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Diffuse large B-cell lymphoma (DLBCL) is the most common aggressive lymphoma and

* In mouse models of
Myd88-driven DLBCL,
the presence of a
Cd79b ITAM mutation
results in increased
B-cell receptor
proximal signaling.

constitutes a highly heterogenous disease. Recent comprehensive genomic profiling
revealed the identity of numerous molecularly defined DLBCL subtypes, including a cluster
which is characterized by recurrent aberrations in MYD88, CD79B, and BCL2, as well as
various lesions promoting a block in plasma cell differentiation, including PRDM1,
TBL1XR1, and SPIB. Here, we generated a series of autochthonous mouse models to mimic
this DLBCL cluster and specifically focused on the impact of Cd79b mutations in this setting.
We show that canonical Cd79b immunoreceptor tyrosine-based activation motif (ITAM)
mutations do not accelerate Myd88- and BCL2-driven lymphomagenesis. Cd79b-mutant

» The increased B-cell . . . . .
murine DLBCL were enriched for IgM surface expression, reminiscent of their human

receptor signaling

activity in Cd79b-
mutated models

confers a selective
ibrutinib sensitivity.

counterparts. Moreover, Cd79b-mutant lymphomas displayed a robust formation of
cytoplasmic signaling complexes involving MYD88, CD79B, MALT1, and BTK.

These complexes were disrupted upon pharmacological BTK inhibition. The BTK
inhibitor-mediated disruption of these signaling complexes translated into a selective

ibrutinib sensitivity of lymphomas harboring combined Cd79b and Myd88 mutations.
Altogether, this in-depth cross-species comparison provides a framework for the
development of molecularly targeted therapeutic intervention strategies in DLBCL.
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Advances  First Editon 7 December 2023. https://doi.org/10.1182/
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Murine exomes, transcriptomes, and B-cell receptor sequencing data are available at
the European Nucleotide Archive (accession number PRIEB69524).
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Data are currently being uploaded and will be available within the next days. Data are
available to the reviewers upon request from the corresponding author, H. C. Rein-
hardt (christian.reinhardt@uk-essen.de).

The full-text version of this article contains a data supplement.

© 2024 by The American Society of Hematology. Licensed under Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
permitting only noncommercial, nonderivative use with attribution. All other rights
reserved.

1063


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1182/bloodadvances.2023011213
https://doi.org/10.1182/bloodadvances.2023011213
mailto:christian.reinhardt@uk-essen.de
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common
lymphoid malignancy in adults, accounting for ~35% of B-cell non-
Hodgkin lymphomas.' DLBCL is a heterogeneous disease that has
traditionally been subdivided into germinal center B-cell-like
(GCB) and activated B-cell-like (ABC) DLBCL, based on
transcriptome profiling.> This cell of origin—based stratification
separates DLBCL subtypes displaying distinct pathogenesis and
response to anthracycline-based firstline chemoimmune therapy.®®

Recently, comprehensive genomic profiling led to the discovery of
partially overlapping genetic DLBCL subtypes.®’” These clusters
were defined by: (1) BCL6 structural variants co-occurring with
NOTCH?2 aberrations (C1); (2) biallelic deleterious TP53 aberra-
tions (TP53 mutations and 17p copy number alterations) together
with haploinsufficiencies of CDKN2A and RB1 (C2); (3) BCL2
mutations together with BCL2 structural variants in combination
with EZH2, CREBBP, and KMT2D mutations and additional acti-
vating alterations affecting the PI3K pathway (C3); (4) mutations in
histone genes together with aberrations in immune evasion mole-
cules, NF-xB, and RAS/JAK/STAT signaling molecules (C4); and
(5) 189 copy number gains, likely affecting BCL2, with concurrent
MYD88 and CD79B mutations (C5).° A separate analysis defined
4 clusters, namely cases with BCL6 rearrangements and
NOTCH2 mutations (BN2), EZH2 mutations and BCL2 rear-
rangements (EZB), NOTCH1 mutations (N1), as well as co-
occurring MYD88 and CD798 mutations (MCD).” With respect
to clinical applicability, it is important to note that these clusters
could, in large parts, be recapitulated by applying clustering tech-
niques to targeted sequencing data obtained from a large, unse-
lected population-based patient cohort. To further facilitate clinical
applicability of genetic clustering of DLBCL cases, the LymphGen
algorithm was established, which enables a probabilistic
classification-based approach to bin a tumor from an individual
patient into a genetic subtype.® This algorithm builds on the NCI
and Harvard genomic data sets®” and subdivides DLBCL into 7
molecularly defined subtypes.®

Therapeutically, frontline chemoimmune therapy using R-CHOP or
similar regimens achieves cure rates of ~85% in DLBCL.%'%"?
However, relapsed or refractory (R/R) disease represents a major
clinical challenge, because these patients are typically difficult to
salvage, and even high-dose chemotherapy regimens followed by
autologous stem cell transplantation, chimeric antigen receptor
T-cell therapies, or bispecific antibodies, frequently, do not provide
long-term disease control.'®"'” Thus, the development and pre-
clinical validation of treatment strategies for R/R DLBCL and less
toxic treatment options for older and frail patients are urgently
needed.

We previously reported the generation of mouse models of Myd88-
driven DLBCL.'®?° These models were constructed through
the combination of B-cell-specific expression of oncogenic
Myd88 and BCL2 together with the deletion of Prdm1 or over-
expression of Spib. Although these models, specifically the
Cd1957e 1y g P-L252PMt. Ry 0 gL SLECL2IRES.GFPIWt oy 111/
model, captured central transcriptomic and surface marker features
of C5/MCD DLBCL, they lacked co-occurring Cd79b mutations,
which significantly cocluster with MYD88 p.L265P in human C5
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DLBCL.® CD798B mutations in human DLBCL typically affect the
first tyrosine residue within the immunoreceptor tyrosine-based
activation motif (ITAM) through amino acid substitutions or dele-
tions of this residue or sometimes deletions or partial deletions of
the entire ITAM.*>®7 Importantly, ABC-DLBCLs typically retain at
least 1 intact ITAM in either CD79A or B, likely to serve as a
signaling adaptor for SYK and other B-cell receptor (BCR)
signaling effector molecules.>®” It is also noteworthy that CD798B
depletion is toxic in ABC-DLBCL cell lines.?" Here, we set out to
engineer a B-cell-specific inducible mutation of the first ITAM
tyrosine residue and assess the biological function of this mutation
on our various C5/MCD DLBCL mouse models.

Methods
Experimental animals

The generation of the Myd88°°"#P1252F and Rosa26-S-BCL2IRES-GFP
alleles has been described previously.'®?° The Prdm1™* and
Cd19°™ alleles were purchased from The Jackson Laboratory.?***

Generation of the Cd79b°P"7%%" allele: The targeting vector
depicted in supplemental Figure 1A, was generated using standard
techniques. The Cd79b wildtype sequence was based on the
NCBI transcript NM_008339.2. Wildtype exons 3 to 6 were
flanked by loxP sites. A polyadenylation signal (hGHpA) was
inserted between the 3' UTR and the distal loxP site. Downstream
of the distal loxP site, copies of exons 3 to 6 harboring the
p.Y195H mutation were inserted. Furthermore, a FRT-site flanked
neomycin resistance cassette and an F3-flanked puromycin resis-
tance cassette were inserted into the targeting vector, which was
then electroporated into C57BL/6NTac embryonic stem cells.
Positive clones were derived by dual selection with G418 and
puromycin. Correct integration was verified by Southern blotting
before blastocyst injection. Germ line-transmitting founder animals
were received and crossbred with a FlpDel line to remove the
puromycin and neomycin resistance cassettes. To record survival,
an event was registered when either the animal succumbed to
disease or had to be euthanized due to the predefined humane
termination criteria. Animals that died of or had to be euthanized
because of genotype-unspecific reasons were censored. These
unrelated reasons included abnormal teeth and injuries inflicted by
cage mates.

Treatment studies were performed as described previously.'® In
brief, animals were defined as lymphoma-bearing as soon as a
lesion >150 pL or splenomegaly >500 pL and a robust volume
increase were detectable by magnetic resonance imaging (MRI) in
2 consecutive scans. After lymphoma diagnosis, ibrutinib (Med-
Chem Tronica) was administered daily by oral gavage for 3 weeks
as a suspension in 0.4% methylcellulose at 30 mg/kg body weight,
then via drinking water until death. Drinking water was prepared by
dissolving ibrutinib in 5% HP-Cyclodextrin (PanReac Applichem) at
0.16 mg/mL. Mice could drink ibrutinib drinking water ad libitum
with no other source of water, receiving ~30 mg/kg body weight
ibrutinib per day.”* For samples collected from acutely treated
mice, ibrutinib was administered daily by oral gavage for 3 days at
30 mg/kg body weight, and then mice were euthanized for sample
collection on the fourth day.

MRI was performed as previously described.92°2°
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All animals were housed in a specific-pathogen-free facility, and
experiments were approved by the local animal care committee and
the relevant authorities (Landesamt fiir Natur, Umwelt und Ver-
braucherschutz Nordrhein-Westfalen, AZ: 84-02.04.2017.A131,
84-02.04.2014.A146, 81-02.04.2019.A009).

Results

Generation of a mouse model that faithfully
recapitulates MYD88/CD79B-mutant DLBCL

We previously described murine models of human C5/MCD
DLBCL that are driven by B-cell-specific expression of
Myd88P+2%2F (Myd88° 2527 [M], orthologous position of the
human MYD88>29%F mutation), conditional overexpression of
BCL2 from the Rosa26 locus (Rosa26-S-BC-2/RESGFP [R]) and
homozygous deletion of Prdm1 (Prdm 1™ [P_I:’]).18'20 B-cell spec-
ificity was achieved through the use of a Cd79°" allele (C).

Here, we generated a conditional Cd79b”""%%" allele
(Cd79b°P Y195 [79]) that is expressed from the endogenous
locus upon Cre-mediated recombination (Figure 1A and
supplemental Figure 1A). Murine Cd79b”Y"9%" is at the ortholo-
gous position of the first tyrosine residue of the human CD79B
ITAM. To verify Cre-inducible Cd79b>""9%" expression, we
generated germ line—recombined Cd79pPY195H/PY195H  anq
Cd79b""" control mice. Using Sanger sequencing, we detected
the expression of Cd79b"" messenger RNA in B cells derived from
Cd79b""*", whereas only Cd79b"""9*"-mutant messenger RNA
was detected in  Cd79b”V'9°HPY19 derived B cells
(supplemental Figure 1B). CD79B surface expression, assessed
by flow cytometry, was unaffected in Cd79bP""95H/P-Y195H B celis,
indicating that the CD79BP "% isoform is expressed at endog-
enous levels (supplemental Figure 1C).

To assess the effects of introducing a B-cell-specific Cd79b ITAM
mutation into the MBC and PPMBC models,'®?° we generated
79-MBC and 79-PPMBC mice. These animals were born at
expected Mendelian ratios and displayed an overall survival (OS)
that was indistinguishable from the MBC and PPMBC parental
strains (Figure 1A-B). Reminiscent of the MBC and PPMBC
parental strains, 79-MBC and 79-PPMBC mice developed life-
limiting lymphomas  (Figure 1C-E). Engineering of the
Cd79b%PY19%H gliele into the MBC and PPMBC backgrounds did
not alter the B220 or CD138 expression patterns or the Ki67
indices, compared with that of the parental strains (Figure 1D-F).
We detected minute differences in the infiltration patterns of nodal
and extranodal sites between MBC and 79-MBC lymphomas
(supplemental Figure 1D). A reduced fraction of 79-MBC animals
displayed infiltration of abdominal lymph nodes, compared with
MBC mice (supplemental Figure 1E). Furthermore, fewer
79-PPMBC mice displayed submandibular lymph node infiltration
than PPMBC mice (supplemental Figure 1E). MBC, 79-MBC,
PPMBC, and 79-PPMBC lymphomas were typically dominated by
a single large clone with related subclones, likely indicating
ongoing somatic hypermutation (Figure 1G-H).

Although MBC, 79-MBC, and PPMBC-derived lymphomas were
dominated by immunoglobulin G (IgG) and IgA class-switched
BCRs, 79-PPMBC-derived lymphomas mainly expressed IgM
BCRs (Figure 1l). This is in line with recently reported data indi-
cating that ABC-DLBCL cases are enriched for IgM BCR using a
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specific set of Vi genes with reactivity against self antigens.”’
Further corroborating observations were made in human DLBCL,
in which ABC-DLBCL cases, which are enriched for MCD/C5
cases,®” typically retain IgM surface expression, whereas GCB
DLBCLs rather display IgG BCRs.?®

Altogether, engineering a B-cell-specific Cd79b7"79°" mutation

onto the lymphoma-prone MBC and PPMBC backgrounds led to
the development of clonal DLBCL that was morphologically indis-
tinguishable from disease developing in the parental MBC and
PPMBC strains. In addition, the Cd79b p.Y195H mutation did not
increase the fraction of proliferating lymphoma cells, nor did it
enhance disease kinetics. We did, however, detect a shift toward
IgM surface BCR expression in 79-PPMBC-derived lymphomas,
compared with that in PPMBC tumors.

Myd88 and Cd79b comutant murine lymphomas
display transcriptomic features similar to human
ABC-DLBCL

We next performed bulk RNA-sequencing on isolated lymphoma
tissue derived from the 4 distinct genotypes. As shown in Figure 2A,
unsupervised clustering using a Partitioning Around Medoids
approach revealed that particularly loss of Prdm17 dictated the
transcriptome-defined segregation between the 4 lymphoma geno-
types, in which MBC and 79-MBC lymphomas were clearly distinct
from PPMBC and 79-PPMBC cases. Using this Partitioning Around
Medoids approach, we identified 2 clusters (Figures 2A and
supplemental Figure 2A), in which cluster 1 was defined by genes
overexpressed in PPMBC and 79-PPMBC cases compared to MBC
and 79-MBC lymphomas. Cluster 2 contained genes that were
overexpressed in MBC and 79-MBC, compared to PPMBC and 79-
PPMBC samples (Figure 2A). To uncover gene sets that were
associated with each cluster, we applied an overrepresentation
analysis, using enrichr.%° In line with our previously published data,'®
this overrepresentation analysis revealed that PPMBC and
79-PPMBC lymphomas displayed a significantly higher expression of
genes associated with the “BCR Signaling Pathway,” “TNF-alpha
Signaling via NF-kB,"” “NF-kappaB complex,” and “B cell receptor
complex” gene sets from the Jensen, Hallmark, and WikiPathways
reference gene sets, respectively (Figure 2A).%'3

We next deployed the gene expression profiles derived from our 4
distinct lymphoma genotypes to assess their similarity to gene sets
derived from a single-cell transcriptome data set that was gener-
ated to characterize the distinct human GC B-cell populations.®
Reminiscent of the data shown in Figure 2A, unsupervised clus-
tering of these data showed that particularly MBC and 79-MBC
lymphomas cluster distinctly from PPMBC and 79-PPMBC cases
(Figure 2B). This analysis further revealed that MBC and 79-MBC
lymphomas showed significantly higher single sample GSEA
scores for gene sets associated with late light-zone and plasma-
blast (PB) stages (supplemental Figure 2B), whereas PPMBC and
79-PPMBC lymphomas were significantly enriched for early light-
zone and intermediate stages (supplemental Figure 2B). More-
over, PPMBC and 79-PPMBC lymphomas were significantly
enriched for the pre—-memory B-cell (MB) gene signature,
compared with that of MBC and 79-MBC cases (supplemental
Figure 2B). Enrichment analysis of a gene set collection on
cellular differentiation (“Staudt cellular differentiation B cell”,
https://lymphochip.nih.gov/signature.db/) recapitulates an
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Figure 1. Mouse models develop clonal DLBCL-like disease. (A) Schematic visualizations of the alleles used throughout the manuscript. Triangular shapes represent loxP
sites. (B) Survival was determined for both the Prdm1-proficient (MBC/79-MBC) and Prdm1-deficient (PPMBC/79-PPMBC) models. (C) Representative MRI images of overt
lymphoma in the 4 mouse lines; L, lymphoma; S, spleen; and K, kidney. (D) Representative immunohistochemical stainings of lymphoma tissue isolated from MBC, 79-MBC,
PPMBC, and 79-PPMBC animals. (E) Quantification of the terminal phenotypes as determined by macroscopic and histological/immunohistochemical analysis; int, intestinal.
(F) Quantification of the frequency of Ki67* cells in lymphoma sections from the indicated genotypes. Each data point represents a lesion from an individual animal. (G-I)
BCR sequencing was performed on cDNA of lesions histologically characterized as tumors and PNA* GCB cells from wildtype animals. (G) shows representative clonality plots of
1 sample per genotype. Within each sample, each circle represents a unique BCR sequence, whereas the size of the circle represents the frequency of this sequence within the

sample. Sequences differing by a maximum of 2 nucleotides are considered to be clonally related and therefore connected to clones by connecting lines. The dominant clone of
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enrichment of centrocyte and MB features in PPMBC/79-PPMBC
lymphomas and plasmacellular features in MBC/79-MBC tumors
(supplemental Figure 2C). As we previously described for PPMBC
lymphomas,®* the combined presence of light-zone GC and MB
features in the absence of transcriptome features associated with
PB/plasma cell (PC) differentiation is consistent with malignant
transformation of PPMBC and 79-PPMBC B cells occurring before
PB differentiation at an intermediate stage between GC exit and
MB cell differentiation. In line with a phenotype more closely related
to the GC reaction, we found significantly higher Aicda expression
levels in PPMBC and 79-PPMBC lymphomas than in MBC and 79-
MBC cases, which display transcriptome features associated with
a post-GC developmental stage (supplemental Figure 2D).

To further corroborate these transcriptome-based analyses, we next
performed flow cytometry experiments to compare the relative abun-
dance of MB cells, GC B cells, as well as dark-zone and light-zone B
cells in wildtype spleens and 79-PPMBC lymphoma-infiltrated
spleens. Three of 9 lymphomas were CD38*/FAS7/IgD", in line
with an MB cell phenotype, whereas 6 of 9 cases were CD38*/FAS*/
IgD™, consistent with an intermediate stage between GC B cells and
MB cells (Figure 2C and supplemental Figure 2E). At the same time,
these 79-PPMBC lymphomas stained largely CXCR47/CD86™,
consistent with a light-zone phenotype (Figure 2C and supplemental
Figure 2F). In order to independently assess the prevalence of a
potential MB cell phenotype across our genotypes, we used the
murine (m) version of the widely recognized Microenvironment Cell
Populations counter (MCP-counter and mMCP-counter),®>*° using
our bulk RNA-sequencing data. To determine the abundance of MB
cells, a population defined by Petitprez et al*® based on flow cytom-
etry markers CD19%/B220%/CD38*/CD80"/IgD"® and their RNA-
correlates, we compared the mMCP-counter scores. Our findings
revealed a significantly higher score of MB cells in 79-PPMBC and
PPMBC than in their MBC and 79-MBC counterparts (Figure 2D).
Altogether, these data suggest a model in which malignant 79-
PPMBC cells are not arrested at 1 precisely defined B-cell develop-
mental stage but rather retain the ability to dynamically cycle between
GC B and MB stages, whereas the path to terminal differentiation
toward the PB/PC stage is blocked. In line with such a model, 79-
PPMBC—derived lymphomas clearly display transcriptomic features
of pre-MB as well as light-zone B cells (Figure 2B and supplemental
Figure 2B), while not showing any PB differentiation features,
including a consistent lack of CD138 expression (Figures 1D, 2B, and
supplemental Figure 2B). In contrast, MBC and 79-MBC cases
clearly demonstrate CD138 positivity as an indicator of PB differen-
tiation, while simultaneously displaying transcriptomic features still
mapping to light-zone B cells (Figures 1D, 2B, and supplemental
Figure 2B).

Myd88 and Cd79b comutant murine lymphomas
display genetic features reminiscent of human
ABC-DLBCL

Given the long latency to lymphoma development even in the

79-PPMBC model (median, 37.4 weeks; Figure 1B), and considering
that human DLBCL cases harbor an average of 17 distinct genetic

driver events,® we asked whether our DLBCL models acquired
additional recurrent somatic mutations during lymphomagenesis.
Thus, we next performed whole-exome sequencing (WES) on MBC
(h=16), 79-MBC (h = 17), PPMBC (n = 18), and 79-PPMBC (h =
14) lymphomas derived from individual mice. Next to a series of
recurrent somatic copy number aberrations involving, among others,
gains affecting Myc and losses involving Trp73 (supplemental
Figure 3A), this analysis returned recurrent abberations in Pim17,
Etv6, Irf2bp2, Bcl2, Nfkbia, Fas, Myc, Kmt2d and other genes, which
are recurrently mutated in DLBCL in general and the MCD/C5 cluster
in particular®” (Fig. 2E). A further analysis revealed that the 4 lym-
phoma genotypes were individually enriched for additional somatic
mutations, possibly indicating that the engineered genetic makeups of
each individual lymphoma model generate distinct molecular liabilities
and dependencies, which, in turn, may necessitate distinct additional
genomic aberrations during the course of multistep lymphoma-
genesis. We note that particularly the 79-PPMBC model was
enriched for spontaneous somatic mutations associated with human
MCD/C5 cases, such as Pim1 (MCD, 92.5%), Pim2 (MCD, 25.0%),
Mpeg1 (MCD, 43.8%), and Etv6 (MCD, 55.0%), and genes that are
frequently altered in MCD/CB5, despite not being specifically associ-
ated with that cluster, such as /rf2bp2 (MCD, 21.2%; N1, 43.8%) and
Ciita (MCD, 7.5%; EZB, 25.0%),” further indicating that this model
closely resembles the human scenario (Figure 2E). Moreover, 79-
PPMBC cases harbored some of the highest tumor mutational bur-
dens among all 4 models (Figure 2E).

We next performed an additional overrepresentation analysis, using
enrichr. However, this time, we included genes that were recur-
rently mutated for each individual genotype to evaluate our
observation regarding the enrichment of genes frequently mutated
in MCD/C5 DLBCL. Through this analysis, we discovered that the
recurrently mutated genes in our 79-PPMBC genotype were
significantly associated with “B-cell activation” and “DLBCL ABC
subtype,” among other factors (supplemental Figure 3B). Further-
more, these genes ranked first in terms of the highest overlap.
Interestingly, the PPMBC genotype also displayed a significant
enrichment for similar terms, albeit with a lower gene overlap,
resulting in a lower rank. Thus, altogether, our WES data provide
further cross-species validation of our models and particularly
position the 79-PPMBC model as a faithful preclinical avatar of
human MCD/C5 lymphomas.

Cd79b-mutant murine lymphomas display an
enhanced and actionable BCR signaling output

We had previously shown that PPMBC lymphomas display
increased BCR signaling, compared with MBC cases, likely due to
a developmental arrest before the PB stage, in which B cells still
express surface BCRs.'® Here, we used phospho-flow cytometry
to ask whether engineering a B-cell-specific Cd79b ITAM muta-
tion onto the MBC and PPMBC backgrounds results in enhanced
BCR signaling output. As shown in Figure 3A-B, both freshly iso-
lated 79-MBC and 79-PPMBC lymphoma cells displayed signifi-
cantly increased phospho-PLCy2 and phospho-SYK, compared to
MBC and PPMBC control samples, indicating that the Cd79b

each sample is highlighted in blue. The size of the largest clone of each analyzed sample (PNA* B, n = 4; MBC, n = 8; 79-MBC, n = 10; PPMBC, n = 5; and 79-PPMBC, n = 6) is
plotted in panel H and the identified heavy chains are quantified in panel I; *P < .05; Welch 2-tailed t test, Benjamini-Hochberg-correction for multihypothesis testing. cDNA,

complementary DNA; PNA, peanut agglutinin.
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p.Y195H mutation promotes BCR signaling output. Moreover,
using proximity ligation assays (PLA) on lymphoma sections, we
found a significantly increased complex formation between MYD88
and CD79B, as well as between MYD88 and MALT1, and MYD88
and BTK in the Cd79b-mutant models, compared to the parental
MBC and PPMBC lymphomas (Figures 3C-E and supplemental
Figure 4A-C). Of note, when specific antibodies against MYD88,
CD79B, BTK, or MALT1 were paired with isotype control anti-
bodies, signal intensities were diminished, validating the specificity
of the assay (supplemental Figure 4D). Z stacking showed PLA
puncta to be localized outside the nucleus (supplemental Movies 1-
3). This observation is in line with a previous report describing the
so-called My-T-BCR complex, consisting of MYD88, TLR9, and the
BCR, which was demonstrated to coordinate oncogenic NF-xB
signaling in a subset of ibrutinib-sensitive ABC-DLBCL cases.®’

Next, we treated lymphoma-bearing MBC, 79-MBC, PPMBC, and
79-PPMBC animals with ibrutinib (30 mg/kg orally, daily p.o., g.d.
on days 1-3) and assessed MYD88:CD79B, MYD88:MALT1, and
MYD88:BTK complex formations as a function of ibrutinib expo-
sure. These experiments showed that acute ibrutinib treatment
disrupted all 3 complexes in 79-MBC and 79-PPMBC and
returned the PLA signal to baseline levels comparable with those
observed in MBC and PPMBC lymphomas (Figures 3C-E and
supplemental Figure 4A-C).

Building on the selective ibrutinib-mediated disruption of
MYD88:CD79B, MYD88:MALT1, and MYD88:BTK complexes,
specifically in lymphomas harboring combined oncogenic Myd88
and Cd79b mutations, we next asked whether these lymphomas
derived enhanced therapeutic benefit from ibrutinib, compared with
Cd79b wildtype lymphomas. To this end, we generated cohorts of
MBC, 79-MBC, PPMBC, and 79-PPMBC animals. Lymphoma
development was monitored by serial MRI scanning (Figure 4A).
Upon overt lymphoma manifestation, ibrutinib treatment was initiated
and tumor volumes were assessed through weekly MRI monitoring
(Figure 4A, B). Ibrutinib did not induce any substantial lymphoma
regression in MBC animals, whereas PPMBC animals displayed
MRI-morphological responses, which also translated into significantly
increased progression-free survival and OS (Figure 4A-D). This is in
line with the significantly higher expression of genes associated with
the BCR signaling pathway that we observed in our comparative
transcriptomics analysis (Figure 2A-B and supplemental Figure 2B).
More importantly, 79-MBC lymphoma—-bearing animals displayed

substantial MRI-assessed lymphoma regressions and derived sig-
nificant progression-free survival and OS benefits from ibrutinib
treatment, compared with MBC mice (Figure 4A-D). This effect of
Cd79b p.Y195H mutation was even more pronounced in the 79-
PPMBC setting than in PPMBC animals (Figure 4A-D). Thus, alto-
gether, murine lymphomas harboring oncogenic Myd88 and Cd79b
mutations display exquisite sensitivity against single-agent ibrutinib.
This observation is also in line with a recently conducted open-label,
nonrandomized, prospective phase 1/2 analysis of ibrutinib in R/R
DLBCL.*®

Nevertheless, despite the initial remissions observed in 79-MBC
and 79-PPMBC lymphomas, disease inevitably relapsed under
continued ibrutinib exposure and led to the demise of the ani-
mals (Figure 4D). To gather a glimpse at potential mechanisms
of drug resistance in this setting, we performed WES on 9
relapsed and 31 ibrutinib-naive 79-PPMBC-derived lymphomas
(supplemental Figure 4E). In these experiments, we did not
detect recurrent mutations in genes that are known to drive
ibrutinib resistance in human lymphomas, such as Btk or Plcg2.
Functionally, however, we note that both 79-MBC and 79-
PPMBC lymphomas displayed at least partially restored
MYD88:CD79B PLA puncta upon overt preclinical resistance
manifestation under ongoing ibrutinib exposure (Figure 4E-F). In
summary, these data suggest that phenotypical ibrutinib resis-
tance may require restoration of signaling complexes associated
with downstream NF-kB signaling.

Discussion

Here, we generated a series of Myd88/Cd79b mutant autoch-
thonous murine DLBCL models (summarized in supplemental
Table 1). Using a 79-PPMB-Cd271°™ setup, we recently
showed that in a premalignant state, these animals displayed a
spontaneous expansion of splenic GCs.?° Moreover, 79-PPMB-
Cd21°" splenic GC B cells showed supraphysiological proli-
eration and enhanced expression of IRF4. Of note, 5 of 8 79-
PPMB-Aicda®®™*! mice developed splenic tumors that displayed
morphological features of DLBCL and were dominated by clonal
B cells.® Building on these data largely derived from the prema-
lignant setting, we, here, set out to characterize the lymphomas that
develop in the 79-MBC and 79-PPMBC settings, as well as assess
aberrant BCR signaling in these tumors.

Figure 2. Myd88-driven mouse models display genomic and transcriptomic features reminiscent of human ABC-DLBCL. (A) A heat map was generated from genes
expressed differentially between the individual pairs of genotypes. The normalized DeSeq2 counts were centered after a row-wise mean subtraction. Highlighted MGI Gene

Symbols were extracted from the Hallmark NfkappaB signature, Jensen compartments of NfkappaB, Jensen B-cell receptor (BCR) complex, and WikiPathways BCR, which were
also significantly enriched in cluster 1. The right panel shows dot plots of significantly altered gene sets within cluster 1 and cluster 2, respectively. The size of the dot corresponds
to the number of genes overlapping between the given cluster and the gene set, whereas the adjusted P value is visualized following a color code with an individual legend being
provided. Gene sets highlighted in the heat map are marked in red color (n = 60). (B) Murine lymphoma transcriptomes were clustered by the expression of genes included in a
published set of gene signatures specific to different GC developmental stages; DZ, dark zone; Int, intermediate; LZ, light zone; PreM, prememory; PBL, plasmablast. (C) Flow
cytometric analyses of lymphoma samples for the expression of memory (CD38*/Fas”, gate “MB") and germinal center B cell (CD387/Fas™, gate “GCB") surface markers. The
expression levels of CXCR4 and CD86 were determined to distinguish between light and dark zone profiles (gates “LZ” and “DZ"). Splenocytes from Cd79°*! were used as a
reference. One case representative of 9 analyzed 79-PPMBC tumors is illustrated, the full set of cases is visualized in supplemental Figure 2E-F. (D) The abundance of memory B
cells across different genotypes was quantitatively estimated using mMCP-counter, a method that uses a proprietary score to estimate the abundance of specific cell types (n =
60). (E) Oncoplot from MBC, 79-MBC, PPMBC, and 79-PMBC lymphomas (n = 65). Displayed are recurrently mutated genes identified using OncodriveCLUST,?® a method
specifically designed to identify significantly mutated genes that are subject to positive selection in cancer. These genes have been implicated in MCD DLBCL, as indicated by the
“mut. in MCD" label. Moreover, mutations that are significantly enriched in any of the investigated genotypes are depicted. IL-2, interleukin 2; PDT, photodynamic therapy; TNF,

tumor necrosis factor.
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Figure 3. Cd79b p.Y195H augments BCR signaling. (A) Lymphoma cells of MBC and 79-MBC lymphomas were analyzed for levels of phosphorylated PLCg2 and SYK by
flow cytometry. Representative cases are visualized as histograms, the geometric mean fluorescence intensity (MF) is quantified for all analyzed cases (MBC, n = 10; and

79-MBC, n = 7). (B) The levels of phosphorylated PLCg2 and SYK in PPMBC and 79-PPMBC lymphoma cells were determined by flow cytometry. Visualized are representative
cases; the MFls of 12 PPMBC and 18 79-PPMBC lymphoma samples were quantified. (C) PLAs to detect the proximity of MYD88 and CD79B were performed on FFPE samples
of PPMBC and 79-PPMBC lymphomas. Before sample collection, the animals were either left untreated or treated acutely with ibrutinib (30mg/kg orally, daily for 3 days). PLA foci
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Figure 4. Cd79b p.Y195H confers ibrutinib sensitivity in vivo. MBC, 79-MBC, PPMBC, and 79-PPMBC mice were monitored for lymphoma development by MRI and upon

tumor diagnosis either left untreated or treated with ibrutinib. (A) MRI images illustrate a baseline scan and after 3 weeks of ibrutinib treatment for a representative animal of each

genotype and cohort. (B) Volume changes of target lesions over time are visualized for all 4 genotypes. Progression-free survival (C) and OS (D) is illustrated . (E), (F) PLA
detecting the proximity of MYD88 and CD79B was done on FFPE tissue sections of ibrutinib relapsed 79-MBC and 79-PPMBC lymphomas and compared with PLA counts of

treatment-naive lesions of the same genotype, as well as tumor samples isolated from acutely treated animals (30 mg/kg orally daily for 3 days). *P < .05, **P < .01, ***P < .001,

****P < .0001; (C-D) Log-rank test. (E-F) Welch 2-tailed t test, corrected for multihypothesis testing (Benjamini-Hochberg).

Although engineering the Cd79b p.Y195H mutation into the
MBC and PPMBC models did not produce a substantial disease
acceleration (Figure 1A-F), we observed a remarkable shift from
primarily 1IgG surface BCRs in PPMBC lymphomas toward IgM

BCRs in the 79-PPMBC tumors (Figure 1l). Human ABC-
DLBCLs frequently express an IgM BCR, whereas GCB
DLBCLs typically display IgG BCRs.”® In line with this observa-
tion, our 79-PPMBC-derived lymphomas were largely IgM

are visualized in yellow, and B220 staining (violet) was used to determine cell numbers. The PLA count per cell was quantified for a minimum of 5 independent lymphomas per
condition. PLAs were performed in a similar manner to detect the proximity of MYD88 with MALT1 (D) and BTK (E). *P < .05, **P < .01, ***P < .001, ****P < .0001. Welch's 2-
tailed ¢ test, Benjamini-Hochberg-correction for multihypothesis testing. APC, allophycocyanin; FFPE, formalin-fixed, paraffin-embedded.
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positive (Figure 11). This is relevant because IgM and IgG BCRs
drive qualitatively distinct intracellular signaling outputs.®
Although membrane-bound IgM only displays 2 intracellular
amino acid residues and thus largely hinges on CD79A and B to
mediate intracellular signal transduction, IgG carries a long
cytoplasmic C terminus, which contains a PDZ-domain—binding
site, as well as a tyrosine phosphorylation site.> Based on these
differences, it is perhaps not surprising that IgG BCRs relay
potent MAPK and calcium release signaling, which promote B-
cell differentiation toward plasma cells.® The signaling output
mediated by IgM BCRs predominately consists of mitogenic
signals that are less effective in promoting B-cell differentiation.
This may rationalize why ABC-DLBCLs are selected to retain
IgM BCR signaling, because this sustains proliferation and sur-
vival rather than driving terminal PB/PC differentiation.

We noted no significant disease acceleration when introducing
the Cd79b°P""%%" allele onto the MBC and PPMBC back-
grounds. This observation is in line with a recent report showing
that the cytotoxic effect of RNAi-mediated CD79B depletion in
the DLBCL cell line HBL1 (harboring a CD79B p.Y196F muta-
tion) could be rescued by both, CD79B wildtype and various
ITAM-mutant cDNAs.?" Importantly, there was no quantitative
difference in the ability to rescue the CD79B depletion phenotype
between wildtype and mutant cDNAs, possibly indicating that
CD79B ITAM mutants do not provide a proliferative advantage
per se.”’ Based on this observation, it was proposed that the
selection of CD79B ITAM mutations might be an early event
during lymphomagenesis, enabling supraphysiological responses
to self or foreign antigen.>?" Fittingly, it was shown that Cd79a
and Cd79b ITAM aberrations in murine B cells promote enhanced
antigen responses.*®*? Nevertheless, given that CD798 muta-
tions appear to be selected events in human DLBCL, it is
somewhat surprising that 79-MBC and 79-PPMBC animals do
not develop lymphomas earlier than their Cd79b-wildtype coun-
terparts. However, it is important to note that in our Cd79°"-
driven model system, Cd79b ITAM mutations are induced at the
same time as Myd88 and BCL2 aberrations, which by themselves
promote self-reactivity.'® Altogether, this might mask an onco-
genic effect of an early isolated Cd79b mutation.

Next to driving potent survival and proliferation signals, the BCR
pathway also triggers negative feedback loops to restrict
unlimited signaling. For instance, in murine B cells, it was
demonstrated that mutations in the CD79B ITAM tyrosine resi-
dues increase surface BCR expression through the repression
of receptor internalization.”® In addition, a major negative-
feedback loop is centered around LYN kinase, which on the 1
hand initiates BCR signaling by phosphorylating ITAM tyrosine
residues and on the other hand, phosphorylates immunoreceptor
tyrosine-based inhibitory motifs within the cytoplasmic tails of
FcyRIlb or CD22.% Phosphorylated immunoreceptor tyrosine-
based inhibitory motifs facilitate SHP1 recruitment, which cata-
lyzes CD79B ITAM dephosphorylation and thus represses BCR
signaling. Moreover, LYN kinase activity is reduced in CD79B-
mutant cells compared with CD798 wildtype controls.®?"*3
Thus, given that CD79B ITAM mutations appear to augment
BCR signaling, the observation that BTK inhibition displayed
selective toxicity in Cd79b-mutant 79-MBC and 79-PPMBC,
compared with MBC and PPMBC lymphomas (Figure 4A-D), is
perhaps not surprising.

1072 FLUMANN et al

Our WES analysis of 9 ibrutinib-exposed 79-PPMBC and 79-MBC
lymphomas did not return Btk or Plcg2 mutations that were shown
to be associated with resistance against BTK inhibitors in patients
with CLL.** This might be explained through alternative modes of
resistance, including epigenetic mechanisms, as recently observed
in ABC-DLBCL cell lines.*®

Altogether, we consider our models preclinical avatars that can be
used to study DLBCL biology and develop novel therapeutic
strategies, which are urgently needed in the clinic.
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