is typical of all B cell lymphomas 

or specific to CBCL. We thus acquired biopsies from 4 patients diagnosed with gastric mucosa 

associated lymphoid tissue (MALT) lymphomas refractory to H. pylori eradication (Supplementary 

Table 1), since this is one of the most frequent marginal zone lymphomas19, and has long been 

considered the gastric correlate of cutaneous MZL20. Additionally, we integrated public data from 

studies characterising 18 samples from patients diagnosed with sFCL21, 3 samples of reactive lymph 

nodes (RLT)21 and 4 samples of sDLBCL22 (Figure 3a). This resulted in an integrated dataset of a total 

of 207,634 B cells. Based on canonical markers and differentially expressed genes, we identified all 

B cells observed in our cutaneous samples, as well as ITGAX+, age associated B cells (ABC)23 (Figure 

3b, Supplementary Data 3). 

The expanded clone in gastric MALT lymphoma samples (MALT) was uniquely dominated by 

CD27+ memory B cells. These showed a class-switch to either IgG or IgA (Figure 3e), and low numbers 

of plasma cells (Figure 3d). B cells of MALT distinctively expressed the genes CD1C and CD1D (Figure 

3f, Supplementary Data 4), which are relevant to lipid antigen processing24. Overall, MALT exhibited 

a significantly different phenotypic composition compared to pcMZL (Figure 3g).  

pcFCL was the only entity where more than 95% of the clonally expanded B cells were limited to 

germinal center B cells (Figure 3d). In sFCL, the heterogeneity between samples was considerably 

larger with several sFCL samples also containing clonally expanded memory or plasma cells (Figure 

3d). Matching current literature and diagnostic criteria, pcFCL B cells expressed high levels of BCL6 

and sFCL B cells BCL2 (Figure 3f). Moreover, pcFCL showed the highest expression of MALT1, a 

proposed target for multiple B cell lymphomas. Otherwise, pcFCL exhibited overlaps with pcMZL in 

terms of differentially expressed genes (Supplementary Data 4). For example, B cells from both 

entities expressed FCER2 (CD23), linked to B cell activation and antigen presentation25, HMCES, 

which limits the accumulation of deletions during somatic hypermutation26, and Lymphocyte Antigen 

9 (LY9), a member of the SLAM family of immunomodulatory receptors which is associated with 

activation and differentiation in T cells27 (Figure 3f, Supplementary Data 4).  Genes associated with 

tumour progression, such as PCBP2 and TCF4, linked to high risk sDLBCL were significantly down-

regulated in indolent CBCL28 (Figure 3f). Overall, indolent CBCL expressed genes associated with 

inflammation and immune cell differentiation, while lacking classical tumor promoters. 
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pcMZL shows significantly lower rates of clonal expansion than other cutaneous and systemic lymphomas 

Clonal expansion is considered a hallmark of lymphomas and can be tracked in B cells through 

BCR sequencing29. We therefore used the BCR data to compare the rate of clonal expansion between 

cutaneous and systemic lymphomas (Figure 3h). In pcMZL and rB-LP, clonally expanded B cells 

represented a median of 4% and 2% respectively of all B cells, matching previous reports5. Outliers 

observed were likely due to sequencing artefacts (Supplementary Fig. 4). This was in contrast to 

pcFCL and pcDLCBL-LT which showed median clonal expansions of 52% and 97% respectively. 

Similarly, in gastric MALT lymphoma the expanded clone accounted for a median of 77% of the total 

B-cell infiltrate. Moreover, sFCL and sDLBCL were similarly dominated by a single expanded clone, 

with a median expansion of 96% and 85% respectively. To test the heterogeneity between body sites 

we acquired two samples simultaneously from a patient with rB-LP (Supplementary Fig. 5). This 

analysis showed that the estimated clonal expansion was comparable with 6% and 9% between both 

sites (Supplementary Fig. 5). Additionally, we performed separate analysis of consecutively acquired 

samples within 6 and 12 months from a patient with rB-LP and pcDLBCL-LT respectively 

(Supplementary Fig. 6). In both cases, consecutive samples showed matching results with respect to 

phenotypic composition and rates of clonal expansion (Supplementary Fig. 6). This underscores both 

the robustness of our method and the temporal consistency of the diseases. Overall, the low rate of 

clonal expansion in pcMZL substantiates the theory that this condition is more similar to a 

lymphoproliferative disorder than a true lymphoma. 

DLBCL is characterised by aberrant B cell phenotypes that are not found in other entities 

Clonally expanded B cells in pcDLBCL-LT could not be annotated following the canonical B-cell 

development in our samples (Figure 1c, 3b, 3c). To arrive at a more detailed characterisation, we 

performed a subclustering of only pcDLBCL-LT B cells (Supplementary Fig. 7). We observed a loss of 

MS4A1 (CD20) without the expression of SDC1 (CD138) or CD38 as expected of CD20- plasma cells 

(Supplementary Fig. 7). There were two clusters of proliferating (MKI67+) B cells. While one matched 

DZ GC B cells, the other was MS4A1 (CD20)-, with no expression of CD38 or CD27 required to define 

a germinal centre B cell (Figure 3b, d, aberrant B2). These findings were consistent with the publicly 

available scRNA-seq data from Ramelyte et al.16 (Supplementary Fig. 2). This highlights that the 

presence of aberrant B cell phenotypes is typical of pcDLCBL-LT. 

Similar to pcDLCBL-LT, sDLBCL also showed clonally expanded aberrant B cells. This matched 

the results of a differential expression analysis where sDLBCL and pcDLBCL-LT B cells showed 

similarities compared to all other entities (Supplementary Data 4). These included the transcription 
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factors and potential oncogenes ATF5 and IRF4, the tumour suppressor RASSF630, the known DLBCL 

marker IGF2BP331, metabolism and protein synthesis associated genes such as FBP1, GRHPR, SDF2L1, 

FKBP11, and MZB1, genes protecting against oxidative stress such as PRDX4, and genes associated 

with survival signals such as CD63 (Figure 3i). At the same time, FCRL1 which regulates BCR 

signalling was uniquely lost in pcDLCBL-LT and sDLBCL B cells (Figure 3i). Simultaneously, the 

analysis also revealed differences between sDLBCL and pcDLBCL-LT matching their separate 

clusters. sDLBCL B cells uniquely expressed the potential leukemia oncogene PARM132, the known 

ABC-type DLBCL marker MYD88, the B cell proliferation associated marker MYC33, and the tumour 

suppressor CDKN2C34 (Figure 3i). pcDLCBL-LT B cells exclusively lacked the poorly characterised 

gene SMIM14, but also Lymphotoxin Beta (LTB), which is crucial for the development of lymphoid 

tissues35. This highlights that pcDLBCL-LT is distinct from the indolent CBCL and more similar to its 

systemic counterpart. 

A subset of non-class switched pcMZL samples also showed aberrant phenotypes, as opposed to class-

switched pcMZL 

Several authors currently differentiate between a class switched and non-class switched variant 

of pcMZL, where only the non-class switched variant is considered a true lymphoma2,17. In our series, 

one sample (patient 92) had a clear IgM+, but, surprisingly, also an IgE+ phenotype  among the 

clonally expanded B cells (Figure 3e). As only IgM and IgG are routinely assessed, this sample would 

therefore be classified as non-class switched pcMZL in conventional pathological assessments2. 

Surprisingly, this population contained aberrant B cells (Figure 3d). Similar to B cells found in 

pcDLBCL-LT, these cells were MS4A1 (CD20)-, CD27+, IGHM+, with a MKI67+ subpart that showed 

low expression of CD38 and AICDA but no relevant expression of IGHG1-4- (Supplementary Fig. 8). 

There were no B cells in this sample that expressed CD138 (SDC1), which would be expected for 

CD20- B cells (Supplementary Fig. 8). While many aspects of these cells, such as proliferation and 

potential somatic hypermutation (expression of AICDA) is reminiscent of germinal centre B cells, the 

lack of CD20 is incompatible with this phenotype, matching reports of CD20 loss in systemic B cell 

lymphoma36. Clinically, patient 92 has shown an indolent course with two cutaneous recurrences and 

no sign of systemic disease within a total follow up of 12 years. Therefore, our data suggests that this 

sample’s clone does primarily consist of aberrant, non-canonical B cells yet with no apparent 

influence on this patient’s clinical course. 

A second sample, WB3, also showed a non-class switched clone (Figure 3e). Nevertheless, these 

clonally expanded cells matched canonical germinal centre B cells (Supplementary Fig. 8). In this 
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sample, plasma cells were all polyclonal and IgG4 positive (Supplementary Fig. 8). In a routine 

histopathological assessment, sample WB3 would therefore be classified as a class-switched pcMZL, 

as plasma cells would likely have been deemed the pathogenic cell population. This observation 

highlights that in this specific sample, the histopathological differentiation of class switched vs. non-

class switched pcMZL is likely not yet precise enough to distinguish clinically relevant subtypes. 

Indolent B-cell lymphomas and rB-LP show similar interactions resembling inflammatory reactions 

We performed an interaction analysis using CellChat to further characterise the mechanistic 

background of CBCL subtypes (Figure 4a, Supplementary Data 5). All entities showed an interaction 

between CXCL12 on BEC and FB, APP on most cells of the tumour microenvironment (TME), and 

THBS1 on BEC which recruit B cells via CXCR4, CD7437, and CD47 respectively38. MIF, a further key 

chemoattractant via CXCR4 in inflammatory reactions37, was uniquely missing in pcDLBCL-LT. Only 

pcMZL B cells interacted with PODXL and CD34 on BEC, FB, and LEC via SELL, which allows cell 

migration39. All B cells expressed IL16 which recruits other immune cells via CD4. Certain 

interactions were only found in indolent CBCL. For example, B cells interacted with each other 

through PTPRC and CD22, which regulates the threshold for lymphocyte activation and thereby 

controls inflammatory reactions40. Similarly, the interaction between FCER2A (CD23) which is key to 

B cell differentiation41 and ITGAX on DC and MAC was only present on indolent subtypes. Finally, 

pcDLBCL-LT B cells uniquely interacted with CD27 on B, T, and MEL through CD70 which act as co-

stimulatory molecules. Overall, this data matches the current hypothesis that pcDLBCL-LT B cells 

originate from antigen experienced B cells, while rB-LP, pcMZL, and pcFCL show similar interaction 

patterns that resemble inflammatory reactions.   

Indolent B-cell lymphomas and rB-LP are characterised by ongoing germinal centre reactions 

The germinal centre reaction, which consists of a mechanism of ongoing somatic hypermutation, 

is a key part of B-cell function. We used IgBLAST42 to quantify the rate of somatic hypermutation in 

all cutaneous samples (Figure 4b). In all diseases, the top expanded clone showed a higher rate of 

somatic hypermutation compared to the polyclonal B cells. In pcMZL and rB-LP, the most expanded 

clone had the widest range of mutations. This matches the assumption that these B cells entered the 

germinal centre reaction and subsequently acquired mutations to improve antigen specificity, which 

is in line with the results of our pseudotime analysis of pcMZL samples (Figure 1g). pcFCL similarly 

showed increasing rates of somatic hypermutation, yet starting at a considerably higher level (Figure 

4b). This matches our observation that the clone in pcFCL did not contain any naïve B cells (Figure 
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1e). Yet, there is evidence of an ongoing acquisition of mutations. Clonally expanded B cells in 

pcDLCBL-LT showed the highest rates of somatic hypermutation but spanning a much smaller range 

(Figure 4b). Despite our characterization of germinal centre B cells in pcDLBCL-LT samples, these 

data suggest that these cells are largely no longer acquiring new mutations typically associated with 

the physiological germinal centre reaction. This finding further supports the aberrant phenotypes 

observed in these samples. In MALT lymphoma samples, polyclonal B cells showed a similar rate of 

somatic hypermutation as the polyclonal B cells in pcMZL and pcFCL. Yet, the top expanded clone 

centred around a single value of somatic hypermutations. This matches our phenotypic data where 

clonally expanded B cells in MALT samples primarily consisted of post-germinal memory B and 

plasma cells that no longer undergo the germinal centre reaction (Figure 2e, f). This data suggests 

that the three indolent cutaneous B-cell reactions, rB-LP, pcMZL, and pcFCL uniquely retain an intact 

germinal centre reaction. 

The germinal centre reaction depends on several other cell types, most importantly CXCR5+ T 

follicular helper cells (Tfh) and follicular dendritic cells (fDC)43. We therefore subclustered the T cells 

from all cutaneous samples (Figure 4c). We were able to identify CD8+, PRF1+, IFNG+ Tc1 polarised 

cells (CD8 Tc1), some of which were LAG3+ as a sign of exhaustion (CD8 Tc1 exh, Figure 4d). Further, 

we observed CD4+, CCR7+, SELL+ CD4 central memory T cells (Tcm), FOXP3+, IL2RA+ regulatory T 

cells (Treg), MKI67+ proliferating T cells (prol T), PDCD1+, CTLA4+ exhausted CD4+ T cells (CD4 Th2 

exh), as well as CXCR5+ T follicular helper cells (Tfh). Tfh were only present in rB-LP, pcMZL, and 

pcFCL samples (Figure 4e), matching previous reports where Tfh were histologically observed in all 

cases of pcMZL44. 

Matching their mesenchymal origin with an assumed fibroblast-like progenitor45, fDC are part of 

fibroblast clusters in scRNA-seq data. We therefore further subclustered all fibroblasts from the 

cutaneous samples and identified APCDD1+, COL18A1+ secretory papillary (spFB), CCN5+, SLPI+, 

DPP4+ secretory reticular (srFB), PARD3B+, FBXL7+, AUTS2+ presumably migratory (migFB), 

COL11A1+, MMP11+, POSTN+ mesenchymal (mesFB), SFRP4+ myo (myoFB), APOE+CCL19+ 

inflammatory (iFB) fibroblasts, CR2+, FCER2+, CR1+ CXCL13+ follicular dendritic cells (fDC) and 

S100B+SOX10+ Schwann cells (SC) (Figure 4f, g). Similarly to Tfh, fDC were only observed in rB-LP, 

pcMZL, and pcFCL samples (Figure 4h). Therefore, with the detection of an ongoing somatic 

hypermutation and the presence of Tfh and fDC, samples of rB-LP, pcMZL, and pcFCL uniquely 

contained all required aspects of a functional germinal centre reaction (Figure 5). 
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Discussion 
The indolent behaviour of pcMZL, pcFCL, and rB-LP has sparked discussions on their actual 

nature, and led to conflicting classifications with respect to pcMZL7. Previous studies showed that 

patients’ quality of life is directly influenced by whether a disease is classified as a lymphoma or not14. 

This highlights that we need to arrive at a clear statement concerning the nature of these entities for 

patients, as well as for clinical practice. 

Our data presents consistent evidence that the investigated three indolent B-cell diseases, rB-LP, 

pcMZL, and pcFCL are uniquely characterised by ongoing germinal centre reactions. We were able to 

detect both continuous somatic hypermutation, as well as the required support cells in these samples. 

Extra nodal germinal centre reactions are generally considered a sign of the formation of tertiary 

lymphoid structures46, are primarily observed in cancer47 and autoimmune diseases48 and are a sign 

of chronic, antigen-specific immune responses49, especially in the skin50. This matches multiple 

reports where both pcMZL and pcFCL were linked to infections51–53 and responded to antibiotic 

therapies or vaccinations54–56. Next to the ongoing germinal centre reaction, the top expanded clones 

in pcMZL represented only a low fraction of the overall B cells, matching previous reports5. This low 

number of pathogenic clones is in stark contrast to all other lymphomas and matches reports that 

(systemic) DLBCL is driven by antigen-independent B-cell receptor activation57. Additionally, 

clonally expanded pcMZL B cells followed physiologic B-cell trajectories, originating from naïve B 

cells, counter to current hypotheses and in contrast to MALT and pcDLBCL-LT17. This further aligns 

with previous studies that were unable to find consistent driver mutations in pcMZL17 in contrast to 

pcDLCBL-LT58. Overall, pcMZL therefore does not show any of the characteristics found in the other 

investigated B-cell lymphomas but matches rB-LP with the sole difference that pcMZL developed a 

presumably antigen-directed, expanded clone. We therefore present molecular evidence that aligns 

with the concept that pcMZL is a lymphoproliferative disorder and not a true lymphoma. 

Our data further questions the proposed class-switch based classification of pcMZL into a 

lymphoproliferative disorder or a lymphoma4. In our data, one non-class switched sample may 

contain aberrant B cells, yet this patient showed an indolent course within a follow up period of 12 

years. In the second case, the top expanded clone consisted mainly of non-class switched, canonical 

germinal centre B cells. Yet, the more abundant polyclonal plasma cells were all class switched. In 

routine histopathological assessments, this sample would therefore have been classified as class 

switched. This highlights that the proposed practice of defining class switched and non-class 

switched pcMZL is not necessarily linked with a high risk of systemic disease. 
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In contrast to pcMZL, pcFCL exhibits a comparably high level of clonal expansion. This matches 

previous studies describing putative driver mutations in pcFCL59,60. These mutations likely arise 

during the ongoing germinal center reaction, which is known to increase the risk of such genetic 

alterations61. Our data further revealed ongoing somatic hypermutation - a hallmark of the germinal 

center reaction - also observed in systemic FCL (sFCL)62. This contrasts earlier reports where somatic 

hypermutation was not detected in a series of pcFCL cases63, raising questions about whether this 

discrepancy stems from the higher sensitivity of our scRNA-seq approach or the existence of distinct 

pcFCL subsets. 

Unlike sFCL, our pcFCL samples did not show signs of further differentiation but remained 

confined to a single phenotype. We hypothesize that while established driver mutations enable clonal 

expansion, sustained growth still depends on the germinal center microenvironment. Given that this 

microenvironment is physiologically absent in the skin, it is plausible that pcFCL originates from a 

prior antigen-driven reaction. This dependence may constrain the clone to a single phenotype and 

contribute to the indolent behavior of pcFCL. However, further studies are needed to fully elucidate 

these mechanisms. 

 A question we currently cannot address is whether FCL primarily occurring in the skin with bone 

marrow involvement is different to pcFCL. Senff et al. showed that 4.5% of patients with FCL 

primarily occurring in the skin had bone marrow involvement without other signs of systemic 

disease64. In their study, these nine patients showed significantly shorter survival times compared to 

patients with pcFCL. While in our patients CT studies showed no sign of systemic disease, bone 

marrow studies were not performed. Nevertheless, in our scRNA-seq data we could not identify 

differences between the analysed pcFCL samples and therefore believe that all our patients had 

pcFCL. More data is needed to assess whether cutaneous lesions arising from sFCL show different 

characteristics. 

With respect to the staging of primary cutaneous B-cell neoplasms, our data highlights that 

scRNA-seq can clearly distinguish the investigated subtypes. This is in contrast to sFCL and sDLBCL 

where previous scRNA-seq studies showed overlapping phenotypes and high inter-patient 

variability21,22. Current recommendations for the diagnostic workup of suspected pcMZL and pcFCL 

patients requires at least imaging to rule out secondary lesions of systemic lymphoma11. While bone 

marrow studies are no longer recommended for pcMZL, there is currently no consensus on its role 

in the workup of pcFCL patients11. Our data thus holds the promise that scRNA-seq of cutaneous 

samples may be sufficient to distinguish between primary cutaneous and systemic subtypes of B cell 

lymphomas arising in the skin and can act as a reference to evaluate new methods. 
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Current treatment strategies for indolent CBCL are primarily targeting the B cells directly. The 

fact that our data strongly suggests that these are antigen-driven reactions offers an avenue for new 

therapeutic approaches. This could open up options for potentially curative treatment approaches 

that eliminate the antigen and thereby stop this ongoing reaction. Nevertheless, our study is limited 

with respect to sample size and a demographically homogeneous cohort. Therefore, further multi-

center clinical studies are needed to validate our findings, including whether the rate of clonal 

expansion correlates with clinical outcome. 

Finally, our data underlines the recent reclassification of pcMZL as a lymphoproliferative 

disorder and will need to spark a discussion on the appropriate therapeutic65,66 and diagnostic 

strategies for this indolent disease. 

 

Methods 

Patient recruitment and sample processing 

Patients were recruited at the Medical University of Vienna, Austria. Skin punch biopsies or 

biopsies during gastroscopy were taken after obtaining written informed consent, under a protocol 

approved by the Ethics Committee of the Medical University of Vienna, which includes sharing of 

patient characteristics (EK 1360/2018). As per the regulations of the Ethics Committee, patients 

were only compensated for additional time required for the study participation. Histopathological 

diagnoses were confirmed by two independent board-certified histopathologists. All patients with 

pcMZL, pcFCL, and pcDLBCL-LT were further staged using full body CT scans to rule out systemic 

disease. For all patients with rB-LP, borrelia infection was ruled out. After processing using the Skin 

Dissociation Kit by Miltenyi Biotech (Bergisch Gladbach, Germany), 67–69 single-cell suspensions were 

subjected to scRNA-seq using the Chromium Single Cell Controller and Single Cell 5’ Library & Gel 

Bead Kit v2 (10X Genomics, Pleasanton, CA) according to the manufacturer’s protocol. B cell receptor 

(BCR) sequences were enriched from cDNA using the VDJ Kit workflow by 10X Genomics. Sequencing 

was performed using the Illumina NovaSeq platform and the 150bp paired-end configuration. 
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Data analysis 

Raw data from scRNA-seq was preprocessed using Cell Ranger version 7.0.1 invoking the 

command “multi” and aligned to the human reference genome assembly “refdata-gex-GRCh38-2020-

A” and Cell Ranger V(D)J segment reference “refdata-cellranger-vdj-GRCh38-alts-ensembl-7.0.0”.  

IgBLAST42 v1.20 was used on the BCR filtered contigs to quantify the somatic hypermutation 

(SHM), presented as ”1 - identity in variable region”. 

B cell clones were identified from the BCR data through the following steps. Cells featuring more 

than two contigs or multiple contigs for the same BCR chain (heavy or light chain), and clones with 

more than two CDR3 chains, were removed. Subsequently, if one of the two most frequent clones 

only contained one heavy or one light chain were merged  with clones were both chains were 

identified if all cells shared the same V, C, and J genes as the evaluated clonotype, but only if all cells 

displayed at least 85% sequence identity in both light and heavy CDR3 sequences compared to the 

reference sequence of the evaluated clonotype, using global pairwise alignment from Biostrings70 R 

package v2.68 (BLOSUM100 matrix with a gap opening and gap extension penalty values of 10 and 4 

respectively). 

Every sample was processed using R (version 4.1.0) and Seurat (version 5.0.1)71. Ambient RNA 

was removed using DecontX72 and doublets removed using scDblFinder73. During the quality 

assessment, only cells with at least 500 genes and a maximum of 10%, 5% and 1% of mitochondrial, 

haemoglobin and platelet genes respectively were kept for downstream analysis. 

Afterwards, samples were normalised and scaled regressing for percentage of mitochondrial 

genes and sample origin. 30 dimensions were used when invoking the Seurat functions RunPCA, 

FindNeighbors and RunUMAP. Subsequently, samples were integrated using the FastMNN method74. 

Leiden algorithm was applied on the shared nearest neighbour graph clustering prior to cell 

annotation as suggested by Heumos, L. et al.75. In order to achieve a deeper annotation, B and T cells 

were subclustered, variance was stabilised using SCTransform v276 and ScaleData respectively with 

15 and 20 dimensions respectively for subclusterings. Cell interaction analysis was performed using 

CellChat v2.277. Differential expression analysis using Seurat’s FindMarkers function with default 

parameters. Genes were filtered based on FDR (<= 0.01) and an expression of 20% within the cells 

of the respective group (pct.1 and pct.2 for up- and down-regulated genes respectively). 

All p-vaues reported in the manuscript were corrected for multiple testing using the Benjamini-

Hochberg ("FDR") correction. 
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Immunohistochemistry 

Multiplex immunostainings were conducted as previously described78. Briefly, 4μm sections 

were deparaffinized and antigen retrieval was performed in heated citrate buffer (pH 6.0) and/or 

Tris-EDTA buffer (pH 9) for 30 min. Thereafter, sections were fixed with 7.5% neutralised 

formaldehyde (SAV Liquid Production GmbH, Flintsbach am Inn, Germany). Each section was 

subjected to 6 successive rounds of antibody staining, consisting of protein blocking with 20% 

normal goat serum (Dako, Glostrup, Denmark) in PBS, incubation with primary antibodies, 

biotinylated anti-mouse/rabbit secondary antibodies and Streptavidin-HRP (Dako), followed by TSA 

visualisation with fluorophores Opal 520, Opal 540, Opal 570, Opal 620, Opal 650, and Opal 690 

(PerkinElmer, Waltham, MA, USA) diluted in 1X Plus Amplification Diluent (PerkinElmer), Ab-TSA 

complex-stripping in heated citrate buffer (pH 6.0) and/or Tris-EDTA buffer (pH 9) for 30 minutes, 

and fixation with 7.5% neutralised formaldehyde. Thereafter, nuclei were counterstained with DAPI 

(PerkinElmer), and sections were mounted with PermaFluor fluorescence mounting medium 

(Thermo Fisher Scientific, Waltham, MA, USA). Multiplexed slides were scanned on a Vectra 

Multispectral Imaging System version 2 following the manufacturer's protocol (InForm 2.4, Perkin 

Elmer). All phenotyping and subsequent quantifications were performed blinded to the sample 

identity using QuPath version 0.5.179. 

Statistics and Reproducibility 

All data presented in this manuscript was generated from primary patient samples. Due to limited 

sample availability technical replicates were not performed. Throughout all analyses, all available 

samples were used. For scRNA-seq, these were 9 pcMZL, 5 pcFCL, 4 pcDLBCL-LT, 5 cutaneous rB-LP, 

and 4 samples from healthy volunteers. For IHC analyses, these included 4 rB-LP, 16 pcMZL, 13 

pcFCL, and 7 pcDLCBL-LT samples. 

Data availability 
The processed scRNA-seq data generated in this study have been deposited in the GEO database 

under accession code GSE218861 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE218861). Data from healthy control 

samples are available on GEO under GSE173205 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE173205)80. The raw scRNAs-seq data 

are protected and are not available due to data privacy laws. The CBCL scRNA-seq data used in this 
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study are available in the European Genome-Phenome Archive (EGA) database under accession code 

EGAD00001006829 (https://ega-archive.org/datasets/EGAD00001006829). The sFCL scRNA-seq 

data used in this study are available in the EGA database under accession code EGAS00001006052 

(https://ega-archive.org/datasets/EGAS00001006052). The sDLBCL scRNA-seq data used in this 

study are available in the GEO database under accession code GSE182436 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182436). Source data are provided with 

this paper. 

References 
1. Willemze, R., Cerroni, L., Kempf, W., Berti, E., Facchetti, F., Swerdlow, S.H., and Jaffe, E.S. (2019). 

The 2018 update of the WHO-EORTC classification for primary cutaneous lymphomas. Blood 
133, 1703–1714. https://doi.org/10.1182/blood-2018-11-881268.  

2. Goodlad, J.R., Cerroni, L., and Swerdlow, S.H. (2023). Recent advances in cutaneous lymphoma-
implications for current and future classifications. Virchows Arch. Int. J. Pathol. 482, 281–298. 
https://doi.org/10.1007/s00428-022-03421-5.  

3. Vitiello, P., Sica, A., Ronchi, A., Caccavale, S., Franco, R., and Argenziano, G. (2020). Primary 
Cutaneous B-Cell Lymphomas: An Update. Front. Oncol. 10, 651. 
https://doi.org/10.3389/fonc.2020.00651.  

4. Kempf, W., Mitteldorf, C., Cerroni, L., Willemze, R., Berti, E., Guenova, E., Scarisbrick, J.J., and 
Battistella, M. (2024). Classifications of cutaneous lymphomas and lymphoproliferative 
disorders: An update from the EORTC cutaneous lymphoma histopathology group. J. Eur. Acad. 
Dermatol. Venereol. JEADV. https://doi.org/10.1111/jdv.19987.  

5. Di Napoli, A., Rogges, E., Noccioli, N., Gazzola, A., Lopez, G., Persechino, S., Mancini, R., and 
Sabattini, E. (2022). Deep Sequencing of Immunoglobulin Genes Identifies a Very Low 
Percentage of Monoclonal B Cells in Primary Cutaneous Marginal Zone Lymphomas with CD30-
Positive Hodgkin/Reed-Sternberg-like Cells. Diagn. Basel Switz. 12, 290. 
https://doi.org/10.3390/diagnostics12020290.  

6. Hristov, A.C., Comfere, N.I., Vidal, C.I., and Sundram, U. (2020). Kappa and lambda 
immunohistochemistry and in situ hybridization in the evaluation of atypical cutaneous 
lymphoid infiltrates. J. Cutan. Pathol. 47, 1103–1110. https://doi.org/10.1111/cup.13858.  

7. Willemze, R. (2024). Cutaneous lymphoproliferative disorders: Back to the future. J. Cutan. 
Pathol. https://doi.org/10.1111/cup.14609.  

8. Lima, M. (2015). Cutaneous primary B-cell lymphomas: from diagnosis to treatment. An. Bras. 
Dermatol. 90, 687–706. https://doi.org/10.1590/abd1806-4841.20153638.  

9. Storz, M.N., van de Rijn, M., Kim, Y.H., Mraz-Gernhard, S., Hoppe, R.T., and Kohler, S. (2003). 
Gene expression profiles of cutaneous B cell lymphoma. J. Invest. Dermatol. 120, 865–870. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

https://doi.org/10.1046/j.1523-1747.2003.12142.x.  

10. Hoefnagel, J.J., Vermeer, M.H., Jansen, P.M., Heule, F., van Voorst Vader, P.C., Sanders, C.J.G., 
Gerritsen, M.J.P., Geerts, M.L., Meijer, C.J.L.M., Noordijk, E.M., et al. (2005). Primary cutaneous 
marginal zone B-cell lymphoma: clinical and therapeutic features in 50 cases. Arch. Dermatol. 
141, 1139–1145. https://doi.org/10.1001/archderm.141.9.1139.  

11. Nicolay, J.P., and Wobser, M. (2016). Cutaneous B-cell lymphomas - pathogenesis, diagnostic 
workup, and therapy. J. Dtsch. Dermatol. Ges. J. Ger. Soc. Dermatol. JDDG 14, 1207–1224. 
https://doi.org/10.1111/ddg.13164.  

12. Nakagawa, Y., Hamada, T., Takahashi, T., Miyake, T., Hirai, Y., Iwatsuki, K., and Morizane, S. 
(2022). Analysis of clonality in cutaneous B-cell lymphoma and B-cell pseudolymphoma using 
skin flow cytometry: Comparison of immunophenotyping and gene rearrangement studies. J. 
Dermatol. 49, 246–252. https://doi.org/10.1111/1346-8138.16057.  

13. Porkert, S., Lehner-Baumgartner, E., Valencak, J., Knobler, R., Riedl, E., and Jonak, C. (2018). 
Patients’ Illness Perception as a Tool to Improve Individual Disease Management in Primary 
Cutaneous Lymphomas. Acta Derm. Venereol. 98, 240–245. 
https://doi.org/10.2340/00015555-2819.  

14. Schirren, A.E.C., Albrecht, J.D., Melchers, S., Weiß, C., Büttner, S., Dippel, E., Gosmann, J., Jonak, C., 
Klemke, C.-D., Laturnus-Chang, M., et al. (2024). Health-related quality of life and its influencing 
factors in patients with primary cutaneous B-cell lymphomas: A multicentric study in 100 
patients. J. Eur. Acad. Dermatol. Venereol. JEADV 38, 954–966. 
https://doi.org/10.1111/jdv.19799.  

15. Suryani, S., Fulcher, D.A., Santner-Nanan, B., Nanan, R., Wong, M., Shaw, P.J., Gibson, J., Williams, 
A., and Tangye, S.G. (2010). Differential expression of CD21 identifies developmentally and 
functionally distinct subsets of human transitional B cells. Blood 115, 519–529. 
https://doi.org/10.1182/blood-2009-07-234799.  

16. Ramelyte, E., Tastanova, A., Balázs, Z., Ignatova, D., Turko, P., Menzel, U., Guenova, E., Beisel, C., 
Krauthammer, M., Levesque, M.P., et al. (2021). Oncolytic virotherapy-mediated anti-tumor 
response: a single-cell perspective. Cancer Cell 39, 394-406.e4. 
https://doi.org/10.1016/j.ccell.2020.12.022.  

17. Gibson, S.E., and Swerdlow, S.H. (2020). How I Diagnose Primary Cutaneous Marginal Zone 
Lymphoma. Am. J. Clin. Pathol. 154, 428–449. https://doi.org/10.1093/ajcp/aqaa116.  

18. Magro, C.M., and Olson, L.C. (2018). Small cell lymphocytic variant of marginal zone lymphoma: 
A distinct form of marginal zone lymphoma derived from naïve B cells as a cutaneous 
counterpart to the naïve marginal zone lymphoma of splenic origin. Ann. Diagn. Pathol. 34, 
116–121. https://doi.org/10.1016/j.anndiagpath.2018.02.006.  

19. Sagaert, X., Van Cutsem, E., De Hertogh, G., Geboes, K., and Tousseyn, T. (2010). Gastric MALT 
lymphoma: a model of chronic inflammation-induced tumor development. Nat. Rev. 
Gastroenterol. Hepatol. 7, 336–346. https://doi.org/10.1038/nrgastro.2010.58.  

20. Willemze, R. (2005). WHO-EORTC classification for cutaneous lymphomas. Blood 105, 3768–
3785. https://doi.org/10.1182/blood-2004-09-3502.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

21. Han, G., Deng, Q., Marques-Piubelli, M.L., Dai, E., Dang, M., Ma, M.C.J., Li, X., Yang, H., Henderson, 
J., Kudryashova, O., et al. (2022). Follicular Lymphoma Microenvironment Characteristics 
Associated with Tumor Cell Mutations and MHC Class II Expression. Blood Cancer Discov. 3, 
428–443. https://doi.org/10.1158/2643-3230.BCD-21-0075.  

22. Steen, C.B., Luca, B.A., Esfahani, M.S., Azizi, A., Sworder, B.J., Nabet, B.Y., Kurtz, D.M., Liu, C.L., 
Khameneh, F., Advani, R.H., et al. (2021). The landscape of tumor cell states and ecosystems in 
diffuse large B cell lymphoma. Cancer Cell 39, 1422-1437.e10. 
https://doi.org/10.1016/j.ccell.2021.08.011.  

23. Dai, D., Gu, S., Han, X., Ding, H., Jiang, Y., Zhang, X., Yao, C., Hong, S., Zhang, J., Shen, Y., et al. 
(2024). The transcription factor ZEB2 drives the formation of age-associated B cells. Science 
383, 413–421. https://doi.org/10.1126/science.adf8531.  

24. Huang, S., Shahine, A., Cheng, T.-Y., Chen, Y.-L., Ng, S.W., Balaji, G.R., Farquhar, R., Gras, S., 
Hardman, C.S., Altman, J.D., et al. (2023). CD1 lipidomes reveal lipid-binding motifs and size-
based antigen-display mechanisms. Cell 186, 4583-4596.e13. 
https://doi.org/10.1016/j.cell.2023.08.022.  

25. Grosjean, I., Lachaux, A., Bella, C., Aubry, J.P., Bonnefoy, J.Y., and Kaiserlian, D. (1994). 
CD23/CD21 interaction is required for presentation of soluble protein antigen by 
lymphoblastoid B cell lines to specific CD4+ T cell clones. Eur. J. Immunol. 24, 2982–2986. 
https://doi.org/10.1002/eji.1830241209.  

26. Wu, L., Shukla, V., Yadavalli, A.D., Dinesh, R.K., Xu, D., Rao, A., and Schatz, D.G. (2022). HMCES 
protects immunoglobulin genes specifically from deletions during somatic hypermutation. 
Genes Dev. 36, 433–450. https://doi.org/10.1101/gad.349438.122.  

27. Romero, X., Zapater, N., Calvo, M., Kalko, S.G., de la Fuente, M.A., Tovar, V., Ockeloen, C., Pizcueta, 
P., and Engel, P. (2005). CD229 (Ly9) lymphocyte cell surface receptor interacts homophilically 
through its N-terminal domain and relocalizes to the immunological synapse. J. Immunol. 
Baltim. Md 1950 174, 7033–7042. https://doi.org/10.4049/jimmunol.174.11.7033.  

28. Stokes, M.E., Wenzl, K., Huang, C.C., Ortiz, M., Hsu, C.-C., Maurer, M.J., Stong, N., Nakayama, Y., 
Wu, L., Chiu, H., et al. (2024). Transcriptomic classification of diffuse large B-cell lymphoma 
identifies a high-risk activated B-cell-like subpopulation with targetable MYC dysregulation. 
Nat. Commun. 15, 6790. https://doi.org/10.1038/s41467-024-50830-y.  

29. Arcila, M.E., Yu, W., Syed, M., Kim, H., Maciag, L., Yao, J., Ho, C., Petrova, K., Moung, C., Salazar, P., 
et al. (2019). Establishment of Immunoglobulin Heavy (IGH) Chain Clonality Testing by Next-
Generation Sequencing for Routine Characterization of B-Cell and Plasma Cell Neoplasms. J. 
Mol. Diagn. JMD 21, 330–342. https://doi.org/10.1016/j.jmoldx.2018.10.008.  

30. Kuleape, J.A., Hossain, S., Sinclear, C.K., Shimizu, T., Iwasa, H., Maruyama, J., Arimoto-Matsuzaki, 
K., Nishina, H., and Hata, Y. (2022). DNA Damage Triggers the Nuclear Accumulation of RASSF6 
Tumor Suppressor Protein via CDK9 and BAF53 To Regulate p53 Target Gene Transcription. 
Mol. Cell. Biol. 42, e0031021. https://doi.org/10.1128/MCB.00310-21.  

31. Odani, K., Fujimoto, M., Fujii, H., Saka, M., Mizoguchi, K., Hirata, M., Sakurai, T., Takeuchi, Y., 
Minamiguchi, S., Arakawa, Y., et al. (2024). Insulin-like growth factor II mRNA binding protein 3 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

is highly expressed in primary diffuse large B-cell lymphoma of the CNS. J. Clin. Exp. Hematop. 
JCEH 64, 203–207. https://doi.org/10.3960/jslrt.24025.  

32. Charfi, C., Levros, L.-C., Edouard, E., and Rassart, E. (2013). Characterization and identification 
of PARM-1 as a new potential oncogene. Mol. Cancer 12, 84. https://doi.org/10.1186/1476-
4598-12-84.  

33. Nguyen, L., Papenhausen, P., and Shao, H. (2017). The Role of c-MYC in B-Cell Lymphomas: 
Diagnostic and Molecular Aspects. Genes 8, 116. https://doi.org/10.3390/genes8040116.  

34. Mestre-Escorihuela, C., Rubio-Moscardo, F., Richter, J.A., Siebert, R., Climent, J., Fresquet, V., 
Beltran, E., Agirre, X., Marugan, I., Marín, M., et al. (2007). Homozygous deletions localize novel 
tumor suppressor genes in B-cell lymphomas. Blood 109, 271–280. 
https://doi.org/10.1182/blood-2006-06-026500.  

35. Ying, X., Chan, K., Shenoy, P., Hill, M., and Ruddle, N.H. (2005). Lymphotoxin plays a crucial role 
in the development and function of nasal-associated lymphoid tissue through regulation of 
chemokines and peripheral node addressin. Am. J. Pathol. 166, 135–146. 
https://doi.org/10.1016/S0002-9440(10)62239-0.  

36. Duell, J., Leipold, A.M., Appenzeller, S., Fuhr, V., Rauert-Wunderlich, H., Da Via, M., Dietrich, O., 
Toussaint, C., Imdahl, F., Eisele, F., et al. (2024). Sequential antigen loss and branching evolution 
in lymphoma after CD19- and CD20-targeted T-cell-redirecting therapy. Blood 143, 685–696. 
https://doi.org/10.1182/blood.2023021672.  

37. Klasen, C., Ohl, K., Sternkopf, M., Shachar, I., Schmitz, C., Heussen, N., Hobeika, E., Levit-Zerdoun, 
E., Tenbrock, K., Reth, M., et al. (2014). MIF promotes B cell chemotaxis through the receptors 
CXCR4 and CD74 and ZAP-70 signaling. J. Immunol. Baltim. Md 1950 192, 5273–5284. 
https://doi.org/10.4049/jimmunol.1302209.  

38. Hu, J., Wang, X., Ge, C., Qi, W., Li, Z., Wang, Y., Lai, W., Ji, W., and Xu, H. (2025). TSP-1-CD47-
integrin α4β1 axis drives T cell infiltration and synovial inflammation in rheumatoid arthritis. 
Front. Immunol. 16, 1524304. https://doi.org/10.3389/fimmu.2025.1524304.  

39. Kerr, S.C., Fieger, C.B., Snapp, K.R., and Rosen, S.D. (2008). Endoglycan, a member of the CD34 
family of sialomucins, is a ligand for the vascular selectins. J. Immunol. Baltim. Md 1950 181, 
1480–1490. https://doi.org/10.4049/jimmunol.181.2.1480.  

40. Greer, S.F., and Justement, L.B. (1999). CD45 regulates tyrosine phosphorylation of CD22 and its 
association with the protein tyrosine phosphatase SHP-1. J. Immunol. Baltim. Md 1950 162, 
5278–5286.  

41. Duan, L., Liu, D., Chen, H., Mintz, M.A., Chou, M.Y., Kotov, D.I., Xu, Y., An, J., Laidlaw, B.J., and 
Cyster, J.G. (2021). Follicular dendritic cells restrict interleukin-4 availability in germinal 
centers and foster memory B cell generation. Immunity 54, 2256-2272.e6. 
https://doi.org/10.1016/j.immuni.2021.08.028.  

42. Ye, J., Ma, N., Madden, T.L., and Ostell, J.M. (2013). IgBLAST: an immunoglobulin variable 
domain sequence analysis tool. Nucleic Acids Res. 41, W34-40. 
https://doi.org/10.1093/nar/gkt382.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

43. De Silva, N.S., and Klein, U. (2015). Dynamics of B cells in germinal centres. Nat. Rev. Immunol. 
15, 137–148. https://doi.org/10.1038/nri3804.  

44. Robson, A., Bakr, F., Rashidghamat, E., Willsmore, Z.N., Ally, M., Greenblatt, D., Barlow, R., Wain, 
E.M., Child, F., Esdaile, B., et al. (2021). Follicular T-Helper Cells in Marginal Zone Lymphoma: 
Evidence of an Organoid Immune Response. Am. J. Dermatopathol. 43, e197–e203. 
https://doi.org/10.1097/DAD.0000000000002017.  

45. van Nierop, K., and de Groot, C. (2002). Human follicular dendritic cells: function, origin and 
development. Semin. Immunol. 14, 251–257. https://doi.org/10.1016/s1044-5323(02)00057-
x.  

46. Mechtcheriakova, D., Sobanov, Y., Holtappels, G., Bajna, E., Svoboda, M., Jaritz, M., Bachert, C., 
and Jensen-Jarolim, E. (2011). Activation-induced cytidine deaminase (AID)-associated 
multigene signature to assess impact of AID in etiology of diseases with inflammatory 
component. PloS One 6, e25611. https://doi.org/10.1371/journal.pone.0025611.  

47. Schumacher, T.N., and Thommen, D.S. (2022). Tertiary lymphoid structures in cancer. Science 
375, eabf9419. https://doi.org/10.1126/science.abf9419.  

48. Bombardieri, M., Lewis, M., and Pitzalis, C. (2017). Ectopic lymphoid neogenesis in rheumatic 
autoimmune diseases. Nat. Rev. Rheumatol. 13, 141–154. 
https://doi.org/10.1038/nrrheum.2016.217.  

49. Sato, Y., Silina, K., van den Broek, M., Hirahara, K., and Yanagita, M. (2023). The roles of tertiary 
lymphoid structures in chronic diseases. Nat. Rev. Nephrol. 19, 525–537. 
https://doi.org/10.1038/s41581-023-00706-z.  

50. Yu, W.-W., Barrett, J.N.P., Tong, J., Lin, M.-J., Marohn, M., Devlin, J.C., Herrera, A., Remark, J., 
Levine, J., Liu, P.-K., et al. (2024). Skin immune-mesenchymal interplay within tertiary lymphoid 
structures promotes autoimmune pathogenesis in hidradenitis suppurativa. Immunity 57, 
2827-2842.e5. https://doi.org/10.1016/j.immuni.2024.11.010.  

51. Travaglino, A., Varricchio, S., Pace, M., Russo, D., Picardi, M., Baldo, A., Staibano, S., and Mascolo, 
M. (2020). Borrelia burgdorferi in primary cutaneous lymphomas: a systematic review and 
meta-analysis. J. Dtsch. Dermatol. Ges. J. Ger. Soc. Dermatol. JDDG 18, 1379–1384. 
https://doi.org/10.1111/ddg.14289.  

52. Cho, W.C., Gill, P., Nagarajan, P., Aung, P.P., Torres-Cabala, C.A., Curry, J.L., Ivan, D., Lester, L., and 
Prieto, V.G. (2022). Cutaneous Lymphoid Hyperplasia With T-Cell Clonality and Monotypic 
Plasma Cells Secondary to a Tick Bite: A Hidden Critter and the Power of Deeper Levels. Am. J. 
Dermatopathol. 44, 226–229. https://doi.org/10.1097/DAD.0000000000002067.  

53. Messina, F., Cicogna, G.T., Salmaso, R., Rondinone, R., and Alaibac, M. (2022). Primary Cutaneous 
Follicle Center B-cell Lymphoma at the Site of a Resolved Herpes Zoster Eruption. Dermatol. 
Pract. Concept. 12, e2022169. https://doi.org/10.5826/dpc.1204a169.  

54. Aouali, S., Benkaraache, M., Almheirat, Y., Zizi, N., and Dikhaye, S. (2022). Complete remission of 
primary cutaneous follicle centre cell lymphoma associated with COVID-19 vaccine. J. Eur. Acad. 
Dermatol. Venereol. JEADV 36, e676–e678. https://doi.org/10.1111/jdv.18246.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

55. Schreidah, C.M., Fahmy, L.M., Lapolla, B.A., Kwinta, B.D., Magro, C.M., and Geskin, L.J. (2023). 
Clinical Remission of Primary Cutaneous Marginal Zone B-Cell Lymphoma in a Patient With 
Crohn’s Disease After Helicobacter pylori Quadruple Therapy and Vedolizumab. Am. J. 
Dermatopathol. 45, 572–576. https://doi.org/10.1097/DAD.0000000000002470.  

56. Robotis, J., Tsiodras, S., and Rokkas, T. (2018). Helicobacter pylori eradication may successfully 
treat primary cutaneous follicle center lymphoma. Helicobacter 23, e12499. 
https://doi.org/10.1111/hel.12499.  

57. Eken, J.A., Koning, M.T., Kupcova, K., Sepúlveda Yáñez, J.H., De Groen, R.A.L., Quinten, E., Janssen, 
J., Van Bergen, C.A.M., Vermaat, J.S.P., Cleven, A., et al. (2024). Antigen-independent, 
autonomous B cell receptor signaling drives activated B cell DLBCL. J. Exp. Med. 221, 
e20230941. https://doi.org/10.1084/jem.20230941.  

58. Mareschal, S., Pham-Ledard, A., Viailly, P.J., Dubois, S., Bertrand, P., Maingonnat, C., Fontanilles, 
M., Bohers, E., Ruminy, P., Tournier, I., et al. (2017). Identification of Somatic Mutations in 
Primary Cutaneous Diffuse Large B-Cell Lymphoma, Leg Type by Massive Parallel Sequencing. J. 
Invest. Dermatol. 137, 1984–1994. https://doi.org/10.1016/j.jid.2017.04.010.  

59. Zhou, X.A., Yang, J., Ringbloom, K.G., Martinez-Escala, M.E., Stevenson, K.E., Wenzel, A.T., Fantini, 
D., Martin, H.K., Moy, A.P., Morgan, E.A., et al. (2021). Genomic landscape of cutaneous follicular 
lymphomas reveals 2 subgroups with clinically predictive molecular features. Blood Adv. 5, 
649–661. https://doi.org/10.1182/bloodadvances.2020002469.  

60. Barasch, N.J.K., Liu, Y.-C., Ho, J., Bailey, N., Aggarwal, N., Cook, J.R., and Swerdlow, S.H. (2020). 
The molecular landscape and other distinctive features of primary cutaneous follicle center 
lymphoma. Hum. Pathol. 106, 93–105. https://doi.org/10.1016/j.humpath.2020.09.014.  

61. Hadj Khodabakhshi, A., Morin, R.D., Fejes, A.P., Mungall, A.J., Mungall, K.L., Bolger-Munro, M., 
Johnson, N.A., Connors, J.M., Gascoyne, R.D., Marra, M.A., et al. (2012). Recurrent targets of 
aberrant somatic hypermutation in lymphoma. Oncotarget 3, 1308–1319. 
https://doi.org/10.18632/oncotarget.653.  

62. Michaeli, M., Carlotti, E., Hazanov, H., Gribben, J.G., and Mehr, R. (2022). Mutational patterns 
along different evolution paths of follicular lymphoma. Front. Oncol. 12, 1029995. 
https://doi.org/10.3389/fonc.2022.1029995.  

63. Koning, M.T., Quinten, E., Zoutman, W.H., Kiełbasa, S.M., Mei, H., Van Bergen, C.A.M., Jansen, P., 
Vergroesen, R.D., Willemze, R., Vermeer, M.H., et al. (2019). Acquired N-Linked Glycosylation 
Motifs in B-Cell Receptors of Primary Cutaneous B-Cell Lymphoma and the Normal B-Cell 
Repertoire. J. Invest. Dermatol. 139, 2195–2203. https://doi.org/10.1016/j.jid.2019.04.005.  

64. Senff, N.J., Kluin-Nelemans, H.C., and Willemze, R. (2008). Results of bone marrow examination 
in 275 patients with histological features that suggest an indolent type of cutaneous B-cell 
lymphoma. Br. J. Haematol. 142, 52–56. https://doi.org/10.1111/j.1365-2141.2008.07159.x.  

65. Porkert, S., Mai, P., Jonak, C., Weihsengruber, F., Rappersberger, K., Bauer, W., Simonitsch-Klupp, 
I., Raderer, M., and Valencak, J. (2021). Long-term Therapeutic Success of Intravenous 
Rituximab in 26 Patients with Indolent Primary Cutaneous B-cell Lymphoma. Acta Derm. 
Venereol. 101, adv00383. https://doi.org/10.2340/00015555-3746.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

66. Valencak, J., Weihsengruber, F., Rappersberger, K., Trautinger, F., Chott, A., Streubel, B., 
Muellauer, L., Der-Petrossian, M., Jonak, C., Binder, M., et al. (2009). Rituximab monotherapy for 
primary cutaneous B-cell lymphoma: response and follow-up in 16 patients. Ann. Oncol. Off. J. 
Eur. Soc. Med. Oncol. 20, 326–330. https://doi.org/10.1093/annonc/mdn636.  

67. Rindler, K., Jonak, C., Alkon, N., Thaler, F.M., Kurz, H., Shaw, L.E., Stingl, G., Weninger, W., 
Halbritter, F., Bauer, W.M., et al. (2021). Single-cell RNA sequencing reveals markers of disease 
progression in primary cutaneous T-cell lymphoma. Mol. Cancer 20, 124. 
https://doi.org/10.1186/s12943-021-01419-2.  

68. Rojahn, T.B., Vorstandlechner, V., Krausgruber, T., Bauer, W.M., Alkon, N., Bangert, C., Thaler, 
F.M., Sadeghyar, F., Fortelny, N., Gernedl, V., et al. (2020). Single-cell transcriptomics combined 
with interstitial fluid proteomics defines cell type-specific immune regulation in atopic 
dermatitis. J. Allergy Clin. Immunol. 146, 1056–1069. 
https://doi.org/10.1016/j.jaci.2020.03.041.  

69. Bangert, C., Rindler, K., Krausgruber, T., Alkon, N., Thaler, F.M., Kurz, H., Ayub, T., Demirtas, D., 
Fortelny, N., Vorstandlechner, V., et al. (2021). Persistence of mature dendritic cells, TH2A, and 
Tc2 cells characterize clinically resolved atopic dermatitis under IL-4Rα blockade. Sci. 
Immunol. 6, eabe2749. https://doi.org/10.1126/sciimmunol.abe2749.  

70. Biostrings Bioconductor. http://bioconductor.org/packages/Biostrings/.  

71. Hao, Y., Stuart, T., Kowalski, M.H., Choudhary, S., Hoffman, P., Hartman, A., Srivastava, A., Molla, 
G., Madad, S., Fernandez-Granda, C., et al. (2024). Dictionary learning for integrative, 
multimodal and scalable single-cell analysis. Nat. Biotechnol. 42, 293–304. 
https://doi.org/10.1038/s41587-023-01767-y.  

72. Yang, S., Corbett, S.E., Koga, Y., Wang, Z., Johnson, W.E., Yajima, M., and Campbell, J.D. (2020). 
Decontamination of ambient RNA in single-cell RNA-seq with DecontX. Genome Biol. 21, 57. 
https://doi.org/10.1186/s13059-020-1950-6.  

73. Germain, P.-L., Lun, A., Garcia Meixide, C., Macnair, W., and Robinson, M.D. (2021). Doublet 
identification in single-cell sequencing data using scDblFinder. F1000Research 10, 979. 
https://doi.org/10.12688/f1000research.73600.2.  

74. Haghverdi, L., Lun, A.T.L., Morgan, M.D., and Marioni, J.C. (2018). Batch effects in single-cell 
RNA-sequencing data are corrected by matching mutual nearest neighbors. Nat. Biotechnol. 36, 
421–427. https://doi.org/10.1038/nbt.4091.  

75. Heumos, L., Schaar, A.C., Lance, C., Litinetskaya, A., Drost, F., Zappia, L., Lücken, M.D., Strobl, D.C., 
Henao, J., Curion, F., et al. (2023). Best practices for single-cell analysis across modalities. Nat. 
Rev. Genet. 24, 550–572. https://doi.org/10.1038/s41576-023-00586-w.  

76. Choudhary, S., and Satija, R. (2022). Comparison and evaluation of statistical error models for 
scRNA-seq. Genome Biol. 23, 27. https://doi.org/10.1186/s13059-021-02584-9.  

77. Jin, S., Guerrero-Juarez, C.F., Zhang, L., Chang, I., Myung, P., Plikus, M.V., and Nie, Q. (2020). 
Inference and analysis of cell-cell communication using CellChat (Bioinformatics) 
https://doi.org/10.1101/2020.07.21.214387.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

78. Griss, J., Bauer, W., Wagner, C., Simon, M., Chen, M., Grabmeier-Pfistershammer, K., Maurer-
Granofszky, M., Roka, F., Penz, T., Bock, C., et al. (2019). B cells sustain inflammation and predict 
response to immune checkpoint blockade in human melanoma. Nat. Commun. 10, 4186. 
https://doi.org/10.1038/s41467-019-12160-2.  

79. Bankhead, P., Loughrey, M.B., Fernández, J.A., Dombrowski, Y., McArt, D.G., Dunne, P.D., 
McQuaid, S., Gray, R.T., Murray, L.J., Coleman, H.G., et al. (2017). QuPath: Open source software 
for digital pathology image analysis. Sci. Rep. 7, 16878. https://doi.org/10.1038/s41598-017-
17204-5.  

80. Bangert, C., Alkon, N., Chennareddy, S., Arnoldner, T., Levine, J.P., Pilz, M., Medjimorec, M.A., 
Ruggiero, J., Cohenour, E.R., Jonak, C., et al. (2024). Dupilumab-associated head and neck 
dermatitis shows a pronounced type 22 immune signature mediated by oligoclonally expanded 
T cells. Nat. Commun. 15, 2839. https://doi.org/10.1038/s41467-024-46540-0.  

Acknowledgements 
This work was funded by research grants from the Austrian Science Fund to PMB (grant number KLI 

849-B) and JG (grant number P35937). SNW was supported by research grants from the Austrian 

Science Fund (grant number P31127 and IPPTO project number DOC 59-B33). IO was supported by 

a DOC fellowship from the Austrian Academy of Science (Grant number 27228). The Vienna Scientific 

Cluster (Project No. 71839) is gratefully acknowledged for providing computational resources. 

Authors' contributions 

Designed research JG, CJ, SNW, PMB Sample acquisition JG, CJ, PMB, SP, WD Histopathological 

analysis MD, ISK Sample analysis LS, UM, MF, BA, BML, MS, SZS, CW, SNW, WW Data analysis JG, 

SG, IO, VN Acquisition of funding JG, PMB Writing of manuscript JG, CJ, PMB, SNW, BML 

Competing interests 
JG received personal fees from AbbVie, Eli Lilly, Pfizer, Boehringer Ingelheim and Novartis. CJ 

has received personal fees from Boehringer Ingelheim, LEO, Pfizer, Recordati Rare Diseases, Eli Lilly, 

Novartis, Takeda, Kyowa Kirin, STADA, UCB, BMS, AbbVie, Janssen, Stemline, and Almirall. CJ is an 

investigator for Eli Lilly, Novartis, AbbVie, Boehringer Ingelheim, Incyte, 4SC, and Innate Pharma. 

WW has received personal fees from LEO Pharma, Pfizer, Sanofi Genzyme, Eli Lilly, Novartis, 

Boehringer Ingelheim, AbbVie, and Janssen. WD has received personal fees from Boston Scientific, 

Olympus, Medtronic, Norgine, MSD, Takeda and Ferring. PMB has received personal fees from 

Almirall, Sanofi, Janssen, Amgen, LEO Pharma, AbbVie, Pfizer, Boehringer Ingelheim, GSK, Regeneron, 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

Eli Lilly, Celgene, Arena Pharma, Novartis, UCB Pharma, Biotest and BMS. PMB is an investigator for 

Pfizer and Abbvie. 

Figure Legends 
Figure 1 scRNA-seq based characterisation of cutaneous B cells. a) Schematic overview of all cutaneous 

samples and UMAP embedding of the respective scRNA-seq data. Created in BioRender. Griss, J. (2026) 

https://BioRender.com/33vew3u b) UMAP embedding of the subclustered B cells (including B, and Plasma 

cells) of all cutaneous samples. c) Dot plot of key B cell markers used to identify respective B-cell subtypes. 

Colour intensity represents average expression and point size the fraction of expressing cells. d) UMAP 

embedding of the subclustered B cells highlighting the results of the BCR sequencing. Colours represent 

the top-expanded clone of all samples per disease. e) Frequency of B-cell subtypes per disease shown for 

all B cells (top) and only B cells part of the top-expanded clone (bottom). f) UMAP embedding of the B cell 

subclustering highlighting the results of the monocle3-based pseudotime analysis. Black lines represent 

the identified trajectories. g) Pseudotime of each individual cell from the top-expanded clone in pcMZL 

per sample. Colours represent the identified B-cell subtypes. h) Frequency of B-cell subtypes of the top 

expanded clone from one patient with pcFCL and one patient with pcDLCBL-LT from the study of Ramelyte 

et al. Source data are provided as a Source Data file. 

 

Figure 2 | Multiplex IHC-based characterisation of the B cell infiltrates in primary cutaneous B cell 

lymphoma samples. a) Representative combined images for all investigated entities from a total of 40 

samples. b,c) Relative abundance of the characterised cell types in all samples (n = 40). d) Shannon entropy 

for each sample (n = 40) per disease. Lower and upper hinges of the boxplots correspond to the first and 

third quartiles, center represents the median, whiskers extend to a maximum of 1.5 of the interquartile 

range and represent the minimum and maximum value within this range. Source data are provided as a 

Source Data file. 

 

Figure 3 | Integration of B cells from CBCL samples with B cells from MALT, sFCL, sDLBCL, and reactive 

lymph nodes. a) Overview of processed samples. Created in BioRender. Griss, J. (2026) 

https://BioRender.com/8i86vna b) UMAP embedding of all processed B cells (cutaneous and systemic 

lymphomas). c) Disease of origin of the processed B cells. d) Distribution of B cell phenotypes of 

topclone per sample grouped by disease. e) Dot plot showing the abundance of immunoglobulin isotype 
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genes in the top expanded clone per sample. f) Dot plot showing expression values of genes 

differentially expressed between indolent cutaneous entities (rB-LP, pcMZL, pcFCL) and the other 

entities. g) Visual representation of the canonical B cell trajectory and the respective distribution of the 

top expanded clones per disease. Created in BioRender. Griss, J. (2026) https://BioRender.com/8p4kb6z. 

h) Relative proportion of the top expanded clone per sample (n = 49) and disease. Values are normalised 

based on the total number of B cells. Stars represent significant levels based on a two-sided Wilcoxon 

rank sum test with FDR correction (* < 0.01, ** < 0.05, n.s. > 0.05). Adjusted p-values for the comparison 

against pcMZL were 0.06 (rB-LP), 0.014 (pcFCL), 0.004 (pcDLBCL-LT, MALT, sDLBCL), and 0.003 (sFCL). 

Lower and upper hinges of the boxplots correspond to the first and third quartiles, center represents the 

median, whiskers extend to a maximum of 1.5 of the interquartile range and represent the minimum 

and maximum value within this range. i) Dot plot showing expression values of genes differentially 

expressed between pcDLBCL-LT and sDLBCL and other entities. Source data are provided as a Source 

Data file. 

 

Figure 4 | Indolent primary cutaneous B cell lymphoma show an intact germinal center reaction. a) Key 

cell-to-cell interactions based on CellChat. Color coding represents the cumulative interaction probability 

and size the associated CellChat-based p-value. b) Somatic hypermutation in the top expanded B-cell 

clone and polyclonal B cells per disease as derived through the identity mapping of IgBLAST. Somatic 

hypermutation is quantified through the difference to the canonical sequence. Data is shown separately 

for the top expanded clone and the polyclonal infiltrate. c) UMAP embedding of a subclustering of the T 

cells from all cutaneous samples. d) Canonical markers used to identify key T cell subtypes. Size of the 

dots represent the percentage of cells expressing the marker, colour intensity represents the average 

expression. e) Relative proportion of T follicular helper cells among all identified T cells per sample (n = 

27) (coloured points). Lower and upper hinges of the boxplots correspond to the first and third quartiles, 

whiskers extend to a maximum of 1.5 of the interquartile range and represent the minimum and 

maximum value within this range. f) UMAP embedding of a subclustering of all fibroblasts from the 

cutaneous samples. g) Dot plot showing canonical markers used to identify key fibroblast subsets. h) 

Relative proportion of follicular dendritic cells (fDC) normalised based on all identified fibroblasts per 

sample (n = 27, coloured points). Lower and upper hinges of the boxplots correspond to the first and third 

quartiles, center represents the median, whiskers extend to a maximum of 1.5 of the interquartile range 

and represent the minimum and maximum value within this range. Source data are provided as a Source 

Data file. 
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Figure 5 | Proposed pathophysiological mechanism of primary cutaneous B cell lymphoma subtypes. 

Created in BioRender. Griss, J. (2026) https://BioRender.com/l5pft96 

 

 

 

 

 

 

 

 

Editorial Summary 

Primary cutaneous B-cell lymphoma encompass clinically heterogeneous entities, including 

indolent and aggressive subtypes. Here, the authors show that the two indolent subtypes exhibit a 

persistent germinal centre reaction and thus may be driven by (a yet unknown) antigen. 

Peer Review Information: Nature Communications thanks Larisa Geskin and the other, 

anonymous, reviewer(s) for their contribution to the peer review of this work. A peer review file is 

available. 
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