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INTRODUCTION
Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous 

disease and represents the most common lymphoid malig-
nancy in adults (1). DLBCL is subdivided into germinal center 
B cell–like (GCB) and activated B cell–like (ABC) DLBCL 
using gene-expression profiling, which separates DLBCL 
according to the presumed cell of origin (COO; refs. 1–3).  
GCB-DLBCL was proposed to originate from light-zone ger-
minal center (GC) B cells, whereas ABC-DLBCL are thought 
to originate from either post-germinal center plasmablasts or 
memory B cells (3–7). This COO-based classifier distinguishes 
subentities displaying distinct biological features, pathogen-
esis, and clinical response to first-line anthracycline-based 
chemoimmune therapy (3, 8, 9). Recent genomic analyses led 
to the discovery of partially overlapping genetically defined 
DLBCL subsets (10, 11). One analysis used a supervised 

approach, allowing the classification of ∼50% of the cases into 
four genetically defined DLBCL subtypes (11). This approach 
enabled the clustering of lymphomas with cooccurring 
MYD88- and CD79B mutations (MCD), BCL6 rearrangements 
and NOTCH2 mutations (BN2), EZH2 mutations and BCL2 
rearrangements (EZB), as well as NOTCH1 mutations (N1; 
ref.  11). Another analysis initially defined recurrent genetic 
driver lesions in DLBCL and then used a clustering approach, 
allowing to classify 98% of cases into 5 distinct clusters 
with specific hallmark genetic signatures (10). These clusters 
were defined by (i) BCL6 structural variants in combination 
with NOTCH2 aberrations (C1 DLBCL); (ii) biallelic TP53 
inactivation (TP53 mutations and 17p copy-number altera-
tions) in combination with haploinsufficiencies of 9p21.13/
CDKN2A and 13q14.2/RB1 (C2 DLBCL); (iii) BCL2 muta-
tions together with BCL2 structural variants in combination 
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with EZH2-, CREBBP-, and KMT2D mutations and additional 
activating alterations of the PI3K pathway (C3 DLBCL); 
(iv) mutations in histone genes together with aberrations 
in immune evasion molecules, NF-κB and RAS/JAK/STAT  
signaling molecules (C4 DLBCL); and (v) near-uniform 18q 
copy-number gains with concurrent MYD88- and CD79B 
mutations (C5 DLBCL; ref. 10). Notably, the amplified region 
on 18q involves the BCL2 gene, which in these cases is 
not rearranged, as commonly observed in C3/EZB cases, 
but amplified. Concordantly, the MCD/C5 DLBCL subtype 
shows the highest BCL2 expression (11). We further note 
that approximately 40% of MYD88-mutated cases in both the 
MCD (21 of 51 cases) and C5 clusters (18 of 28) do not harbor 
an additional mutation in CD79B (10, 11).

Although approximately 60% of DLBCL patients are cured 
through first-line treatment, relapsed or refractory disease 
remains a major challenge, as these patients are often dif-
ficult to salvage and even high-dose chemotherapy regimens 
with autologous stem cell support or CAR-T cell therapies 
frequently do not provide long-term disease control (12–16). 
Thus, the development and preclinical validation of treat-
ment strategies for relapsed/refractory disease, as well as less 
toxic treatment options for elderly and frail DLBCL patients 
are urgently needed.

We previously reported that B cell–specific expression of 
Myd88p.L252P (the murine orthologue of the human MYD88 
p.L265P mutant) cooperates with BCL2 overexpression in 
ABC-DLBCL lymphomagenesis in mice (17, 18). Although 
Myd88cond.p.L252P/wt;Rosa26LSL.BCL2.IRES.GFP/wt;Cd19Cre/wt-derived 
lymphomas (referred to as MBC) displayed transcriptome sig-
natures that were reminiscent of human ABC-DLBCL, these 
lymphomas were CD138+ and lacked expression of the B-cell 
marker B220 (18). This constellation is frequently observed in 
plasmablastic lymphomas (19, 20). Here, we set out to engineer 
a plasma cell differentiation block into this model through B 
cell–specific deletion of Prdm1 or Spib overexpression.

RESULTS
Generation of Prdm1- or Spib-Altered 
Lymphoma Models

Amplifications of SPIB and mutations in PRDM1 and 
TBL1XR1 are significantly associated with the MCD cluster and 
90% (46/51) of the MYD88-mutated MCD cases analyzed carried 
one or more of these lesions (ref. 11; Supplementary Fig. S1A). 
Similarly, 79% (19/24) of MYD88-mutant C5 DLBCL carry one or 
more of these lesions (ref. 10; Supplementary Fig. S1A). Hence, 
we speculated that engineering B cell–specific Prdm1 deletions or 
Spib copy-number gains may prevent plasma cell differentiation 
programs in MBC lymphomas, ultimately resulting in refined 
autochthonous mouse models of MYD88-mutant MCD/C5 
DLBCL. To this end, we pursued two experimental approaches. 
First, to mimic Spib amplification in vivo, we generated a novel 
conditional allele, where Spib.IRES.GFP was targeted into the 
Rosa26 locus. In this setting, Spib expression from the Rosa26 
locus is prevented through the insertion of a loxP.STOP.loxP cas-
sette upstream of the translation-initiating codon (Supplemen-
tary Fig. S1B). Using this allele, we generated Myd88cond.p.L252P/wt; 
Rosa26LSL.BCL2.IRES.GFP/LSL.Spib.IRES.GFP;Cd19Cre/wt mice (referred to  
as SMBC), in which Cd19-driven Cre mediates the excision  

of the STOP cassettes, leading to BCL2 and Spib over
expression, in addition to Myd88p.L252P expression. As shown in  
Supplementary Fig. S1C, CMV promoter-driven Cre expression  
mediated by adenoviral Cre recombinase (Ad-CMV-Cre) in 
Rosa26LSL.Spib.IRES.GFP/wt murine embryonic fibroblasts (MEF) 
led to robust Spib expression, which was not detectable in  
Rosa26LSL.Spib.IRES.GFP/wt MEFs that were not exposed to  
Ad-CMV-Cre or in wild-type MEFs, irrespective of Ad-CMV-Cre  
transduction.

In a parallel approach, we generated Prdm1fl/fl; 
Myd88cond.p.L252P/wt;Rosa26LSL.BCL2.IRES.GFP/wt;Cd19Cre/wt mice 
(referred to as PPMBC), which, in addition to B cell-specific  
Myd88p.L252P and BCL2 expression, harbor a biallelic 
Prdm1 deletion.

To assess the effects of Spib overexpression and Prdm1 dele-
tion, we performed serial MRI scans to monitor spontaneous 
splenomegaly in wild-type, MBC, SMBC, and PPMBC mice 
at 10 and 20 weeks of age. As shown in Fig.  1A, both Spib 
overexpression and Prdm1 deletion significantly accelerated 
splenomegaly in MBC mice.

We next performed flow cytometry to assess the com-
position of the splenic B-cell compartment in 10-week-old 
mice. These analyses revealed, that compared with Cd19Cre/wt  
(termed “C”) controls, MBC, SMBC, and PPMBC mice dis-
played an increased percentage of splenic B2 cells among 
the CD45-positive population. A further inspection of this 
subpopulation demonstrated that MBC and SMBC animals 
showed a significantly reduced percentage of marginal zone B 
(MZB) cells and a relative increase in the follicular B (FoB) cell 
population, compared with control mice. These phenotypes 
were reversed to the control level in PPMBC mice (Fig. 1B). In 
line with previously published data indicating reduced surface 
BCR expression in Myd88-mutant B cells (21), we observed 
significantly reduced surface IgM levels in MBC- and SMBC-
derived naïve B cells, compared with control mice. In contrast, 
PPMBC-naïve B cells did not show a reduced surface IgM 
expression, compared with controls (Supplementary Fig. S1D).

An analysis of the B1 cell compartment showed a sig-
nificant reduction of this population in MBC and SMBC 
mice, compared with control animals, whereas PPMBC mice 
showed a B1-cell population that was significantly increased, 
compared with control animals (Supplementary Fig.  S1E). 
Of note, among the B1 cells, MBC, SMBC, and PPMBC mice 
showed a similar shift toward decreased B1a and increased 
B1b populations, relative to control mice (Supplementary 
Fig.  S1E). Moreover, we detected significantly more splenic 
GC B cells with a DZ/LZ B cell ratio that was significantly 
shifted toward DZ B cells in MBC, SMBC, and PPMBC ani-
mals, compared with control mice (Fig.  1C; Supplementary 
Fig. S1F). Furthermore, memory B cell (MB) pools were sig-
nificantly enlarged in MBC, SMBC, and PPMBC, compared 
with controls (Fig.  1C). As expected, both overexpression 
of Spib and loss of Prdm1 were associated with significantly 
reduced early and late plasmablasts and plasma cells in the 
spleens of SMBC and PPMBC, compared with MBC controls 
(Fig. 1D). Moreover, PPMBC spleens contained significantly 
less late plasmablasts and plasma cells than SMBC spleens, 
potentially indicating that the plasma cell differentiation 
block imposed by Prdm1 deficiency is more potent than that 
induced by Spib overexpression (Fig. 1D).
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Consistent with the reduced late plasmablast/plasma cell 
abundance in SMBC and PPMBC mice, IgM, IgA, and IgG 
levels in the serum of 10-week-old SMBC and PPMBC mice 
were significantly reduced, compared with age-matched MBC 
controls (Fig.  1E). Fittingly, we also observed significantly 
lower levels of IgM, IgA, and IgG in PPMBC, compared with 
SMBC mice (Fig. 1E). We note that loss of Prdm1 appears to 
install a more pronounced plasma cell differentiation block 
than Spib overexpression, as judged by the number of CD138+ 
splenic cells (early and late plasmablasts and plasma cells), 
splenic GC number, and serum immunoglobulin levels.

Given the increased abundance of GC B cells in MBC, 
SMBC, and PPMBC, compared with control mice, we next 
performed IHC on spleens derived from the different geno-
types. Consistent with the relative expansion of GC B cells in 
our flow cytometry analysis, we observed significantly more 
and larger germinal centers in MBC, SMBC, and PPMBC 
mice at 10 weeks of age, compared with age-matched wild-
type animals (Fig.  1F; Supplementary Fig.  S2A). Although 
the average GC size was similar between PPMBC, SMBC, and 
MBC samples, we found a significantly increased number of 
GCs/spleen area in PPMBC animals, compared with MBC 

Figure 1.  Deletion of Prdm1 and amplification of Spib increase splenomegaly in MBC animals and abolish plasma cell differentiation. A, Representa-
tive axial MR images of 10-week-old animals (spleens are outlined by dashed lines) and volume quantifications of 10- and 20-week-old animals are 
depicted. Wild-type (n ≥ 5), MBC (n = 9), PPMBC (n = 5), and SMBC (n ≥ 6) spleens were quantified from MR images. B, Splenocytes of 10-week-old C 
(n = 6), MBC, PPMBC, and SMBC animals (n = 7 each) were analyzed by flow cytometry to analyze the frequencies of B, marginal zone B (MZB), and fol-
licular B (FoB) cells, as well as memory B (MB) and germinal center B (GCB) cells (C). (continued on next page)
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mice. This observation is fully in line with the increased rela-
tive number of GC B cells in PPMBC, compared with MBC 
mice (Fig. 1C). No significant differences in the GC area/mm2 
spleen area or the number of GCs/spleen area were observed, 
when we compared MBC and SMBC tissues, whereas PPMBC 
mice displayed a significantly increased number of GCs/
spleen area and a significantly increased GC area/mm2 spleen 
area, compared with MBC controls.

We next analyzed the BCR repertoire of nonmalignant GC 
B cells for a possible V-segment restriction, to ask whether a 
limited set of (auto-)antigens might drive the spontaneous 
GC expansion observed in MBC, SMBC, and PPMBC mice, 
compared with wild-type controls. To this end, we performed 
RNA-based full-length BCR sequencing on PNA+ cells from 
wild-type, MBC, SMBC, and PPMBC animals (Supplemen-
tary Fig.  S2B). In these experiments, we did not detect any 
significant differences in VH usage, neither on the family, 
gene, or allele level (Supplementary Fig. S2B; Supplementary 
Table  S1), indicating that a diverse set of antigens might 
drive the GC hyperplasia. We further observed significantly 
increased class-switching to IgG in MBC- and SMBC-derived 
GC B cells, compared with the control setting, whereas loss 
of Prdm1 on the Myd88/BCL2-mutant background repressed 
class-switching (Supplementary Fig. S2C). When we analyzed 
the rate of somatic hypermutation (SHM) in class-switched 
reads, we observed significantly reduced SHM in MBC- and 
SMBC-derived GC B cells, compared with controls (Supple-
mentary Fig.  S2D). In agreement with a more efficient GC 

retention of B cells induced by Prdm1-deficiency, compared 
with Spib overexpression, this reduction of SHM was abol-
ished in PPMBC, but not in SMBC samples (Supplementary 
Fig. S2D). Altogether, the increased SHM frequency in con-
junction with reduced class-switching in PPMBC, compared 
with MBC GC B cells, might suggest that Prdm1 deletion 
retains PPMBC GC B cells in the GC reaction at a stage prior 
to class-switch and GC exit.

Deletion of Prdm1 and Spib Overexpression 
Accelerate Lymphomagenesis

We next aimed to determine the effect of B cell–specific 
Prdm1 deletion or Spib overexpression in MBC animals on 
overall survival. We previously reported that MBC animals 
succumb to (oligo-)clonal B cell lymphomas, which display 
transcriptome signatures akin to human ABC-DLBCL (17, 
18). However, these lymphomas were CD138+ and lacked 
expression of the B cell marker B220—a surface marker 
profile that is also consistent with plasmablastic lymphoma 
(17–20). Here, we performed a direct comparison of wild-
type, MBC, SMBC, and PPMBC animals. MBC animals 
displayed a median overall survival of 49 weeks (Fig.  2A; 
refs. 17, 18). Importantly, the overall survival of SMBC and 
PPMBC mice was significantly reduced, compared with 
MBC animals with a median of 37.1 and 34.1 weeks, respec-
tively (Fig. 2A).

MBC mice developed life-limiting (oligo-)clonal lymphoma 
with 85% penetrance, as we previously reported (Fig. 2B and 
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Figure 2.  PPMBC and SMBC animals develop ABC-DLBCL–like tumors. A, Survival curves of wild-type (n = 6), MBC (n = 45, median 49 weeks), SMBC 
(n = 28, median 37.1 weeks), and PPMBC animals (n = 26, median 34.1 weeks). B, Representative H&E and IHC stainings of MBC, SMBC, and PPMBC 
tumors. Scale bars represent 100 μm (low magnification) and 10 μm (high magnification H&E). C, Quantification of the terminal phenotype of MBC, 
SMBC, and PPMBC animals shown in B. D, Clonality plots generated from BCR sequencing data. Each circle represents a specific V(D)J sequence with the 
circle size being proportional to the respective read count. Sequences with one mismatch are connected to clones. Clones with a size > 10% of reads are 
colorized, smaller clusters are in gray. E, Maximum clone sizes in MBC (n = 18), SMBC (n = 9), and PPMBC (n = 18) lesions compared with the polyclonal 
scenario observed in wild-type spleens (n = 3). F, Representative axial MR images of preterminal MBC (n = 16), SMBC (n = 8), and PPMBC (n = 12) ani-
mals. Lymphomas and spleens are outlined (“L” and “S,” respectively). G, Quantification of the number of lymph node regions infiltrated by lymphoma of 
moribund MBC (n = 14), SMBC (n = 10) and PPMBC (n = 15) animals at necropsy. H, Representative H&E and B220 stainings of infiltrated liver and lungs 
of terminal PPMBC animals and quantification of animals with observed extranodal manifestation. Scale bars represent 500 μm. *, P ≤ 0.05; **, P ≤ 0.01; 
***, P ≤ 0.001; Welch unpaired two-tailed t test; error bars represent SD.
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C; refs. 17, 18). These lymphomas were exclusively B220−/
CD138+ (Fig. 2B and C). SMBC and PPMBC mice developed 
lymphoma in 73% and 97%, respectively (Fig. 2B and C). IHC-
based profiling revealed that PPMBC-derived lymphomas 
were exclusively B220+/CD138− (Fig. 2B and C; Supplemen-
tary Fig. S3). In contrast, we observed B220−/CD138+, B220+/
CD138−, as well as B220+/CD138+ lymphomas in SMBC mice 
(in 5, 4, and 2 of 11 cases, respectively; Fig. 2B and C; Sup-
plementary Fig.  S4). All three genotypes displayed similar 
Ki67 indices (Fig. 2B; Supplementary Fig. S5A). We note that 
lymphomas of all three genotypes were transplantable in 
Rag1−/− recipient animals (Supplementary Fig. S5B). Moreo-
ver, PPMBC lymphomas were also transplantable into synge-
neic recipients, albeit at a significantly lower engraftment rate 
(2 of 8 individual primary tumors engrafted; Supplementary 
Fig.  S5C), suggesting immunogenicity of this model, which 
is corroborated by significantly higher Pd-l1 and Pd1 mRNA 
expression in primary PPMBC, compared with primary MBC 
lymphomas (Supplementary Fig. S5D). We further note that 
syngeneically transplanted PPMBC lymphomas did not dis-
play any detectable difference in B220, CD3, or Ki67 staining, 
compared with their respective primary tumors (Supplemen-
tary Fig. S5C).

To determine whether the autochthonous lesions that were 
histologically classified as lymphoma indeed represent clonal 
expansions, we next performed RNA-based BCR sequencing 
(22). As expected, the BCR repertoire in wild-type spleens was 
highly polyclonal (Fig 2D and E). In sharp contrast, MBC, 
SMBC, and PPMBC lesions displayed a strongly reduced vari-
ation with the majority of cases being dominated by a single 
or two parallel large clones (Fig 2D and E).

When analyzing the intraclonal diversity of the dominant 
clones, we observed significantly smaller Gini coefficients in 
the PPMBC-derived malignant clones, compared with the 
MBC setting, fitting with ongoing SHM activity following 
the transformation step in those lesions (Supplementary 
Fig. S5E; Tables S2 and S3). In agreement with these data, 
we also observed a significantly increased CDR (complemen-
tarity-determining region) mutation frequency in PPMBC, 
compared with MBC lymphomas. Of note, all analyzed 
PPMBC lymphomas harbored CDR mutations leading to 
amino acid alterations, whereas only two out of four MBC 
cases displayed amino acid-altering mutations (Supple-
mentary Table  S2). No differences in the mutation fre-
quency within the framework region were detected between 
the lymphoma genotypes (Supplementary Table  S2). The 
increased SHM activity in PPMBC lymphomas is further 
corroborated by a significantly higher Aicda expression in 
PPMBC, compared with MBC and SMBC lesions (Sup-
plementary Fig.  S5F). BCR sequencing data did not reveal 
an obvious bias in VH usage within the malignant clones, 
arguing against a restricted set of (auto-)antigens provok-
ing lymphomagenesis (Supplementary Fig.  S5G; Supple-
mentary Table  S2). However, the limited number of cases 
analyzed might not allow the detection of a subtle VH 
segment preference.

We next asked whether we could detect preferential Ig 
isotype expression in MBC, SMBC, or PPMBC-derived lym-
phomas. This analysis showed that the majority of these lym-
phomas were class-switched to IgG or IgA (Supplementary 

Fig. S5H; Supplementary Table S2). Altogether, BCR sequenc-
ing clearly demonstrated that lymphomas in all three geno-
types were of clonal origin, were largely class-switched, and 
that SHM activity was highest in PPMBC lymphomas.

Next to IHC-based surface marker profiling and clonality 
analyses, we also performed MRI scans of preterminal MBC, 
SMBC, and PPMBC mice, as well as extensive necropsies, to 
assess the degree of lymphadenopathy and extranodal infil-
tration among the three genotypes. These analyses revealed 
that the malignant lesions observed in MBC mice were 
largely confined to mesenteric lymph nodes (Fig.  2F and 
G; Supplementary Fig. S6A). In marked contrast, pretermi-
nal PPMBC and SMBC mice displayed lymphadenopathy 
in significantly more lymph node regions (Fig.  2F and G; 
Supplementary Fig.  S6A) and significantly more extran-
odal infiltrations (Fig.  2H), compared with preterminal 
MBC animals.

The long latency of lymphoma development in our models 
suggests that in addition to the engineered mutations, fur-
ther genomic lesions might be required for full-blown lym-
phoma manifestation. To directly address this hypothesis, we 
also performed whole-exome sequencing (WES) on 17 MBC 
and 12 PPMBC lymphomas derived from individual mice. 
We retrieved recurrent aberrations in Irf2bp2, Pim1, Pou2f2, 
Stat3, and Hist1h1e, which have all been previously shown to 
be recurrently mutated in human DLBCL (refs. 10, 11, 23, 24; 
Supplementary Fig. S6B and S6C; Supplementary Table S4). 
These WES data provide further cross-species validation of 
our models. Thus, in summary, B cell–specific Spib overex-
pression or Prdm1 deletion results in (oligo-)clonal, largely 
B220+/CD138− lymphomas, which display a more aggres-
sive infiltration pattern and disease course, compared with 
MBC controls.

Transcriptomic Profiling of MBC, SMBC, and 
PPMBC Lymphomas

To map the biology of MBC, SMBC, and PPMBC lympho-
mas onto physiologic B cell developmental stages, we next 
performed mass cytometry analyses (CyTOF). In brief, we 
defined individual cell clusters, using UMAP dimensionality 
reduction on the expression levels of several established lin-
eage markers (Fig. 3A and B; Supplementary Fig. S7A). No 
significant differences in the relative size of the identified 
clusters were observed between the three models (Fig.  3C; 
Supplementary Fig.  S7B). Within the cluster containing 
normal and malignant B cells (B/lymphoma), we observed a 
significantly increased expression of the GC markers (BCL6, 
FAS, and GL7) in the PPMBC samples, compared with 
MBC lymphomas (Fig.  3D). We note that no significant 
differences were observed in IRF4 expression between the 
three genotypes (Fig. 3D). These mass cytometry data were 
validated using IHC, which demonstrated that MBC lym-
phomas were consistently BCL6−/IRF4+, whereas SMBC and 
PPMBC lymphomas displayed 50% and 75% BCL6 positiv-
ity, respectively, in conjunction with 100% IRF4 positivity 
(Fig. 3E).

MCD/C5 DLBCL, which harbors recurrent aberrations 
in MYD88, BCL2, and PRDM1/SPIB, is enriched for ABC-
DLBCL cases (10). As transcriptome profiling remains the 
gold standard for differentiation of GCB- and ABC-DLBCL 



Genetically Determined DLBCL Precursors Dictate Responses RESEARCH ARTICLE

	 JANUARY  2023 BLOOD CANCER DISCOVERY | 85 

Figure 3.  PPMBC and SMBC lymphomas display transcriptomic and surface marker features associated with germinal center–derived lymphomas. 
A, Cell suspensions from MBC (n = 5), SMBC (n = 7), and PPMBC (n = 8) tumors were analyzed by mass cytometry. Dimensionality reduction of the data set 
was performed by UMAP and clusters were gated manually. B, Heat map of lineage markers used for cluster identification. C, Cluster sizes observed in 
MBC, SMBC, and PPMBC samples. D, Expression of BCL6, FAS, GL7, and IRF4 in the “B/lymphoma” cluster. E, Representative images (left) and quantifica-
tion (right) of IHC BCL6 and IRF4 stainings in MBC, SMBC, and PPMBC lymphomas. Scale bar represents 20 μm. (continued on next page)
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(2), we next generated 3′-RNA-seq reference data from GC B 
and activated blood B (AB) cells, isolated from wild-type ani-
mals. From these data sets, we derived gene sets of upregu-
lated transcripts enriched in each of the two normal B-cell 
populations (ABup and GCBup). Using these reference gene 
sets, we compared and contrasted MBC, SMBC, PPMBC, 
as well as Kmt2dfl/fl;VavP-Bcl2;Cɣ1Cre/wt (KBC)-derived lym-
phomas, which served as an established reference akin to 
GCB-DLBCL (ref.  25; Fig.  3F). Using our MBC samples as 
an internal reference, we observed that KBC lymphomas 
were most strongly enriched for the GCBup gene set, while 
displaying a negative normalized enrichment score (NES) 
for ABup (Supplementary Fig.  S7C). Of note, SMBC and 
PPMBC lymphomas displayed a similar enrichment pattern, 
albeit NES were lower for these lymphoma genotypes (Sup-
plementary Fig. S7C). Furthermore, transcriptomes derived 
from MBC lymphomas displayed the strongest positive 
and negative enrichment for the ABup and GCBup gene 
sets, respectively, when compared with KBC lymphomas 
(Fig.  3F). When we used the GC-derived KBC model as a 
reference, MBC, SMBC, and PPMBC lymphomas showed 
a positive enrichment for the ABup gene set, while being 

negatively enriched for GCBup (Fig.  3F). Altogether, these 
transcriptome data indicate that SMBC and PPMBC lym-
phomas are developmentally closely related to GCB cells 
than their MBC counterparts. This more distant relation-
ship of MBC lymphomas with GCB cells is also reflected 
in the CD138 positivity that we had observed in MBC, but 
not in PPMBC, and to a lesser extent in SMBC lymphomas 
(Fig. 2B and C). It is also important to reiterate that, com-
pared with KBC lymphomas, which represent a canonical 
GCB-DLBCL model, SMBC and PPMBC lymphomas display 
a clear and significant AB cell transcriptome phenotype 
(Fig. 3F).

To further carve out the precursor population of our 
MBC, SMBC, and PPMBC lymphomas, we next mapped 
transcriptomic data from these three lymphoma subtypes 
onto gene sets derived from a recently published single-cell 
transcriptome data set that was generated to characterize 
the distinct human GC B cell populations (26). Unsuper-
vised clustering of these data showed that particularly MBC 
and PPMBC lymphomas cluster distinctly, whereas SMBC 
cases were interspersed between these genotypes (Fig.  3G). 
This analysis further revealed that MBC lymphomas showed 
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Figure 3. (Continued) F, Gene set enrichment plots comparing the transcriptional profiles of MBC (n = 13), SMBC (n = 11), and PPMBC (n = 13) lym-
phomas to the KBC model (n = 6) as reference. The NES is illustrated as an approximation of the distance between the genotypes. G, Bulk transcription 
profiles of MBC, SMBC, and PPMBC lymphomas were clustered in an unsupervised manner by their expression levels of published gene sets derived from 
single-cell transcriptomic analyses of human GC B cells (26). DZ, dark zone; Int, intermediate; LZ, light zone; PreM, prememory B; PBL, plasmablast.  
H, Representative flow cytometry plots and gating strategy of splenic MB, GCB, and DZ/LZ B cells from a 10-week-old healthy C mouse (top) and lym-
phoma cells from a PPMBC lesion (middle). Bottom, an overlay of both samples. A total of 10 PPMBC lymphomas was analyzed; additional samples are 
illustrated in Supplementary Fig. S8, full gating strategy is depicted in Supplementary Fig. S12A. H–I, *, P ≤ 0.05, Welch unpaired two-tailed t test.
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significantly higher ssGSEA scores for gene sets associated 
with late light-zone and plasmablast stages (Supplementary 
Fig.  S8A). In contrast, PPMBC lymphomas were enriched 
for early light zone and intermediate stages (Supplementary 
Fig. S8A). Moreover, PPMBC lymphomas were significantly 
enriched for the prememory-B-cell gene signature (Supple-
mentary Fig. S8A). The combined presence of light-zone GC 
and memory B cell features in the absence of plasmablast/
plasma cell features is consistent with the malignant trans-
formation of PPMBC cells occurring prior to plasmablast 
differentiation at an intermediate stage between GC exit 
and memory B cell differentiation. These data are further 
supported by flow cytometry experiments, indicating that 
6 of 10 PPMBC lymphomas were CD38+/FAS−/IgD−, in line 
with a memory B cell phenotype (Fig.  3H; Supplementary 
Fig. S8B). At the same time, these PPMBC lymphomas were 
largely CXCR4−/CD86+, consistent with a light-zone surface 
marker profile (Fig. 3H; Supplementary Fig. S8C). Of note, 
consistent with the expansion of a CD38+/FAS+ popula-
tion also in the premalignant setting (Fig.  1C), a fraction 
of PPMBC and SMBC lymphomas fell into CD38+/FAS+ 
gate, suggesting that this population might also constitute 
a possible precursor population. We believe that our data 
are consistent with a model in which transformed cells are 
not arrested at one precisely defined B cell developmental 
stage, but rather retain the ability to dynamically switch 
between different stages without passing beyond a certain 
developmental stage. For instance, PPMBC-derived lympho-
mas clearly display transcriptomic features of prememory 
B cells, as well as light-zone B cells (Fig.  3G; Supplemen-
tary Fig.  S8A), while not showing any plasmablastic dif-
ferentiation features (CD138 negativity, Figs. 2B–C and 3G; 
Supplementary Fig.  S8A). In contrast, MBC cases clearly 
demonstrate CD138 positivity as an indicator for plasmab-
lastic differentiation, while simultaneously displaying tran-
scriptomic features still mapping to light-zone B cells (Figs. 
2B–C and 3G; Supplementary Fig. S8A).

The PPMBC Model as a Platform to Assess 
Immunotherapeutic Approaches

To evaluate immune-therapeutic approaches in our 
PPMBC model, we next established a murine syngeneic 
anti-CD19 chimeric antigen receptor (CAR)-T cell plat-
form. For that purpose, we transduced splenic T cells with 
a construct driving the expression of an antimurine-CD19 
CAR (derived from ref.  27; Fig.  4A). We next cocultured 
these CAR-T cells, as well as mock-transduced T cells, with 
a CD19-expressing PPMBC lymphoma cell line at various 
effector:target ratios (Fig.  4B). After 48 hours, the experi-
ment was terminated and population sizes of T cells and 
lymphoma cells were assessed by flow cytometry. These 
experiments demonstrated that even at an effector:target 
ratio of 0.25:1, antimurine-CD19 CAR-transduced cells 
efficiently eradicated PPMBC lymphoma cells (Fig.  4B), 
compared with the control condition.

We next assessed the therapeutic efficacy of these CAR-T 
cells for the treatment of lymphoma-bearing PPMBC mice. 
Animals with MRI-verified lymphomas were infused with 
a single dose of 2  ×  106 anti-mCD19 CAR-T cells or were 
left untreated. We further stratified animals according to 

their tumor volume (spleen volume between 500 and 699 
μL or above 700 μL, as an indicator for low vs. high tumor 
volume). Lymphoma responses were monitored by weekly 
MRI scans. We observed substantial tumor shrinkage and 
a significantly prolonged overall survival in CAR-T cell-
treated animals, compared with untreated controls (Fig. 4C 
and D). Moreover, animals with a spleen volume below 700 
μL survived significantly longer after CAR-T infusion than 
animals with a spleen volume >700 μL, indicating that lym-
phoma burden prior to CAR-T infusion might be a predictor 
for response, similar to what has been observed in human 
DLBCL (28).

We and others have recently shown that ABC-DLBCL cases 
frequently display PD-L1 overexpression, compared with 
GCB-DLBCL cases (18, 23). Thus, we next asked whether 
intercepting the PD1/PD-L1 immune checkpoint might dis-
play therapeutic efficacy in our PPMBC model. For this 
purpose, we treated lymphoma-bearing PPMBC mice with a 
PD-L1 antibody (29). We observed a stabilization of tumor 
growth in the treatment group (Fig.  4E), which resulted in 
a significantly prolonged survival in these animals, com-
pared with untreated controls (Fig. 4F). In these experiments, 
PD-L1 blockade significantly repressed lymphoma growth 
and led to a significantly increased overall survival, com-
pared with untreated animals. Altogether, these experiments 
indicate that the PPMBC model is a suitable tool to study 
immune-therapeutic approaches in an immune-competent 
in vivo model.

Combined BTK/BCL2 Inhibition Displays Efficacy 
in PPMBC Lymphomas

We next aimed to use our PPMBC model as a preclinical 
tool to assess the efficacy of BTK and/or BCL2 inhibition 
in vivo. In this regard, we note that BCL2 has emerged as 
a potential therapeutic target in DLBCL during the last 
years. Particularly, the BCL2 inhibitor venetoclax produces 
response rates of ∼18% in relapsed/refractory DLBCL (30). 
Similarly, in a phase I/II clinical trial involving 80 patients 
with relapsed/refractory DLBCL, the BTK inhibitor ibruti-
nib induced complete or partial remissions in 37% of ABC-
DLBCL patients, but in only 5% GCB-DLBCL patients (31). 
Moreover, comparing PPMBC and MBC lymphomas using 
GSEA, we find that PPMBC cases were significantly enriched 
for B-cell receptor pathway–associated gene sets (Fig.  5A; 
Supplementary Table S5). In line with this, gene sets asso-
ciated with the BCR downstream pathways NFκB- and 
PI3K signaling were also enriched in PPMBC lymphomas 
(Fig.  5A; Supplementary Table  S5). Furthermore, phos-
pho-flow cytometry experiments demonstrated increased 
p-PLCγ2 and p-SYK levels in PPMBC lymphomas, compared 
with MBC lesions (Fig. 5B).

We next asked whether ibrutinib as a single agent or 
combined with venetoclax might display preclinical activ-
ity in PPMBC lymphomas. For that purpose, we generated 
a cohort of PPMBC animals, in which lymphoma devel-
opment was surveilled through weekly MRI scans. Upon 
lymphoma manifestation, animals were randomized in a 
1:1:1:1 fashion to receive either ibrutinib (30 mg/kg, p.o., 
q.d. days 1–21, followed by application via drinking water 
until death), venetoclax (200 mg/kg, p.o., q.d., days 1–21), or 
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Figure 4.  Murine PPMBC lymphomas are susceptible to immune-therapeutic approaches. A, Schematic depiction of the anti-mCD19scFv-CD28-CD3z 
CAR construct (27). B, Population sizes of mock- and CAR-transduced T cells isolated from C57BL6/J wild-type spleens and a CD19+ PPMBC lymphoma 
cell line at the indicated effector:target ratios after 48 hours of coculture after gating for live cells. C, PPMBC mice with a low or high lymphoma-burden 
[spleen volume 500–700 μL (n = 3) or >700 μL (n = 3), respectively] were treated with a single injection of 2 × 106 anti-mCD19 CAR-T cells. Tumor volume 
was monitored weekly via MRI and is visualized as fold change from baseline. D, Kaplan–Meier curve showing the overall survival of CAR-T–treated 
mice and untreated controls. The CAR-T–treated cohort is depicted in total, as well as separated into high and low lymphoma-burden animals. E, MRI-
determined tumor volume of PPMBC animals treated with an anti–PD-L1 (n = 7), displayed as fold change from baseline. Untreated animals (n = 8) served 
as controls. F, Kaplan–Meier curve showing the overall survival of anti–PD-L1-treated mice (n = 7) and untreated controls (n = 8). *, P ≤ 0.05; **, P ≤ 0.01; 
log-rank test.

combined ibrutinib plus venetoclax. Untreated mice served 
as controls. Ibrutinib and venetoclax produced transient 
remissions in the PPMBC model (Fig.  5C–F; Supplemen-
tary Fig.  S9A). Both ibrutinib and venetoclax resulted in 
a significantly prolonged median progression-free survival 
(PFS, assessed by MRI scans), compared with untreated 
control (3.29 and 4.9 vs. 0.9 weeks, respectively). Moreover, 
the median PFS in animals treated with the combination 
regimen was significantly longer than that observed in the 
single-agent treatment arms (11.0 weeks; Fig. 5E). Similarly, 
the median overall survival of animals treated with the 
combination regimen (17.43 weeks) significantly exceeded 
that observed in untreated mice (5.4 weeks), ibrutinib (11.4 
weeks), or venetoclax (12.07 weeks; Fig.  5F). Altogether, 
these in vivo experiments indicate that combined BTK and 
BCL2 blockade may represent a viable treatment strategy 
for a molecularly defined subset of DLBCL cases, harboring 
MYD88, BCL2, and PRDM1 aberrations.

Combined BTK/BCL2 Inhibition Displays Efficacy 
in Non–GCB-DLBCL Patients

Given the preclinical activity of combined ibrutinib 
and venetoclax in our PPMBC model, we also treated six 
relapsed/refractory non–GCB-DLBCL patients with this 
regimen in an off-label scenario, after receiving written 
informed consent by the patients or their legally author-
ized representatives. Patients in this cohort had a median 
age of 68 years. Between 2018 and 2021, these patients were 
treated with ibrutinib (560 mg, q.d., p.o.) and venetoclax 
(400 mg, q.d., p.o.) at the University Hospitals Cologne and 
Essen. They had received a median of 3 prior lines of ther-
apy, including autologous stem cell transplantation and 
anti-CD19 CAR-T cell therapy (Supplementary Fig.  S9B; 
Supplementary Table  S6A). All patients had progressive 
non–GCB-DLBCL (classified by Hans algorithm; Fig.  5G) 
at the time of treatment initiation. For four of these six 
patients, we had biopsy material available on which we per-
formed exome sequencing after receiving written informed 
consent from the patients. While none of these four cases 
was assigned to the MCD cluster by the LymphGen clas-
sification algorithm (ref.  24; Supplementary Table  S6B), 
lymphomas of all 4 sequenced patients harbored distinct 
genomic aberrations associated with the MCD- or C5 clus-
ters of DLBCL (10, 11), including mutations in PRDM1 (1 
of 4 cases), PIM1 (1 of 4 cases), BTG2 (2 of 4 cases), HLA-A 
(2 of 4 cases) and HLA-C, TAP1, VMP1, IL16, KLHL42, and 
TNRC18 (1 of 4 cases each; Supplementary Fig. S9C; Supple-
mentary Table S6C–S6F). We further found chromosomal 
aberrations associated with cluster C5, namely, gains and 
amplifications of 18p, 18q (harboring BCL2), 3q and 19q 

(harboring SPIB; Supplementary Fig.  S10; Supplementary 
Table S6G–S6J). Moreover, our analyses retrieved a deletion 
of the chromosomal location of PRDM1 (6q) in two cases, 
as well as several additional aberrations highly recurrent in 
DLBCL, but not significantly associated with any specific 
cluster (gains and amplifications of 1q, 7p, 7q, 12p, 12q; 
Supplementary Fig.  S10; Supplementary Table  S6G–S6J). 
Lymphoma burden was quantified by contrast-enhanced 
CT scans or PET-CT prior to treatment initiation and 
during follow-up (between weeks 2 and 7.5, median 5.5 
weeks; Fig. 5H and I; Supplementary Fig. S11). Five of six 
patients displayed tumor regressions, whereas one patient 
experienced progressive disease (Fig. 5H and I; Supplemen-
tary Fig. S11). Intriguingly, the nonresponding lymphoma 
lacked detectable BCL2 expression on IHC analysis, whereas 
the remaining five lymphomas all showed robust BCL2 pos-
itivity on IHC (Fig. 5G; Supplementary Fig. S9C). In four of 
the six patients, combined venetoclax and ibrutinib served 
as a bridge to CAR-T cell therapy (Supplementary Fig. S9B). 
We did not observe any dose-limiting toxicities in these six 
patients. Altogether, our clinical data corroborate our pre-
clinical observations and suggest that combined ibrutinib 
and venetoclax may display clinical activity in a subset of 
relapsed/refractory non–GCB-DLBCL.

DISCUSSION
Here, we describe murine models of Myd88 and BCL2-

driven DLBCL, which were engineered to harbor B cell–spe-
cific Spib overexpression or Prdm1 deletion. It is important 
to note that we used a Cd19Cre allele for the generation of 
these models, which induces recombination of loxP sites 
already at the pro-B cell stage and thus substantially prior to 
the GC reaction, where the transformation of human ABC-
DLBCL presumably occurs (32). While Spib is expressed in 
pre-B cells, Prdm1 expression is only initiated during the 
GC reaction (33, 34). Thus, in the Cd19Cre background, 
we are unlikely to interfere with early B cell development 
through Prdm1 deletion in the PPMBC model. We observed 
that B cell–specific loss of Prdm1 installs a plasma cell 
differentiation defect in MBC-derived, nontransformed B 
cells. Intriguingly, this plasma cell differentiation block 
appears to be more robust than that observed when we 
overexpressed Spib in MBC B cells, at least when judged by 
the abundance of late plasmablasts, as well as plasma cells 
by flow cytometry and by assessment of serum immuno-
globulin levels. We further observed reduced surface IgM 
levels in MBC- and SMBC-derived naïve B cells, compared 
with controls, whereas naïve PPMBC B cells did not show a 
reduced surface IgM expression. As these naïve B cells have 
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not passed through the GC reaction and are thus likely 
not expressing substantial PRDM1 levels, this observation 
warrants further investigation outside the context of this 
work. One possible explanation might be the contamina-
tion of the B220+/CD19+/IgM+/IgD+ population with IgM+/
IgD+ memory- or marginal zone B cells. These differences 
between SMBC and PPMBC mice might be at least partially 
explained by the fact that Prdm1 deletion in our model 
prevents any protein expression, whereas Spib overexpres-
sion from the Rosa26 locus might be counterregulated by 

mechanisms leading to SPIB degradation or through partial 
silencing of the Rosa26 locus.

Next to mutational and epigenetic inactivation, PRDM1 
is also transcriptionally repressed by BCL6 (35, 36), which 
itself is a target of PRDM1-mediated repression, thus con-
stituting a negative feedback loop (37). In addition to its 
role in blocking terminal plasma cell differentiation via 
PRDM1 repression, SPIB also plays an important role for 
proper BCR signaling in mature B cells. In contrast to 
Spib-proficient B cells, Spib-deficient B cells display reduced 

Figure 5.  Murine PPMBC lymphomas and human non-GCB lymphomas are sensitive to combined treatment with venetoclax and ibrutinib. A, Gene set 
enrichment analysis plots for BCR-related gene signatures from the KEGG, Biocarta, and Hallmark collections, comparing PPMBC and MBC lymphomas 
(n = 13 each). B, Flow-cytometric analysis of phospho-PLCg2 and phospho-Syk levels in IgDneg cells from MBC (n = 10) and PPMBC (n = 10) lymphomas. 
C, Normalized tumor volumes after tumor detection of untreated (n = 7), venetoclax-treated (n = 8), ibrutinib-treated (n = 9), or combination-treated 
(n = 7) PPMBC animals. D, Best tumor volume change of untreated, venetoclax-treated, ibrutinib-treated and combination-treated PPMBC animals. E, PFS 
and (F) overall survival of untreated, venetoclax-treated, ibrutinib-treated and combination-treated PPMBC animals. (continued on following page)
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proliferation in response to BCR cross-linking and an 
impaired ability to form GCs (38, 39). The oncogenic role of 
SPIB in ABC-DLBCL is further underscored by the observa-
tion that the ABC-DLBCL cell line OCI-Ly3 harbors a rear-
rangement, which juxtaposes SPIB to Ig enhancers leading 
to enforced SPIB expression (40). Altogether, it is conceiv-
able that the similar lymphomagenesis-enhancing effects of 
Spib overexpression and Prdm1 deletion in the MBC model 
are the result of different molecular mechanisms, namely, a 
potent plasma cell differentiation block in the Prdm1-defi-
cient setting and a slightly less pronounced block in termi-
nal differentiation together with augmented BCR signaling 
in the Spib-overexpressing scenario.

One central disadvantage of the original MBC model is 
the CD138 positivity, which is not a common feature of 
human DLBCL, but rather a hallmark of plasmablastic 
lymphoma (17–20, 41). The PPMBC model described here 
overcomes this limitation and develops clonal CD138−/
B220+ DLBCL. Fitting with the robust CD138 and IRF4 
expression of MBC lymphomas (17), as well as the retained 
B220 expression together with lack of CD138 expres-
sion in PPMBC lymphomas, transcriptome analyses of 
KBC, MBC, SMBC, and PPMBC lymphomas revealed that 
SMBC and PPMBC lymphomas are more closely related to 
GC B cells than MBC-derived lymphomas. Nevertheless, 
SMBC and PPMBC lymphomas displayed a significant 
enrichment of AB cell transcriptome features, compared 
with KBC lymphomas, which constitute a canonical GCB-
DLBCL model. Thus, altogether, the SMBC and PPMBC 
models bear a closer resemblance to human ABC-DLBCL 
cases than the original MBC model. Moreover, these mod-
els harbor genetic lesions that constitute key features 

of MCD/C5 DLBCL, thus nominating the SMBC and 
PPMBC models as preclinical avatars for this particularly 
hard-to-treat subentity.

While transcriptomic, genomic, and surface marker profil-
ing revealed that the PPMBC model shares central characteris-
tics with human C5/MCD cases, long-range BCR sequencing 
revealed that the majority of PPMBC-derived lymphomas 
were class-switched to IgG. This phenotype differs from what 
has been reported for most human MCD DLBCL cases, which 
are predominately nonclass-switched. However, it is impor-
tant to note that in the MCD DLBCL case series reported by 
Wright and colleagues, approximately 10% of the MCD cases 
were indeed class-switched to IgG and to a lesser extent to IgA 
(24). Thus, while our model might not fully capture this part 
of MCD biology, we believe that it still reflects a substantial 
aspect of this disease.

Our flow cytometry and transcriptome profiling experi-
ments indicate PPMBC lymphomas displayed gene-
expression signatures associated with early light zone and 
intermediate stages, as well as prememory B cell stages. 
The presence of both light zone GC and memory B cell 
features in the absence of plasmablastic differentiation 
markers is coherent with a precursor population at an 
intermediate stage between GC exit and memory B-cell 
differentiation. Similar results were recently published 
by Pindzola and colleagues, using a AicdaCre/wt; Prdm1fl/fl;  
Myd88cond.p.L252P/wt; Rosa26LSL.BCL2.IRES.GFP/wt; Cd79bcond.p.Y195H 
model to demonstrate aberrant expansion of spontaneous 
GCs and a lack of plasma cell differentiation in these mice 
(42). The nonmalignant GCB cells in this model, which dif-
fers from the PPMBC model by the inclusion of an inducible 
oncogenic Cd79b mutation, displayed a dark zone phenotype 

Fo
llo

w
-u

p

Pat. #1
H

I
MUM1 BCL2CD10H/E BCL6

PositiveNegative UnknownMixed

G
50000–100

Max. vol. change (% of baseline)

Pat. #1

Pat. #2

Pat. #3

Pat. #4

Pat. #5

Pat. #6

Pat. #2 Pat. #3 Pat. #4 Pat. #5 Pat. #6

B
as

el
in

e

Figure 5. (Continued)  G, Six patients were stratified as non–GCB-DLBCL by the Hans algorithm. One representative case is visualized; pie charts 
illustrate the distribution of staining patterns across the cohort (n = 6). Scale bar represents 50 μm. H, CT-images of patients #1 to #6. Target lesions are 
outlined. I, Best tumor volume change of individual target lesions of each patient. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; B, Welch unpaired 
two-tailed t test; E and F, log-rank test; error bars represent SD.



Flumann et al.RESEARCH ARTICLE

92 | BLOOD CANCER DISCOVERY JANUARY  2023	 AACRJournals.org

and a neglectable memory B-cell expansion (42). Unfor-
tunately, lymphomas arising in the AicdaCre/wt; Prdm1fl/fl;  
Myd88cond.p.L252P/wt;Rosa26LSL.BCL2.IRES.GFP/wt;Cd79bcond.p.Y195H 
model were not extensively characterized with regard to 
their transcriptomic profiles, thus preventing a proper 
comparison between lymphoma phenotypes in these two 
models. Nevertheless, in both the PPMBC and the Aic-
daCre/wt; Prdm1fl/fl; Myd88cond.p.L252P/wt; Rosa26LSL.BCL2.IRES.GFP/wt; 
Cd79bcond.p.Y195H models an expansion of the GCB pools with 
a DZ/LZ B cell ratio shifted toward DZ B cells was observed 
(42). However, the enlarged memory B cell pool that we 
observed in PPMBC mice was not described in the Aic-
daCre/wt; Prdm1fl/fl; Myd88cond.p.L252P/wt; Rosa26LSL.BCL2.IRES.GFP/wt;  
Cd79bcond.p.Y195H model (42). Collectively, these data might 
indicate that different, genetically defined DLBCL subtypes 
originate from distinct precursor cell populations.

In the clinical setting, relapsed/refractory DLBCL still 
remains a major therapeutic challenge. Approximately 50% 
of patients who are treated with salvage chemoimmune 
therapy, followed by high-dose chemotherapy and autolo-
gous stem cell support, will subsequently progress after 
transplantation and achieve a median overall survival of 
approximately 10 months (43, 44). Patients with disease 
that is refractory to primary or salvage therapy, as well 
as patients who relapse within the first 12 months after 
autologous transplantation, display an extraordinarily poor 
prognosis with a median overall survival of only 6.3 months 
(45). The advent of anti-CD19 CAR-T cells has recently 
revolutionized the treatment landscape for relapsed/refrac-
tory DLBCL patients, in which two lines of therapy have 
failed, as well as transplant-eligible patients who experience 
relapse within 12 months after first-line therapy or refrac-
tory disease (46–48). However, recent analyses focusing on 
the identification of factors that may predict CAR-T cell 
treatment failure retrieved Eastern Cooperative Oncology 
Group Performance Status (ECOG PS) ≥2, Ann Arbor stage 
III/IV disease, involvement of  ≥2 extranodal sites, elevated 
serum lactate dehydrogenase, increased serum C-reactive 
protein, high international prognostic index at the time of 
treatment decision and at the time of treatment, as well as 
increased CRP, bulky lymphoma mass, and high total meta-
bolic tumor volume at the time of treatment, as risk factors 
for poor response to CAR-T cell therapy (49). These data, 
particularly the association of bulky disease at the time of 
treatment with poor outcome, may suggest that remission-
inducing bridging therapy between treatment decision and 
time of CAR-T infusion may be desirable. In light of these 
clinical circumstances, our observation that combined ibru-
tinib/venetoclax induces remissions in lymphoma-bearing 
PPMBC mice, as well as extensively pretreated non–GCB-
DLBCL patients, recommends this combination regimen 
as a potential bridge to CAR-T cell therapy in non–GCB-
DLBCL patients. In addition to the data reported here, 
there is substantial evidence indicating that ibrutinib may 
display clinical efficacy in selected DLBCL patients. For 
instance, in a recently reported prospective trial, single-
agent ibrutinib produced complete or partial responses 
in 37% (14/38) of ABC-DLBCL patients, whereas only 5% 
(1/20) of GCB-DLBCL patients achieved complete or partial 
responses (31). Moreover, a recently published case series 

involving 13 relapsed/refractory non–GCB-DLBCL patients 
described an overall response rate after two cycles of ibru-
tinib/venetoclax of 61.5%, with 23% of patients achieving a 
complete remission (50). The median PFS and overall sur-
vival was 5.6 and 11.3 months, respectively (50). Neverthe-
less, these data suggest that combined ibrutinib/venetoclax 
may be a useful regimen as a bridge to consolidating cellular 
immune therapy.

METHODS
Experimental Mice

The generation of the Cd19Cre, Myd88cond.p.L252P, and Rosa26LSL.BCL2-IRES-GFP  
alleles has been described previously (18). The Prdm1flox allele was 
purchased from the Jackson Laboratory on a C57BL/6J background 
(Stock No: 008100; ref.  51). To generate the Rosa26LSL.Spib.IRES.GFP  
allele, murine Spib cDNA was cloned into a Rosa26 locus-targeting 
vector, in which a CAGGS (cytomegalovirus early enhancer/chicken 
β actin) promoter drives expression of the transgene (Spib) as well 
as an internal ribosomal entry site–driven green fluorescent protein 
(IRES-GFP). Expression of these genes is prevented by a LoxP-
flanked STOP cassette. This targeting vector was electroporated 
into BRUCE4 embryonic stem cells, which were then screened 
for correct integration by standard Southern blot methods. Cor-
rectly targeted ES cells were used to generate chimeras, which were 
backcrossed onto a pure C57BL/6J background and examined for 
germline transmission.

For survival analyses, animals were recorded as events that suc-
cumbed to disease or that had to be sacrificed due to predefined 
termination criteria. Animals that died due to genotype-unrelated 
reasons (appendicitis, abnormal teeth, injuries inflicted by cage 
mates) were censored. In treatment studies, onset of lymphoma was 
defined by a lesion larger than 150 μL or splenomegaly larger than 
500 μL detectable by MRI, with a robust volume increase in two 
consecutive scans. Venetoclax (MedChem Tronica) was adminis-
tered as a suspension in 0.4% methylcellulose by oral gavage at 200 
mg/kg daily. Ibrutinib (MedChem Tronica) was administered as a 
suspension in 0.4% methylcellulose by oral gavage at 30 mg/kg daily 
for 3 weeks as a single-agent or in combination with venetoclax, 
then via drinking water until death. For the preparation of drink-
ing water, ibrutinib was resolved in 5% HP-cyclodextrin (PanReac 
Applichem) at 0.16 mg/mL. Mice were allowed to drink liberally 
with no other source of water. Mice receiving ibrutinib drinking 
water received approximately 30 mg/kg ibrutinib per day (52). Upon 
relapse or progression, animals were rechallenged with venetoclax 
for 3 weeks, with or without concurrent treatment with ibrutinib 
via drinking water. To assess the efficacy of immune-checkpoint 
blockade in our PPMBC model, mice were injected twice weekly 
with 250 μg of a PD-L1 antibody (clone 80; ref.  29; Astra Zeneca, 
intraperitoneally) for 8 weeks.

For anti-CD19 CAR-T cell experiments, T cells were isolated from 
spleens of C57BL/6 wild-type mice using the Mouse CD3 T cell 
isolation kit (BioLegend; cat. #480031), cultured and activated as 
previously described (27). In brief, T cells were activated in vitro by 
antimouse CD3e (200 ng/mL, BioLegend, clone 145-2C11), murine 
IL2 (100 U/mL, Novartis, 17152.00.00), and anti-mouse CD28 (100 
ng/mL, BioLegend, clone 37.51), and subsequently transduced with 
CAR-retrovirus. Retrovirus for transduction of T cells was produced 
by HEK 293T cells cotransfected with the retroviral Moloney murine 
leukemia virus (MMLV)–based helper plasmids coding for the gag, 
pol, and env genes together with the CAR. After transduction, T cells 
were stained with a polyclonal goat anti-rat IgG antibody (Biotin, 
Jackson Immuno, cat. #112-066-072), counterstained with strepta-
vidin (APC, BioLegend, cat. #405207) and anti-mouse CD3 (APC, 
BioLegend, clone 145-2C11) to analyze transduction efficacy. To 
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treat CD19+ lymphomas with antigen-specific T cell therapy, 2 × 106 
engineered CAR-T cells were intravenously injected into lymphoma-
bearing C57BL/6 PPMBC mice (identified by MRI). Tumor response 
was subsequently monitored by weekly MRI and overall survival 
was recorded.

For transplantation experiments, Rag1−/− mice (C57BL6/J 
background from Jackson Laboratories 002216) or syngeneic 
C57BL/6 mice (Cre-negative Prdm1fl/fl; Myd88cond.p.L252P/cond.p.L252P;  
Rosa26LSL.BCL2-IRES-GFP/LSL.BCL2-IRES-GFP breeder animals) were used as 
recipients. 5  ×  106 cells suspended in PBS were transplanted intra-
peritoneally (Rag1−/−) or intravenously (syngeneic mice). All animals 
were housed in a specific pathogen-free facility and animal breedings 
and experiments were approved by the local animal care committee 
and the relevant authorities (Landesamt für Natur, Umwelt und 
Verbraucherschutz Nordrhein-Westfalen, AZ: 84-02.04.2014.A146, 
84-02.04.2017.A131, 81-02.04.2019.A009, 81-02.04.2020.A395).

SPIB Detection by Immunoblotting in MEFs
Rosa26LSL.Spib.IRES.GFP/wt and Rosa26wt/wt MEFs were generated accord-

ing to standard protocol (53). MEFs were then exposed to Ad-CMV-
Cre (University of Iowa) overnight at an MOI of 100. Cells were 
subsequently lysed in 4% SDS, protein concentration was measured 
by BCA Assay (Thermo Fisher, 23225), and equivalent amounts of 
protein (60 μg in Laemmli buffer) were separated on 12.5% SDS-
PAGE and blotted on PVDF membranes (Immobilon-P, Millipore, 
0.45 μm). Membranes were blocked (5% BSA in TBS-T), incubated 
with specific antibodies against SPIB (Cell Signaling Technology, 
D4V9S) and β-Actin (Sigma, A2228) and subsequently washed and 
incubated with secondary HRP-coupled antibody. Proteins were 
detected using the ECL solution (Amersham).

MR Imaging
Mouse MR imaging was performed as described previously (18). 

In brief, mice were anesthetized with 2.5% isoflurane and scanned 
on a 3.0T MRI system (Igenia, Philips) with a small rodent solenoid 
coil (diameter 40 mm, Philips Research Europe). Axial T2-weighted 
images of the abdomen were acquired (TSE factor: 10, TR: 2674 ms, 
TE: 65 ms, slice thickness: 1.0 mm. Images were exported in DICOM 
format and spleen and tumor volumes were measured by segmenta-
tion using the Horos software.

IHC
Mouse tissue was formalin-fixed and paraffin-embedded (FFPE). 

Sections (4 μm) were stained for B220 (BD, clone RA3-6B2), CD138 
(BD, cat. #553712), Ki67 (Cell Marque), CD3 (Thermo Fisher, clone 
RM-9107), biotinylated PNA (Vector Laboratories, B-1075-5), BCL6 
(CST clone D65C10), and MUM1/IRF4 (Proteintech, cat. #11247-
2-AP). GCs were quantified from PNA stainings using the software 
ImageJ. Ki67+ cells per total cell count was quantified using the 
ImmunoRatio plugin for ImageJ.

Human FFPE tissue was cut into 4 μm sections and stained for 
CD10 (NCL-L-CD10–279, Novocastra), MUM-1 (Dako, cat. #M7259), 
BCL6 (Dako, cat. #M7211), and BCL2 (Dako, cat. #M0877).

Flow Cytometry
Flow cytometry was conducted on a Gallios flow cytometer (Beck-

man Coulter) or LSRFortessa cell analyzer (BD Biosciences), and 
data were analyzed with the FlowJo software (version 10.6.1; BD 
Biosciences). Single-cell suspensions from mouse spleen or lympho-
mas were stained with the following fluorescent-labeled antibodies: 
BD Biosciences: CD45 (APC-Cy7 and Alexa Fluor700, clone 30-F11), 
B220 (Pacific-Blue and BV786, clone RA3-6B2), CD95/Fas (BV510, 
clone Jo2), CD5 (BUV496, clone 53-7.3), IgD (BUV496, clone 217-
170), IgA (BV650, clone C10-1), IgM (BV711, clone II/41), CD19 

(BUV395, clone 1D3), CXCR4 (PE, clone 2B11), CD38 (BUV395, 
clone clone 90/CD38), IgG2b (BV650, clone R12-3), IgG3 (BV650, 
clone R40-82), IgG1 (BV650, clone RMG1-1), BioLegend: CD3 
(PerCP-Cy5.5, clone 281-2), CD138 (PE/Cy7 and PerCP-Cy5.5, clone 
281.2), MHCII (AF700, clone M5-1142), CD21/CD35 (PE/Cy7, clone 
7E9), CD23 (BV510, clone B3B4), CD86 (PE/Cy7, clone GL1), PLCg2 
(PE, biorbyt, cat. #orb504888), Invitrogen: CD93 (PE, clone AA4.1), 
GL-7 (eFluor660, clone GL7), pPLCg2 (APC, clone 4NPRN4). Cell 
Signaling Technology: pSyk (AF488, clone C87C1), Syk (AF488, 
clone D3Z1E). Biozol: IgG2c (AF647, cat. #SBA-1079-31). A Zombie 
NIR Fixable Viability Kit (BioLegend, cat. #423105) was used for 
exclusion of dead cells. Intracellular stains were performed as previ-
ously described (7). The gating strategies are depicted in Supplemen-
tary Fig. S12A–S12I.

Serum Ig Analysis
Serum was collected from 10-week-old mice and subjected to 

measurement of IgA, IgM, or whole IgG via ELISA, which was 
performed according to the manufacturer's instructions (Thermo 
Fisher, cat. #88-50450-22, 88-50470-88, and 88-50400-22)

Mass Cytometry
Tumor single-cell suspensions and stainings with metal-labeled 

antibodies were performed as previously described (18). In brief, 
cells were barcoded using a commercial kit following the manufac-
turer's instructions (Fluidigm, 201060). Stainings were performed 
according to standard Fluidigm protocol. Samples were measured 
on a Helios device (Fluidigm). After the acquisition, the samples 
were preprocessed as follows: (i) bead normalization (CATALYST R 
package), (ii) flow rate cleanup (flowAI R package), (iii) compensation 
(CATALYST), (iv) debarcoding (CATALYST), (v) automatic gating for 
intact cells (flowDensity R package). 50,000 events per sample were 
used for the subsequent analysis, which included the following steps: 
(i) arcsinh transformation (diffcyt); (ii) gating on DNA+/CD45+ cells; 
(iii) UMAP (umap-learn python package) dimensionality reduction 
for the markers B220, CD4, CD19, CD8A, CD23, CD3E, NKG2A, 
CD21, NK1.1, GR1, CD11B, CD11C, FOXP3; and (iv) manual cluster-
ing. Analysis and graphical visualization were then performed using 
custom R scripts.

3′-RNA-Sequencing Analysis
For bulk transcriptomic analysis of lymphomas, RNA was iso-

lated from cryo-frozen lymphoma tissue using a commercial kit 
(Qiagen). Tissue samples (nodal or splenic) were collected from 
moribund animals and classified as malignant by histology. Librar-
ies were prepared with the Lexogen QuantSeq kit according to the 
standard protocol. After validation (2200 TapeStation; Agilent 
Technologies) and quantification (Qubit System; Invitrogen) pools 
of cDNA libraries were generated. The pools were quantified using 
the KAPA Library Quantification kit (Peqlab) and the 7900HT 
Sequence Detection System (Applied Biosystems) and subsequently 
sequenced on an Illumina HiSeq4000 sequencer using a 1 × 50 bp 
protocol. Reads were mapped to the murine genome (mm10) and 
quantified using Salmon. Data were normalized, and statistics were 
calculated using DESeq2.

To generate transcriptional profiles of activated murine blood B 
cells, blood was drawn from wild-type animals and untouched B cells 
were purified by CD43 depletion with a commercial kit (Miltenyi Bio-
tec, 130-090-862). Cells were then treated with 10 μg/mL anti-CD40 
antibody (FGK45.5, Miltenyi), 10 μg/mL anti-IgM antibody (Jackson 
ImmunoResearch), and 40 ng/mL IL4 (130–094–061, Miltenyi) for 24 
hours. For the generation of murine GC B cell transcriptomes, PNA+ 
cells were purified from wild-type spleens by a commercial kit (130-
110-479, Miltenyi). For both cell populations, RNA isolation, library 
preparation, sequencing, and raw data processing were performed as 
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described above. To generate gene sets for blood-activated B and GC 
B cells, differentially expressed genes between the two groups were 
identified. Fold change ≥ 2 and P ≤ 0.01 were used as thresholds.

To map the bulk lymphoma transcriptomes to published gene 
sets (26) of human GC B-cell developmental stages, their murine 
homologs were identified. The murine transcriptomes were subse-
quently clustered in an unsupervised fashion with the heatmap.2 
function of the gplots R package and ssGSEA scores were calculated 
for each sample and gene set.

Gene set analyses were performed using the FGSEA package 
(R) and ssGSEA scores were calculated with the corto R package 
throughout the manuscript.

BCR Sequencing
PNA+ cells were isolated by MACS-sorting [Germinal Center B Cell 

(PNA) MicroBead Kit, mouse, Miltenyi Biotec, 130-110-479]. The 
BCR sequencing of PNA+ cells was performed using a commercial 
kit (NEB, NEBNext immune sequencing kit mouse). To assemble the 
raw sequencing data into unique sequences (unique combinations 
of barcodes and BCR sequence), the pRESTO package (54) was used, 
according to the kit manufacturer's recommendations. Individual 
deduplicated sequences were then processed using the IgBlast soft-
ware (55) and the output was analyzed for V, D, J gene usage as well 
as somatic hypermutation rate. The isotype of each read is given in 
the pRESTO output and determined by aligning the C gene–specific 
primer sequences used during library preparation.

The library preparation for the BCR receptor sequencing data in 
Fig. 2D and E and Supplementary Fig. S5E and S5G was performed 
as described previously (18). Sample demultiplexing and assembly 
were performed using the published MIGEC pipeline. To assess 
clone sizes, the MIGEC output was further processed using a custom 
R script. Clones were assembled by connecting subclonal sequences 
that differ by only a single mismatch. The resulting networks were 
visualized with the software Gephi. Gini coefficients were calculated 
for the dominant clones of each sample with the R package “reldist.”

For SHM and isotype analysis in lymphoma samples, a commer-
cial kit for full-length Ig sequencing was used (NEBNext immune 
sequencing kit mouse). The reads were processed using the pRESTO 
package. The assembled and deduplicated reads were processed with 
a custom R script to define individual clones by connecting subclonal 
sequences with a distance of 1 bp. The dominant clone sequences 
were analyzed using IgBlast to determine nucleotide and amino acid 
changes from germline.

WES
DNA was isolated from cryo-preserved PPMBC, SMBC, and MBC 

tumors, as well as human FFPE samples, after written informed 
consent was provided by the patients. WES was performed on an Illu-
mina NovaSeq6000 according to previously published protocols (18, 
56). By means of the BWA mem aligner, we aligned raw sequencing 
reads of the mouse samples to the reference genome mm10 and the 
human samples to the reference genome hg19. Identical read pairs 
that represent possible PCR duplicates were masked out after align-
ment. All overlapping regions between the read pairs are considered 
only once in the analysis. Due to a lack of matched normal for some 
tumor specimens, we generated a representative nontumor sample by 
combining normals matching to some tumor samples. Our in-house 
cancer genome analysis pipeline is used for mutation and copy-num-
ber alteration calling (57, 58). To correct for genotypes that are not 
captured by representative normal, we filtered out called mutations 
that were exactly the same in more than one tumor sample.

CAR-T Coculture Experiments
For coculture experiments, anti-CD19 CAR-T cells were cocul-

tured with a CD19+ PPMBC lymphoma cell line for 48 hours. 

Subsequently, cell counts were analyzed by flow cytometry after stain-
ing for CD3 (PE, BioLegend, clone 145-2C11) and CD19 (V500, BD 
Biosciences, Clone 1D3) after gating for Zombie-negative live cells.

CT Imaging
Contrast-enhanced CT scans were performed at baseline and 

after every treatment cycle. Imaging was evaluated according to the 
Lugano criteria. Objective response was classified based on CT meas-
urements, using the mintLesion software package (MINT; ref. 59).

Patients
For the off-label use of venetoclax and ibrutinib, we treated six 

patients with relapsed/refractory non–GCB-DLBCL after receiving 
written informed consent from the patients or their legal repre-
sentatives, as described in the main text. Patients were between 
32 and 71 years of age (median 66.5 years) at treatment initiation. 
Patient data including age, sex, and number of previous therapies 
are depicted in Supplementary Table S6A. All patients were Cauca-
sian. All patients were treated in accordance with ethical standards 
as described in the Declaration of Helsinki. Inclusion criteria were: 
non–GCB-DLBCL as defined by Hans algorithm, no other avail-
able or medically indicated approved line of therapy. Exclusion 
criteria were cardiac arrhythmia or bleeding complications in the 
last 2 months, neutropenia below 500/μL, thrombopenia below 
50,000/μL, impaired renal function with a glomerular filtration 
rate < 50 mL/minute, pregnancy, ECOG > 2 and age below 18 years. 
For four out of these six patients, biopsy material was available 
for exome sequencing, which we conducted after receiving written 
informed consent for this procedure from the patients or their 
legal representatives.

Data Availability
Transcriptome, exome and BCR sequencing data generated in 

this study are publicly available at the Sequence Read Archive (SRA) 
under the BioProject ID PRJNA876929 and PRJNA668334.
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