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A20 haploinsufficiency disturbs immune homeostasis 
and drives the transformation of lymphocytes with 
permissive antigen receptors
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Edith Willscher3, Hanna Jonas3, Namuun Chinchuluun3, Bianca Grosser14, Bruno Märkl14,  
Wolfram Klapper15, Prasad Thomas Oommen16, Katharina Gössling16,17, Katrin Hoffmann18,  
Gisa Tiegs19, Felix Czernilofsky20,21,22, Sascha Dietrich20,21,22,23,24, Alexandra Freeman25,  
Daniella M. Schwartz26, Ari Waisman4, Ivona Aksentijevich27, Mascha Binder1,2,7*

Genetic TNFAIP3 (A20) inactivation is a classical somatic lymphoma lesion and the genomic trait in haploinsuffi-
ciency of A20 (HA20). In a cohort of 34 patients with HA20, we show that heterozygous TNFAIP3 loss skews im-
mune repertoires toward lymphocytes with classical self-reactive antigen receptors typically found in B and T cell 
lymphomas. This skewing was mediated by a feed-forward tumor necrosis factor (TNF)/A20/nuclear factor κB (NF-
κB) loop that shaped pre-lymphoma transcriptome signatures in clonally expanded B (CD81, BACH2, and NEAT1) 
or T (GATA3, TOX, and PDCD1) cells. The skewing was reversed by anti-TNF treatment but could also progress to 
overt lymphoma. Analysis of conditional TNFAIP3 knock-out mice reproduced the wiring of the TNF/A20/NF-κB 
signaling axis with permissive antigen receptors and suggested a distinct regulation in B and T cells. Together, 
patients with the genetic disorder HA20 provide an exceptional window into A20/TNF/NF-κB–mediated control of 
immune homeostasis and early steps of lymphomagenesis that remain clinically unrecognized.

INTRODUCTION
Haploinsufficiency of A20 (HA20) is a severe childhood-onset 
inflammatory disease characterized by heterozygous germline 
loss-of-function (LOF) mutations in TNFAIP3 (1, 2). The clinical 
presentations vary widely but often consist in periodic fever epi-
sodes with systemic symptoms and elevated inflammatory markers 
in the blood. Inflammatory episodes may involve the skin, joints, 
gastrointestinal tract, or other organs. Overall presentation but es-
pecially the mucosal ulcers observed in patients with HA20 are a 
shared feature with Behçet’s disease. A20—the protein encoded by 
TNFAIP3—is an ubiquitin-editing enzyme that is critical for the 
negative regulation of nuclear factor κB (NF-κB) downstream of an-
tigen, Toll-like, and tumor necrosis factor (TNF) receptors. Thereby, 
it plays a crucial role in regulating the innate immune response and 
in controlling inflammation. While the disease is mainly driven by 

dysregulation of innate immune cells, heterozygous A20 LOF also 
affect adaptive immunity since A20 restricts proliferation of B and T 
cells (3, 4). A20-deficient B cells are resistant to Fas-mediated cell 
death (5) and also exhibit a hyperactive phenotype including auto-
antibody production that may account for some of the symptoms 
observed in HA20 (6). In line with this, germline-inherited single-
nucleotide polymorphisms in the TNFAIP3 gene locus compromis-
ing A20 function confer susceptibility to autoimmune diseases, 
including systemic lupus erythematosus, rheumatoid arthritis, pso-
riasis, Sjögren’s syndrome, diabetes, and autoimmune hepatitis (7–9). 
Somatic A20 LOF has been identified as disease driver across a vari-
ety of non-Hodgkin lymphomas. Diffuse large B cell lymphoma of 
activated B cell type (ABC DLBCL) and cutaneous T cell non-Hodgkin 
lymphoma mycosis fungoides (MF)/Sézary syndrome (SS) are per-
haps the most prototypic entities with mono- or biallelic TNFAIP3 
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mutations (10–15). As in other lymphomas, these mutations are be-
lieved to disrupt tolerance checkpoints permitting lymphocytes to 
evade growth control (16–18). However, it remains underexplored 
how single recurrent lymphoma mutations turn signals resulting 
from antigen receptor engagement into proliferation or alterna-
tively prevent self-antigen–induced clonal deletion.

In the work presented here, we study a unique cohort of 34 indi-
viduals with HA20 with a focus on lymphocyte dysregulation. We 
show that loss of A20 creates a distinct interactome with “permis-
sive” lymphoma antigen receptor configurations that results in the 
reversible TNF-driven expansion of selected clonotypes in patients 
with HA20. By engineering lymphoid or myeloid lineage–specific 
deletion of TNFAIP3 in mouse models and by manipulation of lym-
phoma cell lines, we dissect the cell-intrinsic and -extrinsic loops of 
the A20/TNF/NF-κB axis determining B and T cell homeostasis 
versus clonal outgrowth. Overall, these data provide valuable in-
sight into the biological trajectory from healthy lymphocytes to 
lymphoma at the same time pointing at the lymphoma risk and po-
tential mitigation strategies in patients with HA20.

RESULTS
Patients with HA20 show skewing of T and B cell 
immune repertoires
Given the importance of somatic TNFAIP3 LOF mutations in lym-
phoma, we hypothesized that lymphocyte repertoire composition 
in patients with HA20 may reveal unprecedented insight into the 
pleiotropic effects of A20 on lymphoid cells. Therefore, we system-
atically analyzed peripheral blood B and T cell repertoires in a co-
hort of 34 individuals with HA20, 19 thereof as part of six affected 
families (table S1), using immunoglobulin heavy chain (IGH) and 
T cell receptor β chain (TRB) repertoire sequencing (Fig. 1A). Com-
pared to healthy individuals, immune repertoires of patients with 
HA20 were restricted with overall higher clonality and lower diver-
sity and richness (Fig.  1B). The metrics shifts were more pro-
nounced for the IGH repertoire than for the TRB repertoire. The 
rate of IGHV somatic hypermutation was comparable to controls 
indicating no severe maturation defect or antigenic driver in HA20 
B cells (Fig. 1B). To detect HA20-associated biases in the T and B 
cell immune repertoires, we performed principal component anal-
ysis (PCA) of V gene usage. TRBV and IGHV gene usage was sub-
stantially skewed (Fig. 1C). The most frequently used TRBV gene 
was TRBV20-1, which was strongly enriched compared to immune 
repertoires from healthy individuals. In the B cell repertoire, we 
found increased usage of IGHV3-23 and IGHV4-34, the latter be-
ing known for its reactivity with self-antigen (Fig. 1D). In addition, 
IGHV3-7 and, to a lesser extent, IGHV2-5 and IGHV3-74 were en-
riched in HA20 repertoires. Together, these data suggest the se-
lective expansion of B and T lymphocytes with distinct antigen 
receptor rearrangements in individuals with germline LOF TNFAIP3 
mutations.

Skewed HA20 immune repertoires encompass antigen 
receptor signatures of TNFAIP3-mutant lymphomas
Next, we asked whether the HA20-specific immune repertoire 
skewing was directed toward antigen receptor genes typically used 
by TNFAIP3-mutant lymphomas. To test this, we studied antigen 
receptor profiles in two lymphoma entities that frequently harbor 
TNFAIP3 mutations, namely DLBCL of ABC type and MF/SS. In 

these cohorts, 21 of 66 ABC DLBCL cases (Fig. 1E) and 9 of 27 MF/SS 
cases (Fig. 1F) (dbGAP, accession number phs000859) had TNFAIP3 
mutations. In TNFAIP3-mutant ABC DLBCL, a variety of different 
TNFAIP3 alterations were found and almost one-third of all cases 
had biallelic inactivations (Fig.  1E and table  S2). In TNFAIP3-
mutant MF/SS, the prevailing lesion was a monoallelic TNFAIP3 
c.380 T > G (p.Phe127Cys; NCBI: NM_006290.4) alteration (Fig. 1F 
and table S2). To determine the malignant lymphoma’s antigen re-
ceptor sequence, we performed next-generation sequencing (NGS) 
of the IGH locus in our ABC DLBCL cases and extracted the dom-
inant TRB sequence from RNA-sequencing (RNA-seq) data in the 
MF/SS cohort. This analysis demonstrated that the majority of 
TNFAIP3-mutant ABC DLBCL or MF/SS lymphomas used 
IGHV4-34 (57%) or TRBV20-1 (33%), respectively (Fig. 1, F and 
G). While these two genes were among the V genes most frequent-
ly expanded in HA20 B and T cell immune repertoires, we did not 
detect clonotypes with identical IGHV4-34 or TRBV20-1 recep-
tor configurations shared between patients with lymphoma. To-
gether, these data suggest that the penetrance and expressivity of 
TNFAIP3 mutations on the immune repertoire level is linked to the 
expression of distinct permissive antigen receptors.

The transcriptome of healthy B cells expressing 
IGHV4-34–encoded antigen receptors is closely linked 
to TNFAIP3
We next focused on the B lineage and asked whether autonomous, 
antigen-independent B cell receptor (BCR) properties contributed to 
the enrichment of distinct V genes in TNFAIP3 LOF settings. We 
randomly selected two IGHV4-34–encoded clonotypic BCR derived 
from patients with ABC DLBCL as proxy to test this using the mu-
rine triple knock-out (TKO) system (19). When ectopically express-
ing these BCR in TKO cells, we did not observe autonomous 
signaling and equal levels of Ca2+ mobilization upon anti–immuno-
globulin M (IgM) stimulation compared to an unrelated control 
BCR (Fig. 2A) (20). These data did not suggest autonomous signal-
ing or differential responses to receptor engagement as inherent dis-
tinguishing feature of IGHV4-34–encoded BCR. We next tested the 
hypothesis that B cells with IGHV4-34–encoded BCR share charac-
teristic A20-related signaling properties that render them more per-
missive for TNFAIP3 LOF mutations. To this end, we isolated 
peripheral CD19+ cells with and without IGHV4-34–encoded BCRs 
from a healthy individual (male, 24 years old) and subjected them to 
5′ single-cell RNA (scRNA) and paired BCR sequencing. This yield-
ed 3536 IGHV4-34+ and 8726 IGHV4-34− B cells. Dimensionality 
reduction and embedding using Uniform Manifold Approximation 
and Projection (UMAP) after integration of both datasets showed 
that the polyclonal IGHV4-34+ and IGHV4-34− populations shared 
all major B cell compartments distributed across eight clusters 
(Fig. 2B). While there were only subtle differences in the proportion 
of naïve/mature and classical memory subsets, IGHV4-34+ cells 
were enriched in B cells with an atypical-like signature (FCRL3, 
FCRL5, ITGAX, SOX5, and lack of CD27) (21–24) (Fig. 2B) and con-
tained less post-class switch isotypes (Fig.  2C). IGHV4-34+ cells 
showed substantially lower TNFAIP3 expression with TNFAIP3 be-
ing one of the top 50 differentially regulated genes in an unsuper-
vised analysis (Fig.  2D). Notably, we observed the same but less 
pronounced pattern in IGHV3-7 and IGHV3-23 expressing B cells 
but not for any other of the 32 IGHV family classes that were suffi-
ciently covered in the non–IGHV4-34 dataset (fig. S1). To exclude 
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Fig. 1. B and T cell receptors in blood lymphocytes of patients with HA20 and in lymphoma cohorts. (A) Schematic representation of sequencing approach. Created with 
Biorender.com. (B) Mean (±SD) richness, clonality, Shannon diversity, and hypermutation rate for the productive IGH and TRB repertoires from patients with HA20 (n = 34) compared 
to healthy individuals (HD; n = 36). Statistical analysis: Unpaired two-sided t test. (C) PCA of TRBV and IGHV gene usage in patients with HA20 (n = 34) and HDs (n = 36). Statistical 
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TNFAIP3 mutations in the analyzed MF/SS cohort (n = 27) and frequency of peripheral lymphoma clones with TRBV20-1 rearranged antigen receptors in TNFAIP3-mutated patients as 
compared to peripheral blood from HDs (n = 36). Position and number of identified TNFAIP3 mutations in the MF/SS cohort are shown. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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that the reduced TNFAIP3 transcription in IGHV4-34+ cells was an 
effect of anti–IGHV4-34 antibody binding during sorting, we sub-
jected a set of 22,912 CD19-sorted B cells from two additional 
healthy individuals (52-year-old female and 62-year-old male) to 
scRNA-seq. Here, we observed the same reduced TNFAIP3 tran-
script levels in IGHV4-34+ cells (fig. S2). In IGHV4-34–sorted cells, 
the reduced TNFAIP3 expression pattern was mainly derived from 
expression differences in the classical memory (CD27, lack of IGHD) 
and the atypical-like B cell compartments (Fig. 2, D and E). In addi-
tion, IGHV4-34+ cells had higher expression of NFKB1 as well as 
NF-κB activators (SLAMF1, SLAMF7, and TLR1) and NF-κB down-
stream targets (e.g., MYC, MIR155HG, CCR7, and ID3), while the 
NF-κB inhibitor NFKBID was down-regulated (Fig. 2F). IGHV4-34+ 
cells were also characterized by slightly higher gene expression scores 
for autophagy and proinflammatory cytokine secretion (Fig. 2G). 
Next, we tested for gene expression differences depending on antigen 
experience of the BCR in the IGHV4-34+ population. In line with 
the receptor status, IGHV4-34+ cells with near germline receptor 
configuration (≥98% identity) had higher proportion of cells ex-
pressing naïve B cell markers (TCL1A) (Fig. 2H) and pre-switch iso-
types (Fig. 2I), while antigen-experienced IGHV4-34+ cells (BCR 
configuration with less than 98% germline identity) were enriched in 
classical memory markers (CD27) (Fig. 2H) and post-switch iso-
types (Fig. 2I). Notably, antigen-experienced IGHV4-34 BCRs had 
lower levels of TNFAIP3 (Fig. 2J) but no substantial differences in 

global gene expression besides lineage-specific memory markers 
(Fig. 2K). These data suggest that the reduced TNFAIP3 expression 
levels in IGH4-34+, IGHV3-7+, and IGHV3-23+ subsets may render 
them more sensitive to the effects induced by heterozygous loss of 
TNFAIP3 as compared to B cell populations with other BCR con-
figurations.

Therapeutic TNF antagonism reverses lymphoma-like 
repertoire skewing in HA20
Given the pivotal role of A20 for NF-κB signaling, we asked whether 
molecular mediators of this pathway promote the observed reper-
toire effects in HA20. One of the key NF-κB targets that trigger a 
positive feedback loop is the TNF. We reasoned that, if TNF drives 
repertoire skewing in HA20, therapeutic TNF blockade would re-
verse this effect and result in repertoire normalization. To study this, 
we longitudinally assessed immune repertoires in patient HA20-1 
on treatment with the TNF antagonist infliximab. Before treatment 
initiation, this patient showed classical A20 deficiency with consti-
tutive NF-κB activation (Fig. 3A) and excessive proinflammatory 
cytokine elevations, especially TNF (Fig. 3B). At that time, the pa-
tient also had reduced B cell repertoire richness and diversity in line 
with the repertoire metrics of our entire HA20 patient cohort 
(Figs. 3C and 1B). Upon initiation of therapeutic TNF antagonism, 
patient HA20-1 normalized her B cell repertoire metrics to richness 
and diversity measures characteristic of blood B cells of healthy 
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individuals (Fig. 3C). Moreover, before treatment initiation, this pa-
tient showed strong polyclonal expansion of IGHV4-34+ B cells that 
made up almost 20% of the B cell repertoire (Fig. 3C). On TNF 
blockade, IGHV4-34–expressing B cells normalized to a repertoire 
frequency typically found in healthy individuals (Fig. 3C). These 
data suggest that TNF is an essential mediator of A20 loss in lym-
phocyte repertoire skewing.

The proliferative effects of A20-loss are mediated by a 
positive autocrine TNF feedback loop
We further explored whether TNF-induced proliferative effects 
mediated by NF-κB were also present in the setting of somatic 
A20 loss in lymphomas. For these studies, we chose the lym-
phoma cell lines OCI-Ly3 and JVM-2 harboring a TNFAIP3 
wild-type gene and RI-1, SU-DHL-2, and Karpas-1106p with a 
mutant TNFAIP3. OCI-Ly3 and RI-1 cell lines expressed typical 
lymphoma IGHV genes (IGHV4-34 and IGHV3-7, respective-
ly). A20 protein abundancy mirrored the TNFAIP3 mutation 
status (Fig.  4A). A20-deficient cells displayed nuclear enrich-
ment of the NF-κB subunit p65 (Fig. 4B) as well as much higher 
quantities of secreted TNF than OCI-Ly3 or JVM-2 (Fig.  4C). 
TNF antagonism with infliximab resulted in the selective reduction 
of RI-1, SU-DHL-2, and Karpas-1106p proliferation (Fig. 4D) but 
not cell viability (Fig.  4E). Reconstitution of A20 in RI-1 cells 
did not affect p65 levels (Fig. 4F) but reversed nuclear enrich-
ment (Fig. 4G) and blocked TNF secretion (Fig. 4H), which was 
accompanied by reduced proliferation that could not be reversed 
by TNF antagonism (Fig.  4I). RNA-seq revealed broad down-
regulation of NF-κB, Janus kinase–signal transducers and acti-
vators of transcription (JAK-STAT), and interferon pathways 
including factors related to BCR-mediated signaling (CD82, 
KLF3, and FOXO1), differentiation (FCRL5), as well as immune 
checkpoints (PDCD1, LAG3, TIGIT, and TOX) (Fig. 4, J and K). 
Reconstitution of A20 resulted in up-regulation of GATA3, 
which is known to repress proliferation in B cells (Fig. 4J). Next, 
we sought to corroborate the direct role of NF-κB for mediating 
the observed TNF secretion and proliferation patterns. For this, 
we targeted NF-κB in the A20-deficient cell lines RI-1 and 
Karpas-1106p using pyrrolidinedithiocarbamate (PDTC) (25). 
We chose those two models to cover the complete spectrum of 
TNF secretion. While the PDTC-induced inactivation resulted 
in reduced TNF secretion in both models (Fig. 4L), the decrease 
was much more pronounced in RI-1 cells that generally showed 
the highest rates of TNF secretion (Fig.  4, C and L). Last, we 
tested whether TNF can drive its own secretion in selected cell 
models. As shown in Fig. 4M, TNF stimulation of A20-proficient 
(OCI-Ly3) or A20-deficient cells (RI-1) resulted in TNF secre-
tion in both cases. Notably, the A20-deficient RI-1 cells secreted 
substantially higher amounts of TNF as compared to their coun-
terparts with reconstituted A20, which showed a TNF secretion 
pattern similar to OCI-Ly3 cells (Fig. 4M). Together, these data 
suggest that the proliferation of A20-deficient lymphoma cells 
can be increased by a feed-forward loop of auto-/paracrine TNF 
mediated by NF-κB.

Systemic TNF elevation shapes TNFAIP3 wild-type 
lymphocyte repertoires in mice
We next asked whether excessive systemic TNF alone—in the absence 
of lymphocyte-intrinsic A20 deficiency–can shape lymphocyte 

repertoires. To test this in an HA20-like setting, we choose a 
mouse model with selective deletion of TNFAIP3 in the mono-
cyte/macrophage compartment, which is the main source of sys-
temic TNF in myeloid TNFAIP3-KO models (26, 27). To this end, 
we crossed A20fl/fl mice to Cx3cr1-CreERT2/+ mice (termed hereaf-
ter A20Cx3cr1-KO), which allows tamoxifen–inducible Cre expres-
sion driven by the Cx3cr1 promoter in the mononuclear phagocyte 
compartment, including monocytes, macrophages, and microglia 
(Fig.  5A) (28). In line with previous gene expression data from 
this model (29), A20Cx3cr1-KO mice showed substantially higher 
TNF plasma levels than A20fl/fl mice (Fig. 5B). There was also a 
trend toward higher interleukin-6 (IL-6) levels (Fig. 5B) but no 
broad dysregulation of cytokines as observed in HA20 (Fig. 3B). 
Peripheral T cell repertoires derived from blood, spleen, and 
lymph nodes were considerably more clonal in A20Cx3cr1-KO mice, 
while B cell repertoires from the same tissues appeared rather un-
affected (Fig. 5C). Thymic T cell repertoires were used as controls. 
These showed low clonality, which was unaffected by an A20-
deficient monocyte/macrophage compartment (Fig.  5C). The B 
cell repertoires of A20Cx3cr1-KO mice also showed lower repertoire 
richness and a trend toward increased clonality although less pro-
nounced than in the T cell repertoire (Fig. 5C). Anti-TNF treat-
ment normalized repertoire richness and clonality to the levels 
observed in A20 wild-type mice (Fig. 5C). PCA showed that the 
increase in peripheral T cell repertoire clonality reflected the 
skewing toward selective expansion of T cells with TRBV17, 
TRBV5, and TRBV12-1 receptor configurations (Fig. 5D), which 
contracted again under anti-TNF treatment (Fig. 5E).

Next, we generated mice with B cell–restricted A20 deletion 
by crossing A20fl/fl mice to CD19-Cre+/− mice (termed hereafter 
A20CD19-KO) (Fig. 5A) (6). These mice also showed a trend to-
ward elevated TNF plasma levels as compared to the control 
mice, but these elevations were substantially lower and not gen-
eral as observed in the A20Cx3cr1-KO mice (Fig. 5F). Other cyto-
kines were not affected (Fig. 5F). We detected neither T nor B 
cell repertoire shifts in A20CD19-KO mice (Fig.  5G). Together, 
these results suggest that systemic TNF can induce repertoire 
shifts in peripheral T cells and, to a lesser degree, also in B cells 
given that its systemic levels are sufficiently elevated.

HA20 lymphocytes can transform into lymphoma cells
Given the observed effects of A20 loss in permissive lympho-
cytes, we reasoned that patients with HA20 may be at risk for 
lymphoma development. Since HA20 is a rare and only recently 
described monogenetic disorder, no systematic screening for lym-
phoma risk associations has been performed. In our cohort, no 
standardized monitoring was performed, with some patients having 
only one or few contacts with the physician contributing patients to 
this cohort. Despite this, two patients from our cohort of 34 in-
dividuals developed lymphoma in the course of their disease. Pa-
tient HA20-15 has a chromosomal deletion in 6q23.3, which 
encompasses TNFAIP3 and developed marginal zone lympho-
ma, and patient HA20-14 was diagnosed with DLBCL in the 
course of his otherwise mild inflammatory disease. Molecular 
analysis of lymphoma tissue from patient HA20-14 showed two 
second genetic hits in addition to his previously identified germ-
line TNFAIP3 c.503G > A (p.Trp168*) mutation: an additional 
TNFAIP3 c.1880_1881delGT (p.Cys627fs) mutation along with 
an MYD88 c.617C > G (p.Ser206Cys) mutation (Fig. 6A). The 
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malignant clone expressed IGHV3-23, one of the preferentially used 
V genes in immune repertoires from patients with HA20 
(Figs. 6A and 1D). The malignant clone showed a high IGHV muta-
tion rate with identity to germline of around 81%. Sequencing of 
nonmalignant lymphocytes from the blood of patient HA20-14 
showed a high level of B cell connectivity with IGHV3-23 mak-
ing up the most frequently used BCR gene family in these non-
malignant lymphocyte networks (Fig. 6B).

Single-cell sequencing reveals lymphoma-like transcription 
signatures in lymphocytes of patients with HA20
On the basis of these data, we asked whether A20 loss not only 
favored proliferation of lymphocytes with permissive antigen recep-
tors but also shifted global gene expression toward a lymphoma-
like transcriptome. To test this hypothesis, we performed paired 
scRNA-seq and scBCR/TCR-seq of peripheral blood mononucle-
ar cells (PBMCs) from two patients with HA20 (HA20-1 and 
HA20-21, 7691 cells) and one healthy donor (HD, 4741 cells) as 
well as a case of DLBCL with somatic A20 deficiency (3457 cells) 
(Fig. 6, C to J). Integration of the PBMC datasets revealed that 
patients with HA20 were characterized by the expansion of clas-
sical CD14+CD16− and nonclassical monocytes CD14+CD16+ 
(17% of all HA20 cells versus <1% of all HD cells) as well as B 
cells (8 versus 2%) (Fig. 6C). In contrast, natural killer cells (12 
versus 25%) and the T cell compartment (59 versus 69%) were 
contracted in patients with HA20 (Fig.  6C). Within the T cell 
population, a regulatory T cell (Treg)–like cluster (CD4, FOXP3, 
and CTLA4) was reduced in HA20 (25 versus 12%), while a memo-
ry-/effector-like population (CD8A, CD27, and GZMK) was ex-
panded (13 versus 5%) (Fig. 6C). B cells from patients with HA20 
had higher expression of NF-κB regulators or target genes associ-
ated with proliferation and lymphomagenesis (FOXO1, BACH2, 
CD40, NEAT1, TNFRSF14, and KLF3) (Fig. 6D). HA20 cells had 
on average a higher score for chronic inflammation [Gene Ontol-
ogy (GO) term: GO0002544] as compared to B cells from HDs 
(Fig. 6E). In addition, HA20 B cells were characterized by a high-
er CD81/CD82 tetraspanin and JAK-STAT score (Fig.  6E). They 
shared these features with the expanded CD8+ memory-/effector-
like population (Fig. 6E). Within the T cell compartment, the HA20 
Treg-like cluster displayed higher expression of TOX, PDCD1, and 
TIGIT indicative of chronic activation and exhaustion (Fig. 6F). 
The same factors in addition to LAG3 and EOMES were also highly 
expressed in the effector-like CD8+/γδ T cell compartment and 
naïve-like CD4+ T cells (Fig. 6E). The latter also showed increased 
expression of GATA3, a master transcription factor for TH2 po-
larization.

We compared these A20 haploinsufficient cells with lymph 
node material of an A20-deficient DLBCL. This case revealed two 
TNFAIP3-deficient lymphoma B cell subpopulations classified by 
expression of markers for germinal center commitment (MEF2B 
and TCF4) or plasma cell differentiation (PRDM1 and JCHAIN) 
(Fig.  6G) and the presence of different CD4 Tregs and central 
memory cells, as well as activated and cytotoxic T cells as pre-
dominant bystander populations (Fig. 6G). To visualize the po-
tential developmental trajectory from healthy to HA20-derived 
lymphocytes to lymphoma cells, we integrated all CD20 and/or 
CD19 expressing B cells from the three datasets and subjected 
them to potential of heat diffusion for affinity-based trajectory 
embedding (PHATE) analysis (Fig. 6H). This analysis revealed HA20 

B cells as intermediate population between healthy and fully trans-
formed lymphoma B cells (Fig. 6H). Analysis of all up- or down-
regulated genes within the trajectory showed up-regulations of 
CD81 and MAP2K2, while CD19, MS4A1, and BIRC3 were down-
regulated along the trajectory (Fig. 6I). Pathway enrichment anal-
ysis suggested substantial enrichment of genes linked to TNF-mediated 
signaling, the ubiquitin-proteasome machinery and apoptosis along 
the trajectory from healthy B cells to lymphoma (Fig. 6J).

DISCUSSION
In this work, we demonstrate that A20, an inhibitor of NF-κB con-
stituting one of the important signaling cascades downstream anti-
gen receptors, is capable of regulating the architectural shape of 
immune repertoires by preventing the outgrowth of distinct permis-
sive lymphocyte sets poised for malignant transformation. We 
gained this unprecedented insight into the very early steps of lym-
phomagenesis by analyzing a cohort of patients with the HA20 syn-
drome who carry germline A20 mutations of identical functionality 
as the somatic A20 mutations found in lymphomas. In contrast to 
genetically engineered animal or lymphoma models, the analysis of 
immune repertoires of individuals with HA20 provides a window 
into veritable long-term effects and consequences of these muta-
tions on human nonmalignant lymphocytes under conditions of 
natural clonal competition.

Although the A20-NF-κB axis is crucial for lymphoma devel-
opment (10, 11, 13, 14, 17, 30, 31), its dysregulation is not suf-
ficient to mediate BCR-independent B cell survival (32, 33). 
Consistent with that, TNFAIP3-mutant B cell lymphomas display 
a disproportionately high co-occurrence with oncogenic MYD88 
mutations that synergize with NF-κB activation but also trigger 
JAK-STAT signaling (17, 34–36). This was also the case in one of 
our patients with HA20 who developed lymphoma after acquisi-
tion of a second A20 mutation and an MYD88 mutation. In light 
of our data, it is plausible to assume that patients with HA20 are at 
increased lymphoma risk, and clinically unrecognized HA20 in 
some lymphoma cases reported in the literature further supports 
this notion (37). TNF antagonism may therefore be appropriate 
for symptom control in HA20 but may also ensure homeostasis of 
adaptive immune repertoires and prevent lymphomagenesis. Be-
cause of the limited access to more patients with HA20, we could 
not confirm these findings in more patients. However, there is an 
increasing number of HA20 case reports that show no response to 
a range of immunosuppressive treatment approaches but solid re-
sponses to TNF blockade as observed in our case (38–41). While 
this observation is no definitive proxy for the exact same immune 
repertoire dynamics pre- and post-treatment, it emphasizes the 
key role of TNF in a substantial proportion of patients with HA20 
in line with the here proposed model. Of note, the antiprolifera-
tive effect of TNF antagonism in our established lymphoma cell 
lines was consistent across experiments but small. This supported 
our hypothesis that A20 mutations—through auto- or paracrine 
TNF—may support the initial steps of lymphomagenesis in that 
they impede the censoring of self-reactive lymphocytes carrying 
permissive antigen receptors. These TNF-mediated mechanisms 
are likely not as important for established lymphomas that have 
undergone a complex multistep mutational process creating tu-
mor drivers that confer more independence from environmental 
inflammatory stimuli.
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Fig. 6. Genomic and transcriptional signatures of HA20 suggest continuous trajectories toward lymphoma development. (A) Gene panel analysis of patient HA20-14 who 
developed DLBCL after acquiring additional TNFAIP3 and MYD88 mutations. The BCR configuration of the malignant clone is indicated. nt, nucleotide; aa, amino acid; OTU, ovarian 
tumor protease deubiquitinase domain; zf, zinc finger; Death, Death domain; TIR, Toll/IL-1 receptor interacting domain; CDR3, Complementarity-determining region 3. (B) Connectiv-
ity analysis of nonmalignant peripheral B cell clones in the repertoire of patient HA20-14. Clones with Levenshtein distance ≤3 are considered connected. The numbers of con-
nected IGHV gene sequences of the persisting network are shown as bars. (C) UMAP of integrated PBMC dataset from two patients with HA20 (HA20-1: 1454 cells; HA20-34: 6237 
cells) and one HD (4741 cells). Cluster proportion as stacked bar plots. Top five differentially expressed genes per cluster as dot plots and expression of signature genes for cluster 
definition as feature plots. (D) Volcano plot showing differentially expressed genes between healthy and HA20 B cells. Only differences with adjusted P < 0.01 were considered rel-
evant. (E) Expression score for indicated processes/pathways. (F) Chronic activation/exhaustion markers in HA20 and HD T cell subsets. (G) UMAP projection of 3457 single lymph 
node cells from an A20-deficient patient with ABC DLBCL. The top 10 differentially expressed genes per cluster are shown as dot plot and expression of key signature genes for 
identification of immune cell subsets as feature plot. (H) PHATE mapping revealed HA20 B cells (dark cyan) as intermediate group between healthy (light cyan) and ABC DLBCL B cells 
(yellow). (I) Heatmap showing the top 100 monotonically increasing or decreasing genes within the HD-HA20-ABC DLBCL trajectory. (J) Enrichment of GO Terms displayed as mean 
expression levels per group (upper axis). Red line and corresponding lower x axis indicate–log10 adjusted P values of enriched terms.
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The increased risk for lymphoma is also conceivable from the 
broad transcriptional changes in peripheral HA20 immune cells. 
The PHATE analysis identified HA20 B cells as an intermediate pop-
ulation between healthy B cells and lymphoma cells that are charac-
terized by activation of TNF and JAK-STAT signaling as well as 
CD81 and CD82 up-regulation required for BCR nanocluster orga-
nization that mediates tonic or enhanced BCR signaling (42–44). 
Their up-regulation might contribute to the formation of oligomeric 
BCR clusters that mimic chronic antigen-dependent BCR ligation 
and are often found on the plasma membranes of lymphoma (33, 45). 
Notably, this hypothesis is based on a small cohort and needs fur-
ther validation. In the HA20 T lineage, we found transcriptional sig-
natures reminiscent of T cell lymphomas, including characteristic 
up-regulation of markers of chronic activation and exhaustion as 
well as JAK-STAT, CD82, and GATA3 (46–48). These cross-lineage 
patterns emphasize their relevance as general lymphoma drivers 
with therapeutic potential (46, 49).

Unexpectedly, our animal model with monocyte/macrophage-
specific A20 deletion showed that excessive TNF alone might in-
duce selective proliferative effects in (especially T) lymphocytes 
even if the lymphocytes themselves are A20 proficient. Therefore, 
the relevance of TNF for lymphomagenesis may have broader clin-
ical implications. There is a growing body of evidence supporting 
the role for myeloid-derived cytokines in support of lymphoid ma-
lignancies. In addition, gastric mucosa-associated lymphoid tissue 
(MALT) lymphoma may be an example that supports the impor-
tance of cytokines. While Helicobacter pylori–dependent cases may 
achieve remission by eradication of the inflammatory stimulus, 
H. pylori–independent cases often activate the NF-κB pathway by 
oncogenic products of specific chromosomal translocations such as 
t(11;18)/API2-MALT1 or inactivation of A20 that may mimic the 
inflammatory microenvironment induced by Helicobacter.

Another intriguing aspect of our work relates to the very specific 
antigen receptor configurations forming a proliferative interactome 
with TNFAIP3 LOF mutations. Most prominently, TRBV20-1 pair-
ings have been found in expanded T cell clones from patients with 
HA20. TRBV20-1 is frequently used in autoreactive T cell repertoires 
directed against self-antigens (50, 51). Likewise, in autoimmune hep-
atitis—a disease with high TNF levels that is driven by autoreactive 
CD4 T cells and increased risk of lymphoma—our group has previ-
ously observed increased usage of TRBV20-1 by T cells (52, 53). In T 
cell lymphomas, we found TRBV20-1 to be strongly associated with 
TNFAIP3 LOF. Two examples of BCRs associated with TNFAIP3 
LOF mutations are IGHV4-34, which conveys reactivity with con-
served carbohydrate self-epitopes and commensal bacteria (54, 55), 
and IGHV3-7, which has been shown to react with apoptotic mate-
rial (33). Taking IGHV4-34 as an example, we were able to demon-
strate that even healthy B cells using this class of receptors tend to 
down-regulate A20, therefore signaling preferentially via NF-κB. This 
convergence on the same signaling pathway may be the reason why 
TNFAIP3 LOF mutations expand lymphocytes with antigen receptor 
configurations preferentially engaging NF-κB.

Together, our work demonstrates that A20 can regulate immune 
repertoire homeostasis by restricting the expansion of distinct lym-
phocytes with permissive antigen receptor configurations. We pro-
vide evidence for broad transcriptional changes toward lymphoma-like 
signatures after heterozygous loss of TNFAIP3, suggesting an elevated 
lymphoma risk in patients with HA20. In this way, HA20 provides 
important insights into the protracted pre-malignant phases of 

lymphocyte selection that remain clinically unrecognized. Dissecting 
these early phases of lymphomagenesis could affect innovative pro-
grams of early detection, early treatment, and even prevention.

MATERIALS AND METHODS
Patients and samples
Peripheral blood of patients with germline TNFAIP3 mutations (in 
patient HA20-1 before and after treatment initiation) and 36 healthy 
control individuals was collected for scientific purposes after in-
formed consent as approved by the ethics commission Halle (Saale) 
(project number 2014-75). Functional information of already pub-
lished TNFAIP3 mutations from HA20 families can be obtained 
from the Infevers database (56) (https://infevers.umai-montpellier.
fr/). All patients with HA20 gave written informed consent. The 
protocol was approved by the National Human Genome Research 
Institute (NHGRI) Institutional Review Board. Paraffin-embedded 
lymphoma tissue of a cohort of 51 patients with ABC-type DLBCL 
were collected as anonymized samples. The study has been per-
formed in accordance with the Declaration of Helsinki of 1975.

Isolation of genomic DNA
PBMCs were isolated from peripheral blood by density-gradient 
centrifugation using Biocoll separation solution (Biochrom AG, 
Berlin, Germany). Genomic DNA of PBMCs and lymphoma tissue 
was isolated using the GenElute mammalian genomic DNA mini-
prep kit (Sigma-Aldrich, Taufkirchen, Germany) according to the 
manufacturer’s instructions.

Amplification of IGH and TRB repertoire for NGS
The rearranged V, D, and J gene segments of the human IGH (IGHV, 
IGHD, and IGHJ) and TRB (TRBV, TRBD, and TRBJ) loci were ampli-
fied in a multiplex polymerase chain reaction (PCR) using BIOMED2-
FR1 (IGH) or -TRB-B primer pools together and 250 ng of genomic 
DNA. The murine TRB primer set was derived from (57); murine IGH 
primers are listed in table S3. The primers were purchased from Meta-
bion International AG (Martinsried, Germany). As described in (58), 
two consecutive PCR reactions were performed to generate IGH and 
TRB fragments tagged with Illumina-compatible adapters for hybrid-
ization to the flow cell and seven nucleotide barcodes for sample identi-
fication. All PCRs were performed using Phusion HS II (Thermo Fisher 
Scientific Inc., Darmstadt, Germany). After gelelectrophoretic separa-
tion, IGH and TRB amplicons were purified using the NucleoSpin Gel 
and PCR Clean-up kit (Macherey-Nagel, Düren, Germany), quantified 
on the Qubit platform (QIAGEN, Hilden, Germany), and pooled to a 
final concentration of 8 nM. The quality of the IGH and TRB amplicon 
pools was controlled on an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Böblingen, Germany) before being subjected to NGS.

Immune repertoire NGS and data analysis
NGS and demultiplexing were performed on an Illumina MiSeq se-
quencer (600-cycle single-indexed, paired-end run, V3-chemistry). 
Analysis of the rearranged IGH and TRB loci was computed using the 
MiXCR framework (59). As reference for sequence alignment, the de-
fault MiXCR library was used for TRB sequences and the IMGT li-
brary v3 for IGH. Nonproductive reads and sequences with less than 
two read counts were not considered for further bioinformatics evalu-
ation. All human repertoires were normalized to 20,000 and all murine 
repertoires to 30,000 reads. Each unique complementarity-determining 
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region 3 (CDR3) nucleotide sequence was considered a clone. All anal-
yses and data plotting was performed using RStudio (version 1.1.456) 
and the tcR (60), ade4 (61), and tidyverse (62) packages.

Immune repertoire metrics
We calculated the clonality of the sequenced IGH and TRB reper-
toires according to the formula “1- Pielou’s evenness” (63). In our 
setting, evenness measures the relative abundance of unique B or T 
cell clones in the repertoire and is calculated according to the for-
mula J = H′/log2(S) with H′ being the Shannon diversity index and S 
the total clone number in a distinct sample (64). A clonality index of 
1 indicates that the analyzed sample contains only one clone, whereas 
0 indicates complete clonal diversity. IGHV genes with ≤98% iden-
tity to the germline sequence were considered antigen-experienced.

Gene panel NGS
For mutational profiling of lymphoma DNA, 100 ng of tumor FFPE 
tissue DNA were used. Target genes (TNFAIP3, MYD88, CARD11, 
CD79B, CREBBP, EP300, IRF4, PIM1, TP53, TCF3, PRDM1, TRAF2, 
TRAF5, MYC, MEF2B, B2M, MAP3K7, TNFRSF11A, and ID3) were 
selected on the basis of their frequency in ABC DLBCL through a re-
view of published literature and by using the cBio Cancer Genomics 
Portal (65). Either the entire coding region or hotspot regions contain-
ing known pathogenic variants were targeted, and sequencing libraries 
were constructed using QIAseq Targeted DNA Custom Panels (Qiagen). 
Quantification and quality control of libraries was conducted using 
Qubit high-sensitivity double-strand DNA assay kit (Thermo Fisher 
Scientific) and Agilent 2100 Bioanalyzer (Agilent). Sequencing was 
performed on the Illumina NextSeq or HiSeq platform with 2 × 
151 cycles at an average coverage of 26,500 reads per target region. 
Variant calling of unique molecular identifier–based sequencing data 
was performed using smCounter2 as described elsewhere (66).

Analysis of whole-exome sequencing data
Whole-exome sequencing data of cutaneous T cell non-Hodgkin 
lymphoma MF/SS were downloaded from the National Institutes of 
Health database of Genotypes and Phenotypes (dbGaP; accession 
number phs000859). For our analyses, we used 27 of the 33 deposited 
BAM files with sufficient read depth for TRBV gene assignment and 
TNFAIP3 mutation calling. To assign TRBV genes, we cut the corre-
sponding regions using samtools (67) function view followed by 
germline alignment using Igblast (68). For TNFAIP3 mutation call-
ing, BAM files were trimmed down to the respective gene regions 
using samtools function view and by applying gatk (v4.1.9.0, broadin-
stitute.org) functions mutect2 and FilterMutectCalls. Resulting vcf-
files were annotated with Annovar (69).

Cytokine profiling
Plasma was isolated by centrifugation of whole blood for 15 min at 
2000g. Samples were stored at −80°C before use. Cytokine plasma lev-
els were measured as duplicates using the LEGENDplex Human B 
Cell Panel (13-plex) and the LEGENDplex Mouse B cell Panel (13-
plex; BioLegend via Biozol, Munich, Germany) according to the sup-
plier’s suggestions. To assess cytokine secretion of lymphoma cell 
lines, 1 × 106 cells were seeded and supernatants were harvested after 
72 hours of incubation. For inhibition or activation of NF-κB, 2 × 106 
cells were seeded in six-well plates and incubated with 100 μM PDTC 
ammonium (Selleckchem) or recombinant TNF (100 ng/ml, Sigma-
Aldrich) for 1 hour. Data were acquired using the BD FACSCelesta or 

CytoFLEX flow cytometers and analyzed with the BioLegend LEG-
ENDplex software. In case of TNF, obtained levels were normalized to 
culture medium supplemented with TNF (100 ng/ml).

Antibodies and cell lines
The following antibodies were used for immunoblotting: anti-A20 
(clone D13H3) and anti–TATA box–binding protein (TBP) from Cell 
Signaling technology (Heidelberg, Germany); anti-p65 (F-6), anti–
glyceraldehyde-3-phosphate dehydrogenase (6C5), and anti–β-actin 
(C4) from Santa Cruz Biotechnology (Heidelberg, Germany). Horse-
radish peroxidase (HRP)–linked anti-rabbit IgG (HAF008) and 
HRP-linked anti-mouse IgG (HAF007) were purchased from R&D 
Systems (Minneapolis, United States). The human embryonal kidney 
cell line 293T and the human B cell lymphoma cell lines OCI-Ly3 and 
RI-1 were obtained from DSMZ (Braunschweig, Germany). The lym-
phoma lines were cultured in RPMI 1640 supplemented with 10% 
(v/v) fetal calf serum (FCS, RI-1) or 20% FCS (OCI-Ly3), the 293T 
cell lines in Dulbecco’s modified Eagle’s medium supplemented with 
10% FCS. The 293T, OCI-Ly3, and RI-1 cell lines were supplemented 
with 1% (v/v) penicillin-streptomycin and incubated at 37°C and 5% 
CO2. Phoenix-eco and TKO cells were cultured in Iscove's modified 
Dulbecco's medium (Sigma-Aldrich, I3390-500ML) with 10 and 5% 
FCS (Life Technologies GmbH, 10500064), respectively, and were 
supplemented with penicillin-streptomycin (100 U/ml, Thermo Fisher 
Scientific, 15140122), 2 mM l-glutamine (Thermo Fisher Scientific, 
25030024), and 50 μM β-ME (Thermo Fisher Scientific, 31350010). 
TKO medium was further supplemented with recombinant human 
IL-7 (1 ng/ml, Peprotech 200-07, cross-reactive with mouse). Phoenix-
eco and TKO cells were incubated at 37°C and 7.5% CO2.

Expression constructs and Lenti- or retroviral transduction
For A20 overexpression, the cDNA of TNFAIP3 was isolated from 
OCI-Ly3 via reverse transcription (SuperScript III, Thermo Fisher 
Scientific) of total RNA and cloned into the Lentiviral Gene On-
tology (LeGO) vector LeGO-iC2-Puro+ via AsiSI and EcoRI (70). 
Viral particles were generated in 293T cells with the third-generation 
packaging plasmids pMDLg/pRRE and pRSV-Rev and used for 
transduction of 5 × 104 target cells in the presence of polybrene (8 μg/
ml) while centrifuging 1 hour at 1000g as described in (70). Suc-
cessfully transduced target cells were selected with puromycin 
(100 μg/ml).

For expression of selected BCRs, patient-derived BCR heavy 
chain (HC) and light chain (LC) sequences (table S4) were synthe-
sized via GeneArt (Thermo Fisher Scientific). BCR HCs encom-
passed the complete rearranged VDJ sequence but lacked the 
constant region. HCs were cloned in-frame to the adjacent murine 
μ constant chain in the pMIZCC vector via XhoI and PshAI. LCs 
encompassed their respective kappa or lambda constant region and 
were cloned into pMIZYN via XhoI and EcoRI. All constructs were 
generated using the In-Fusion cloning system (Takara, Heidelberg) 
according to the manufacturer‘s instructions.

For production of viral supernatant, Phoenix-eco cells were 
seeded at 0.5 * 106 cells per well in six-well plates 24 hours before 
transfection. For transfection, a total of 1 μg of DNA was used 
alongside 3 μg of PEI MAX (Polysciences 24765-100) per well. DNA 
mix consisted of one-third each of a plasmid containing the LC se-
quence (variable and constant region, both human), the HC se-
quence (human variable region fused to murine μ constant region), 
and the pKAT packaging plasmid to increase virus production. 
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Viral supernatant was collected after 48 hours incubation at 37°C, 
filtered through a 0.45-μm filter, and concentrated using Lenti-X 
Concentrator (Clontech 631231) overnight. Transductions were 
performed by resuspending 2.5 * 105 TKO cells within 2.0-ml tubes 
in TKO medium containing polybrene (10 μg/ml, Merck Millipore 
TR-1003-G) and freshly produced and concentrated viral superna-
tant followed by spinoculation for 3 hours at 37°C and 300g.

Immunoblotting
For monitoring the A20 status, whole cell extracts from cell lines were 
generated using radioimmunoprecipitation assay buffer (Thermo 
Fisher Scientific) supplemented with protease and phosphatase inhibi-
tors (Roche, Basel, Switzerland). Constitutive or induced NF-κB activa-
tion was assessed by monitoring nuclear translocation of p65 via 
immunoblotting. Cytoplasmic and nuclear extracts were generated with 
the Nuclear Extract Kit (Active Motif, La Hulpe, Belgium). Proteins were 
quantified using Bradford. After separation of 20 to 30 μg extracts on 
10% NuPAGE Bis-Tris gels (Thermo Fisher Scientific) under denaturing 
conditions, proteins were blotted under semi-dry conditions.

Proliferation assays
For proliferation of lymphoma cell lines, cells were seeded at 1 × 
106 cells/ml and treated with infliximab (100 ng/ml), human IgG 
(100 ng/ml, Intratect, BIOTEST Pharma GmbH), or left untreated. 
After 72 hours, viable cells were quantified by trypan blue staining 
using the Cell Viability Analyzer Vi-Cell XR (Beckman Coulter).

RNA sequencing
Total RNA was isolated using the Quick-RNA kit (Zymo Research) 
and reverse transcribed with SuperScript III (Thermo Fisher Scientific). 
RNA integrity and quantitation were performed using the Bioanalyzer 
2100 system (Agilent Technologies). Library preparation and se-
quencing was performed by Novogene as service. Raw reads were 
mapped to the human genome (gencode.v29) with STAR (v.2.7.3a) and 
the read counts processed using package DESeq2 (v.1.34) (71) in 
Rstudio (R version 4.1.2). After normalization, differential expression 
analysis was performed with function lfcShrink and type “ashr” (72). 
Genes were annotated using package biomart (73). Pathway analysis 
was done with package enrichR (74), and volcano plot was visual-
ized using package EnhancedVolcano.

Calcium signaling
For calcium flux measurements, 1.5 million TKO cells were load-
ed with Indo-1 AM (Thermo Fisher Scientific, I1223) using Plu-
ronic F-127 (Invitrogen, P3000MP) and stimulated with either 2 μM 
4-hydroxytamoxifen (4-OHT, Merck, H7904) for measuring of 
autonomous signaling capabilities by induction of SLP65-ERT2 or 
2 μM 4-OHT + 10 μg/ml anti-IgM (Sigma-Aldrich AP500 Goat 
Anti-Mouse IgM) for BCR cross-linking. As loading control to 
achieve maximum cytosolic calcium levels, Ionomycin (4 μg/ml, 
Stem Cell Technology, 73722) were added. All measurements were 
performed at 37°C using a custom three-dimensionally (3D)–
printed tube holder connected to a water pump and heating unit 
on a BD LSR Fortessa flow cytometer.

Experimental model and subject details
All mice were on the C57BL/6J background and were housed under 
specific pathogen–free conditions. A20fl/fl mice were bred to Cx3cr1-
CreERT2/+ (28, 29) or CD19-Cre mice (6) performed in accordance 

with the guidelines from the Central Animal Facility Institution at 
the Johannes-Gutenberg University Mainz, Germany. For induction 
of Cre recombinase in A20fl/flCx3cr1-CreERT2/+ (A20Cx3cr1-KO), a 
20 mg/ml solution of tamoxifen (Sigma-Aldrich) was prepared by 
suspension in olive oil (Sigma-Aldrich) at 37°C for 2 hours on a 
shaker. Pups were injected subcutaneously with 2 mg of tamoxifen 
at postnatal day 14 (P14) and P16. PBMCs, thymus, spleen, (mesen-
teric) lymph nodes, and plasma were isolated from A20Cx3cr1-KO and 
A20fl/flCD19-Cre (A20CD19-KO) mice at 4 weeks of age. For isolation, 
the mice were anesthetized by inhalation with isoflurane.

For TNF blockade, the mice were injected intraperitoneally with 
100 μg of the InVivoPlus anti-mouse TNFα antibody (clone XT3.11) 
(BioXCell via Biozol, Echnig, Germany). The first injection was per-
formed on the same day as the first tamoxifen injection (P14) and 
then every third day with the last injection on day 12.

Single-cell sequencing
scRNA-seq was performed as described in (75) using either PBMCs 
or FACS-sorted CD19+ B cells that expressed IGHV4-34–encoded 
antigen receptors or non–IGHV4-34 antigen receptors. IGHV4-34 
BCRs were enriched using the anti–IGHV4-34 antibody clone 9 g4 
(IgmBiosciences, Mountain View, California, USA). Single-cell librar-
ies were generated using the Chromium Next GEM Single Cell 5’ Kit 
v2, Human BCR Amplification, and Human TCR Amplification kits 
(10X Genomics) as described in (75). Fastq files were processed to 
read counts with cellranger 5.0.1 software (10x Genomics), which in-
cludes alignment, filtering, and barcode counting. Read counts were 
loaded into Rstudio with Seurat (76) and a Seurat object was created. 
An integrated dataset of HA20-1, HA20-21, a DLBCL sample, and 23 
published healthy individuals (77) was generated using Harmony (78) 
with the following procedure: Raw read matrices were concatenated 
to one big data matrix. An integrated object was created, normalized, 
and scaled. PCA was performed on the scaled data (function Run-
PCA, npcs = 20, features = NULL). Cells were reclustered with har-
mony and plotted as UMAP using Seurat on harmony embeddings. 
Gene expression scores were calculated using Seurat function Add-
ModuleScore (nbin = 24 and ctrl = 100). Subsequently, a subset of all 
B cells was selected where we downsampled the HD group to 600 
cells. For 2D data visualization, we performed PHATE (78, 79) with 
kernel_symm = mutual nearest neighbors. To find monotonically in-
creasing and decreasing genes between groups, we calculated the 
mean expression for each gene and group and then selected all genes 
that had an expression pattern healthy<HA20<DLBCL for increasing 
genes and vice versa for decreasing genes. Statistical significance was 
tested with Wilcoxon rank sum test. Heatmaps were created with 
package pheatmap. Enrichment analysis was performed with package 
enrichR on databases “KEGG_2019_Human,” “GO_Molecular_Func-
tion_2018”, “GO_Biological_Process_2018,” and “WikiPathways_2019_
Human” (80). Only GO terms with an adjusted P value lower than 
0.01 were considered for further analysis. From selected GO terms, 
mean expression of corresponding genes per group were plotted with 
ggplot2. All Analysis steps were done using RStudio and R ver-
sion 4.2.0.

Statistical analysis
Differences in NGS metrics and cytokine levels were studied by Stu-
dent’s t test or one-way analysis of variance (ANOVA). Differences 
in TNFAIP3 expression in scRNA-seq was determined using Mann-
Whitney U test. All statistical analyses for cytokines were performed 
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with GraphPad Prism 8.0.2 (GraphPad Software, La Jolla, CA, USA) 
and the rest using RStudio and R version 4.2.0.

Supplementary Materials
This PDF file includes:
Figs. S1 and S2
Tables S1 to S3
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