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Margarete Odenthal,6,19 Reinhard Büttner,6,19,20 Lukas P. Frenzel,1,2,19,† Hamid Kashkar,2,3,20,† and

H. Christian Reinhardt1,2,19,20,†

1Department I of Internal Medicine, University Hospital of Cologne, Cologne, Germany; 2Cologne Excellence Cluster on Cellular Stress Response in Aging-

Associated Diseases, University of Cologne, Cologne, Germany; 3Institute for Microbiology and Hygiene, and 4Department of Radiology, Medical Faculty, University

Hospital of Cologne, Cologne, Germany; 5Max Planck Institute for Metabolism Research, Cologne, Germany; 6Institute of Pathology, University Hospital of Cologne,

Cologne, Germany; 7N.N. Blokhin Russian Cancer Research Center, Moscow, Russia; 8Interfaculty Institute for Cell Biology, Department of Immunology, University
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Introduction

Toll-like receptors (TLRs) belong to a class of pattern-recognition
receptors.1 Ten distinct human TLRs have been described.1 Except
for TLR3, all TLRs require the adaptor protein MYD88 to initiate

downstream signaling.1,2Upon TLR activation,MYD88 is recruited to
the Toll/interleukin-1 receptor (TIR) domain of the activated TLR via
its own TIR domain.3MYD88 recruits IRAK1, -2, and -4 to ultimately
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form the myddosome.4 IRAK4-mediated phosphorylation of IRAK1
and IRAK2 promotes TRAF6 recruitment,5 which subsequently
ubiquitylates and activates TAK1,6 leading to NF-kB activation.2

Inappropriate TLR signaling through somaticMYD88mutations has
been described in numerous hematologic malignancies, such as chronic
lymphocytic leukemia (CLL),7 Waldenström macroglobulinemia,8 and
diffuse largeB-cell lymphoma (DLBCL).9Specifically, 29%of activated
B-cell–type DLBCLs (ABC-DLBCLs), which typically display con-
stitutive NF-kB activation, carry the p.L265P mutation (position
according to the protein accessionNP_002459) in the hydrophobic core
of the MYD88 TIR domain.9 ABC-DLBCL was shown to display
MYD88p.L265P-dependent NF-kB activation and STAT3 phosphoryla-
tion.9 The MYD88p.L265P mutation is exceedingly rare in non-ABC-
DLBCLs, such as germinal center B-cell (GCB) and primarymediastinal
B-cell lymphoma.9 Moreover,MYD88p.L265P-mutant ABC-DLBCL ap-
pears to be dependent on continued MYD88p.L265P expression.9 To-
gether, these data implicate MYD88-dependent oncogenic NF-kB
signaling as an integral contributor to ABC-DLBCL pathogenesis
and as a potential therapeutic target. However, despite the clinical
relevance of theMYD88p.L265Pmutation, no autochthonous mouse
model that faithfullymimics this critical genomic aberration has yet
been generated.

Materials and methods

Experimental mice

B-cell–specific Cre expression was achieved by using Cd19Cre,10 AidCre,11 and
Cd21Cre12 deleter mouse strains (The Jackson Laboratory). The targeting vector
depicted in Figure 1A was constructed by using standard techniques. The gene
targeting strategy was based on the National Center for Biotechnology
Information transcript NM_010851.2 in which exon 1 contains the translation
initiation codon. Wild-type (wt) exons 2-6, including the entire 39 untranslated
region were flanked with LoxP sites. An additional polyadenylation signal
(human growth hormone polyadenylation [hGHpA] signal) has been inserted
between the39untranslated regionand thedistalLoxP site toprevent downstream
transcription of themutated exon5.The size of theLoxP-flanked region is 4.7 kb.
Exons 2-6, including the splice acceptor site of intron1, havebeenduplicated and
inserted downstream of the distal LoxP site. The p.L252P mutation has been
introduced into the duplicated exon5. Positive selectionmarkerswereflanked by
Frt (neomycin resistance;NeoR) and F3 (puromycin resistance;PuroR) sites and
inserted into intron 1 and downstreamof the hGHpA, respectively. The targeting
vectorwasgeneratedbyusingBACclones from theC57BL/6JRPCIB-731BAC
library andwas transfected into theC57BL/6NTac embryonic stem(ES) cell line.
Targeted clones were isolated by using double positive (NeoR and PuroR)
selection, and correct integration was verified by Southern blotting. Upon
blastocyst injection, germ line–transmitting transgenic mice were received.
The conditional Myd88c-p.L252P allele was obtained after in vivo Flp-mediated
removal of the selection markers. This allele expresses the wild-type Myd88
protein, because the presence of the hGHpA cassette downstream of wild-
type exon 6 prevents transcription of the mutant exons 2-6. The constitutive
Myd88p.L252P allele is obtained after in vivo Cre-mediated deletion of wild-type
exons 2-6 and hGHpA. This allele expresses the mutant Myd88L252P

protein. The remaining recombination sites are located in nonconserved
regions of the genome. To generate conditional BCL2 knockin mice
(Rosa26LSL.BCL2.IRES.GFP), a Rosa26 locus-targeting vector was used in
which CAGS (cytomegalovirus early enhancer/chicken b actin) promoter-
driven expression of the transgene (BCL2) and downstream expression
of an internal ribosomal entry site–driven green fluorescent protein
(IRES-GFP, as a reporter for Cre-mediated recombination) is prevented by
a LoxP-flanked STOP cassette (supplemental Figure 5C, available on the
Blood Web site). The transgenic mice expressed the transgenes only after
Cre-mediated excision of the LoxP-flanked STOP cassette. The targeting
vector was electroporated into ES cells (BRUCE4), which were screened

for correct integration by standard Southern blot methods. Correctly
targeted ES cells were used to generate chimeras, which were back-
crossed onto a pure C57BL/6N background and examined for germ line
transmission.

The Em:Myc model has been described earlier and was used, as previously
described.13 The Em:Tcl1 model of CLL was described earlier.14 All the
experiments that involved the breeding and/or treatment of rodents 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/A083).

Transplantation experiments

Animal protocols based on the Em:Myc transgenic mouse model as used in this
studywere approvedby the local governmental reviewboard (LandesamtBerlin)
and conformed to regulatory standards. Isolation, retroviral infection,
transplantation of Em:Myc transgenic fetal liver cells (ie, hematopoietic
stem cells), and subsequent monitoring of the recipient mice regarding
lymphoma onset were performed as previously described.15 Specifically,
numerous independently isolated fetal liver cell populations were stably
transduced with a murine stem cell virus-based Myd88p.L252P-IRES-GFP

retrovirus or a murine stem cell virus–empty GFP construct as a control
before their propagation in recipient mice.

Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) murine samples were sliced at 2 to
4 mm. Sections were stained with hematoxylin and eosin (H&E) and antibodies
againstKi-67 (CellMarque),B220 (RA3-6B2BD,), p65 (C-20;SantaCruz,), Irf4
(M-17; Santa Cruz Biotechnology,), Bcl6 (C-19; Santa Cruz Biotechnology),
and Cd138 (553712; BD). Staining intensities were scored by 2 independent
observerswho used a 4-tier scale. FFPEhuman sampleswere sliced at 2 to 4mm.
Sections were stained with H&E and antibodies against CD10 (NCL-L-CD10-
270;Novocastra), BCL6 (M7211;Dako), IRF4 (M7259;Dako), BCL2 (M0877;
Dako), and CD138 (138M-16; Cell Marque).

Sequence analysis of immunoglobulin genes and cloning of

polymerase chain reaction products

RNA was extracted from sections of frozen biopsies with TRI Reagent (Sigma,
Taufkirchen, Germany). One microgram of RNA was converted to comple-
mentary DNA with QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
Germany). Mouse IgH rearrangements were analyzed by using previously
published methods.16 Each polymerase chain reaction (PCR) was analyzed on a
Qiaxcel Advanced Instrument (Qiagen) by using ScreenGel Software v1.2.
Direct sequencing was performed with the ABI Prism Dye Terminator Cycle
Sequencing Ready Reaction Kit v3.1 (Life Technologies, Darmstadt, Germany)
on an ABI 3130 sequencer (Applied Biosystems, Foster City, CA). Sequences
were analyzed by using 4Peaks Software v1.7.2 (The Netherlands Cancer
Institute, Amsterdam, The Netherlands), Lasergene software (DNAStar,
Madison, WI), and by manual review. Sequences were compared with mouse
germ line Ig gene sequences with International ImMunoGeneTics database.17 In
addition, the PCRproducts of 1 casewere clonedwith the TOPOTACloningKit
(LifeTechnologies),which resulted in32sequences.Togenerategenealogic trees,
sequence analysis focused on the IGHV segment, startingwithin FR1. To exclude
possible Taq errors, only mutations shown more than once were considered for
analysis (see supplemental Data).

Results

To assess the role of MYD88p.L265P in B-cell lymphomagenesis, we
generated a conditional Myd88p.L252P allele (Myd88c-p.L252P) that is
expressed from the endogenous locus upon Cre-mediated recombina-
tion (Figure 1A).MurineMyd88p.L252P is at the orthologous position of
human Myd88p.L265P. To verify Cre-inducible Myd88p.L252P expres-
sion, we derived murine embryonic fibroblasts (MEFs) fromwild-type
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and Myd88c-p.L252P/c-p.L252P mice. By using Sanger sequencing,
we detected expression of Myd88wt messenger RNA (mRNA) in
both Myd88wt/wt and Myd88c-p.L252P/c-p.L252P MEFs, indicating
lack of background expression ofMyd88p.L252P in the absence of
Cre recombinase. In contrast, cytomegalovirus promoter-driven Cre
expressionmediated by lentiviral transduction ofMyd88c-p.L252P/c-p.L252P

MEFs induced recombination in the Myd88 locus, leading to ex-
pression of Myd88p.L252P-mutant mRNA (Figure 1B). Myd88
protein abundance was unaffected by stable Cre expression,
indicating that the Myd88p.L252P isoform is expressed at endog-
enous levels (Figure 1C). This Myd88p.L252P expression translated

into robust p65 Ser-536 phosphorylation, indicating activation of
NF-kB signaling (Figure 1D).

To determine whether B-cell–specific Myd88p.L252P expression
promotes lymphomagenesis, we compared Cd19Cre/wt;Myd88c-p.L252P/wt

(hereafter M-Cd19) and Cd19Cre/wt (hereafter Cd19) mice. The mice
were longitudinally monitored by magnetic resonance imaging
(MRI). Although no gross lymphoproliferative disease (LPD) was
detectable in Cd19 mice, M-Cd19 mice developed splenomegaly
and occasional lymphadenopathy starting at the age of;60 weeks
(Figure 2B). SimilarMRImorphologic signs of LPDwere observed
when B-cell–specificMyd88p.L252P expression was induced by Cre

ArgCre

M
yd

88
w

t/w
t

Myd88wt/wt

M
yd

88
wt/w

t

Myd88 wildtype allele

Myd88 targeted allele

Myd88 conditional knock-in allele (after Flp recombination)

M
yd

88
c-

p.
L2

52
P

/c
-p

.L
25

2P

Myd88c-p.L252P/c-p.L252P

M
yd

88
c-

p.
L2

52
P/c-

p.
L2

52
P

C CG GT T TA A

C CG GT T TA A

C CG GC T TA A

Leu IIe

Arg Leu IIe

Arg Pro IIe

+

+

-

1

SAH

5’ probe 8781bp

11245bp 3’ probe

LAH

SAH LAH

2 3 4 5 6
B

au
l

(7
91

5)

B
au

l
(7

91
5)

K
pn

l
(8

00
0)

B
au

l
(1

39
61

)

B
au

l
(2

66
13

)

E
co

91
I

(3
45

32
)

K
pn

l
(1

58
29

)

E
co

91
I

(2
12

06
)

B
au

l
(1

66
96

)

E
co

91
I

(1
34

20
)

E
co

91
I

(2
46

65
)

5’ probe 6046bp

6829bp Neo probe

13326bp 3’ probe

Neo 2 3 4 5 6 pA

2 3 4 5 6

Puro 2 4 5 631

1

*

2 4 5 63
*

pA

LoxP

FRT

F3

A B

C

D

Baul 5’ probe

WT WTA-A06 A-A06

Eco91I 3’ probe

8.8kb
(WT)

6.8kb
(Target)

6.0kb
(Target)

(Target)
13.3kb

11.2kb
(WT)

Kpnl Neo probe

WT A-A06

+ +-Cre

Myd88

-actin

-actin

p-p65

Figure 1. Construction of a conditional Myd88p.L252P allele. (A) Targeting of the Myd88 locus in C57BL/6N Tac ES cells. The endogenous Myd88 locus was targeted with

the linearized vector described in the supplemental Data. The targeted allele before (middle panel) and after Flp-mediated recombination of FRT and F3 sites (bottom panel) is

schematically depicted. The Southern blots of BauI, Eco91I, and KpnI digested genomic DNA probed with a 59, a 39, and a Neo probe, respectively, are shown below the

schematic illustration of the targeting strategy. Positions of restriction sites and probes are shown in the schematic drawing above. (B)Myd88p.L252P mRNA is expressed upon

Cre-mediated recombination in MEFs. Myd88wt/wt and Myd88c-p.L252P/c-p.L252P MEFs were isolated. RNA was isolated from both cell lines before LentiCre application (Sanger

sequencing chromatograms, top and middle panels) and the Myd88 mRNA sequence was determined after reverse transcription. The wild-type sequence was

recovered from both cell lines. After LentiCre application and puromycin selection, only the p.L252P sequence could be recovered from Myd88c-p.L252P/c-p.L252P

MEFs (Sanger sequencing chromatogram, bottom panel). (C) The Myd88p.L252P isoform is expressed in Myd88c-p.L252P/c-p.L252P MEFs after LentiCre-mediated recombination.

Myd88wt/wt and Myd88c-p.L252P/c-p.L252P MEFs were LentiCre exposed and puromycin selected, as in (B). Whole-cell lysates were separated on sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto polyvinylidene difluoride membranes before Myd88 and b-actin, which served as loading controls, and were

visualized by immunoblotting. Both Myd88wt and Myd88p.L252P proteins were expressed at equal levels. (D) Conditional LentiCre-mediated Myd88p.L252P expression leads to

p65 Ser-536 phosphorylation.Myd88wt/wt andMyd88c-p.L252P/c-p.L252P MEFs were transduced with LentiCre and puromycin selected, as in (B). Upon selection, cells were lysed,

proteins were separated on SDS-PAGE, and pSer-536 p65 was visualized by immunoblot. SAH, short arm of homology; LAH, long arm of homology; pA, polyadenylation signal

sequence.
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significantly reduces overall survival in vivo. Kaplan-Meier curves illustrate the overall survival of M-Cd19 mice. M-Cd19 mice display a significantly reduced survival compared

with the respective controls (log-rank test). (B) Serial MRI scans in 16-, 34-, and 70-week-old M-Cd19 mice revealed the occurrence of splenomegaly in 70-week-old M-Cd19
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average (n 5 3); error bars represent standard deviations. (D) M-Cd19 mice develop lymphoproliferative disease and occasional lymphoma. The top panels show H&E

staining of spleens and livers isolated from C57BL/6 and M-Cd19 mice at the time of death. Although the organ architecture appeared normal in C57BL/6 wild-type mice, the

architecture of spleens isolated from M-Cd19 mice was largely disrupted by infiltration of small mature lymphocytes (LPD columns) or large blastoid cells (DLBCL columns).

The bottom panel shows the partial and complete disruption of the spleen by infiltrates with high proliferative indices. (E) Immunohistochemical characterization of the liver

infiltrates of M-Cd19 mice. Areas of infiltrates morphologically resembling DLBCL (marked with solid triangles) showed a homogeneous staining pattern of B220 and Irf4

positivity, whereas they were negative for Bcl6 and Cd138 (bottom panel). Infiltrated areas of small, mature lymphocytes (marked with open triangles) displayed a more

heterogeneous staining pattern of positive and negative cells for B220, Irf4, and Cd138, whereas staining was largely negative for Bcl6 (middle panel). (F) The lymphoma cells

infiltrating spleens and livers of M-Cd19 mice displayed a largely nuclear localization of p65, indicating NF-kB activation. Black arrows indicate hepatocytes, black arrowheads

indicate cytoplasmic p65 staining in splenic lymphocytes in C57BL/6 wild-type mice, and white arrowheads indicate nuclear p65 staining in lymphoma cells in M-Cd19 mice.
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expression that was driven off the Aid promoter (hereafter M-Aid),
which is active in GCB cells, during both T cell–dependent and
–independent immune responses (supplemental Figure 1A).11,18

Furthermore, Cd21 promoter-driven Cre, which is expressed when
immature transitional B cells differentiate into mature long-lived
peripheral B cells,12 induced an LPD in Cd21Cre/wt;Myd88c-p.L252P/wt

mice (hereafterM-Cd21) thatwas indistinguishable from thatobserved
in M-Cd19 mice (supplemental Figure 1A).

The MRI morphologic occurrence of lymphoproliferative lesions
translated into a significantly (P 5 .0075) reduced overall survival of
M-Cd19 mice (median survival, 501 days) compared with Cd19 mice
(median survival, not reached in 10 mice observed for 427 to 581 days
[average, 539 days]) (Figure 2A). Similar datawere obtainedwhenCre
expression was driven off the Aid or Cd21 promoter in M-Aid and
M-Cd21 mice (median survival, 574 and 610 days, respectively)
(supplemental Figure 1B). We noted that the majority of M-Cd19,
M-Aid, and M-Cd21 mice included in this study displayed splenomeg-
aly (4 of 4, M-Cd19; 2 of 3, M-Aid; and 2 of 3, M-Cd21), occasionally
accompanied by macroscopic lymphadenopathy (1 of 4, M-Cd19; 2 of
3, M-Aid; and 1 of 3, M-Cd21). The strong oncogenic potential of the
Myd88p.L252Pmutation was also verified in an alternative mouse model
of aggressive B-cell lymphoma in which Myd88p.L252P dramatically
shortened tumor onset driven by oncogenic Myc (Em:Myc transgenic
fetal liver cells transplanted into lethally irradiated recipient mice, stably
transducedwith either empty vector [n5 40;median onset not reached]
orMyd88p.L252P [n5 12; median onset, 36 days]; log-rankMantel-Cox
P, .0001) (supplemental Figure 2).

To characterize the disease occurring in M-Cd19 mice, we initially
performed histologic examinations. H&E staining of spleens and livers
ofM-Cd19,M-Aid, andM-Cd21mice revealed infiltrates of lymphoid
cells in these organs. In particular, the architecture of the spleens of
thesemice was largely disrupted by these infiltrates (4 of 4, M-Cd19; 3
of 3,M-Aid; 3 of 3,M-Cd21).Of note,we did not detect any infiltration
of the bone marrow (n 5 3 per genotype; supplemental Figure 3).
Further analyses of the splenic and hepatic infiltrates revealed that these
lesions constituted a largely monomorphic lymphoid cell population
with indolent appearance, consistent with an LPD. Intriguingly, in a
subset of mice (1 of 4, M-Cd19; 1 of 3, M-Aid; and 1 of 3, M-Cd21),
diffuse large lymphoid infiltrates resembling DLBCL were detectable
(Figure 2D; supplemental Figure 1D-E). Of note, the Ki-67 indices
did not substantially differ between areas with LPD and DLBCL
morphology (Figure 2D). To determine the clonality of these infiltrates,
we next performed Southern blot analyses to detect clonal immuno-
globulin (Ig) rearrangements. We were not able to detect clonal Ig
rearrangements in genomic DNA isolated from areas with LPD-like
appearance that were detected in M-Cd19, M-Aid, and M-Cd21 mice
(supplemental Figure 4A). Strikingly, oligoclonal Ig rearrangement
patterns were detected in DNA isolated from infiltrates that displayed
DLBCL-like morphology in M-Cd19, M-Aid, and M-Cd21 mice
(indicated bywhite triangles in supplemental Figure 4A).DNA isolated
fromspleensof anEm:Tcl1-drivenCLLmousemodel servedasapositive
control for the development of a clonal lymphoid neoplasm.14Altogether,
our data strongly indicate that B-cell–specificMyd88c-p.L252P expression
largely leads to an LPD, with only occasional development of
mono-/oligoclonal lymphoma.

To further characterize the LPD and lymphomas, we next per-
formed immunohistochemistry in liver infiltrates of M-Cd19 mice. As
shown inFigure 2E, the areaswithDLBCL-likemorphology displayed
a strikingly uniform staining pattern. These lesions were B220 and
Irf4 positive and were Bcl6 and Cd138 negative, resembling the
immunophenotype of a post-GCB lymphoidmalignancy.19 In contrast,
the areas of LPD displayed a rather heterogeneous staining pattern for

B220, Irf4, and Cd138 and were largely negative for Bcl6, further
underscoring the nonclonal characteristics of these lesions. We noted
that areas of LPD and DLBCL-like morphology in M-Aid and
M-Cd21 mice displayed similar staining patterns (supplemental
Figure 1F-G).

To further interrogate thenature of theDLBCL-like lesions,wenext
used immunohistochemistry to assess subcellular NF-kB localization,
because constitutive NF-kB activation, indicated by nuclear enrich-
ment, is a hallmark feature of ABC-DLBCL.9 These experiments
revealed a uniform nuclear staining of the NF-kB subunit p65 in the
DLBCL-like lesions detected in spleens and livers of M-Cd19,M-Aid,
and M-Cd21 mice (Figure 2F; supplemental Figure 1C). Given that
ABC-DLBCL, which is characterized by constitutive NF-kB activa-
tion, carries the p.L265P mutation in 29% of the cases,9 and given that
the clonal lymphoproliferationwe observed inM-Cd19mice displayed
morphologic features of DLBCL, we hypothesized that the B-cell–
specificMyd88c-p.L252P expression drives ABC-DLBCL development in
our model.

To cross-validate our observations, we analyzedMYD88 mutation
frequency in human DLBCLs (n5 24, GCB-DLBCL; n5 21, ABC-
DLBCL).We performed targeted sequencing of FFPE-extracted DNA
bymultiplex PCR covering theMYD88, ATM, BTK,CD79B,DDX3X,
FBXW7, MAPK1, NOTCH1, PIK3CA, PIK3CD, PTEN, PTPN6,
SF3B1, TP53, and XPO1 genes (Figure 3A). DLBCL subtypes were
determined based on immunohistochemical stains for CD10, BCL6,
and IRF4 following the Hans algorithm (Figure 3B).19 The non-GCB
of Hans algorithm was designated as “ABC” in our study. Confirming
previously published data, we found a substantial overrepresentation
of MYD88 and CD79B mutations in ABC-DLBCLs compared with
GCB-DLBCLs (Figure 3A,C; supplemental Table 1).9,20,21 Further-
more, the anti-apoptotic oncogene BCL2 is frequently deregulated
in human DLBCL.22,23 Whereas the chromosomal translocation
t(14;18)(q32;q21), which juxtaposes BCL2 and the IGHV enhancer,
is commonly observed inGCB-DLBCL,23 focal copynumber gains are
more commonly observed in ABC-DLBCL (;30% to 40%).22-25

Indeed, mining of the whole-genome sequencing data on DLBCL
from the German International Cancer GenomeConsortiumMolecular
Mechanisms in Malignant Lymphoma by Sequencing Project (https://
icgc.org/ and C.L., M.S., and R.S., manuscript in preparation) revealed
that 6 DLBCLs carry the MYD88p.L265P mutation. Remarkably, all of
these samples belonged to theABC-DLBCL subtype and carried a copy
number gain of 18q detected by both fluorescent in situ hybridiza-
tion with a BCL2-specific probe and somatic copy number variant
mapping.26,27A critical role for BCL2, particularly in activated B cells,
is further corroborated by published transcriptome analyses. Specifi-
cally,BCL2mRNAwasnot expressed inGCBcells butwasmassively
induced during activation of peripheral blood B cells.28 Consistent
with this, the majority of ABC-DLBCLs displayed BCL2 mRNA
levels more than fourfold higher than GCB cells.28 Furthermore,
exogenous expression of MYD88p.L265P in B cells was recently
shown to induce the accumulation of self-reactiveB cells in vivo only
when apoptosis was opposed by Bcl2 overexpression.29 Additional
circumstantial evidence suggesting that ABC-DLBCL in particular
might depend on functional BCL2 activity could be derived from
recently published, large-scale in vitro drug sensitivity profiling
experiments. Specifically, re-assessment of a data set published by
Stegmeier and colleagues revealed thatMYD88-mutant DLBCLs in
particular display an actionable BCL2 addiction, which could be
exploited by the targeted high-affinity BCL2 inhibitor ABT-263
(supplemental Figure 5A-B).30 The BTK inhibitor ibrutinib was
recently shown to synergistically interact with the BCL2 family
inhibitor navitoclax (ABT-263) in killing ABC-DLBCL cells.31We
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validated these observations in our cohort of DLBCL samples by
using immunohistochemistry to assess BCL2 expression. As shown
in Figure 3D-E, high-level BCL2 expression was significantly
enriched in ABC-DLBCL patients compared with patients who had
GCB-DLBCL. Altogether, these genomic, transcriptomic, immu-
nohistochemical, and functional data strongly suggest that enhanced
BCL2 activity plays a central pathomechanistic role in the development
of ABC-DLBCL. On the basis of these considerations, we next asked
whether lymphoma development inM-Cd19mice could be accelerated
by increased BCL2 gene dosage in vivo. To mimic BCL2 amplification
in vivo, we generated a novel conditional allele in which BCL2.IRES.
GFP was targeted into the Rosa26 locus. BCL2 expression was pre-
vented by the insertion of a LoxP.STOP.LoxP cassette upstream of the
translation-initiating codon (supplemental Figure 5C). By using this
allele,wegeneratedCd19Cre/wt;Rosa26LSL.BCL2.IRES.GFP/wt;Myd88c-p.L252P/wt

mice (hereafter M-B-Cd19), in which Cd19-driven Cre mediates the
excision of the LoxP.STOP.LoxP cassette from the Rosa26 locus,
leading to CAGS-promoter-driven BCL2 overexpression in addition
to Myd88p.L252P expression. MRI scans revealed that M-B-Cd19 mice
developed splenomegaly substantially earlier than M-Cd19, M-Aid, or
M-Cd21 mice (Figures 2B and 4B; supplemental Figure 1A). Further-
more, M-B-Cd19 mice displayed a significantly reduced overall

survival (median survival, 179 days) compared with M-Cd19,
M-Aid, and M-Cd21 mice (long-rank P5 .0008, P5 .0001, and
P , .0001, respectively) (Figure 4A). Of note, all of the M-B-Cd19
mice displayed excessive lymphadenopathy and/or splenomegaly
at the time of death (splenomegaly in 7 of 8mice; lymphadenopathy
in 6 of 8 mice).

To further characterize the nature of the lymphadenopathy that
we observed in M-B-Cd19 mice by MRI, we next performed
histologic examination of infiltrated organs (livers, lymph nodes,
and spleens). Morphologic assessment of the splenic, hepatic, and
lymph node lesions detected in M-B-Cd19 mice revealed that
these infiltrates consisted almost entirely of diffuse large lymphoid
cells with blastoid to plasmablastoid appearance (Figure 4C).
Intriguingly, plasmablasts have been implicated as the cell of origin
of ABC-DLBCL.24 In marked contrast to the phenotype observed
in M-Cd19 mice, in which the bulk of the lesions consisted of
LPD-like infiltrates (Figure 2D), areas of LPD were only rarely
detectable in M-B-Cd19 mice. Furthermore, the Ki-67 index of the
lymphoid lesions in M-B-Cd19 mice was significantly higher
compared with lesions that emerged in M-Cd19 mice (median,
71.57%6 3.65% inM-B-Cd19 mice vs 28.27%6 2.40% in M-Cd19
mice) (Figure 4F). The Ki-67 indices observed in M-B-Cd19 mice
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matched those typically detected in aggressive human lymphoma.32

Leukemic effusion was detectable only in M-B-Cd19 mice (supple-
mental Figure 6).

Consistent with the monomorphic appearance of the blastoid
lesions detected in M-B-Cd19 mice, clonality analyses using Southern
blot to detect Ig rearrangements revealed that these infiltrates were of
clonal or oligoclonal origin (3 of 3 lesions isolated from independent
mice) (Figure 4D). Expression of the mutant Myd88 allele in the
lymphomas was verified by reverse transcriptase PCR sequencing
analysis (supplemental Figure 7). To ask whether the oligoclonal
lymphomas underwent somatic hypermutation, as would be expected
in the case of ABC-DLBCL, we analyzed a clonal lesion for Igh
rearrangements by direct sequencing.As shown in Figure 4E,we could
detect a clonal Ighv1-26, Ighd2-12, Ighj4 rearrangement. The sequence
shows an in-frame rearrangement with mutations but no stop-codons.
Thus, this rearrangement is potentially functional. Next, we cloned the
amplified Ighvgene rearrangements from this sample and sequenced32
subclones to investigate intraclonal diversity. All analyzed sequences
shared 5 mutations compared with the most homologous germ line
sequence (Ighv1-26). Further mutations could be detected in several
subclones (Figure 4E), demonstrating intraclonal diversity for this
analyzed case.

Next, we used immunohistochemistry to further character-
ize the lymphomas isolated from M-B-Cd19 mice. As shown in
Figure 4G and supplemental Figure 8, the lesions stained uni-
formly positive for Irf4 and were entirely negative for Bcl6,
consistent with the somatic hypermutation detected in Figure 4E
and further corroborating the post-germinal center (GC) nature of
the infiltrates.24 Furthermore, the lymphomas lost B220 expres-
sion and stained strongly positive for Cd138, indicating ABC
origin of these lesions.33-36 This is in line with analyses of human
DLBCL, which indicate that GC-experienced Cd138-positive
non-GC-DLBCLs are typically of plasmablastoid differentiation.37-39

In agreement with constitutive NF-kB activation, which is typi-
cally observed in human ABC-DLBCL, we found almost exclu-
sive nuclear p65 staining in the lymphomas detected in M-B-Cd19
mice (Figure 4H).

Although MYD88 mutations have not been detected in human
multiplemyeloma,8,40-42 the strongCd138 positivity of the lymphomas
growing inM-B-Cd19mice suggested the possibility that these lesions
might be of plasmacellular origin.8,40-42However, despite considerable
effort, we were unable to detect a plasma cell expansion in the bone
marrow of M-Cd19, M-Aid, M-Cd21, and M-B-Cd19 mice. More
importantly, we did not find lymphoma infiltration of the bone marrow
inM-Cd19,M-Aid, andM-Cd21mice, andonly1of 4M-B-Cd19mice
showed an isolated lymphoma infiltrate that did not display signs
of plasmacellular differentiation (supplemental Figures 3 and 9). In
line with a lack of a consistent bone marrow infiltration, which is
an obligatory feature of Waldenström macroglobulinemia and is
frequently observed in multiple myeloma, we did not detect mono-
or oligoclonal gammopathy in either M-Cd19 or M-B-Cd19 mice
(supplemental Figure 10). However, we did detect an increased
abundance of the Ig fraction in M-Cd19 mice compared with wild-
type controls by using serum electrophoresis (upper and middle
panels of supplemental Figure 10). This gammopathy was even
more prominent in M-B-Cd19 mice (lower panel of supplemen-
tal Figure 10). The overall polyclonality strongly suggests a non-
neoplastic origin of the gammopathy observed in M-Cd19 and
M-B-Cd19 mice. Thus in summary, the morphologic appear-
ance, as well as the immunophenotype of the lesions observed in
M-B-Cd19mice strongly suggests that these lymphomas represent
ABC-DLBCL.

Discussion

Here, we generated a novel conditionalMyd88p.L252P allele, which is at
the orthologous position of the human Myd88p.L265P mutation and is
expressed from the endogenous locus upon Cre-mediated recombina-
tion. We chose to design an allele that allows expression outside the
natural genomic context tomost faithfullymimic the situation in human
malignancies. B cell–specific expression of thismutant leads to anLPD
and occasional (;30%) transformation into an aggressive lymphoma
that morphologically and immunophenotypically resembles human
ABC-DLBCL. Interestingly, development of LPD and lymphoma
occurred at a similar rate, regardless of the Cre allele. We specifically
used a pan B-cell Cre allele (Cd19Cre), a Cre allele that is active in
GCB cells (AidCre), and a Cre allele that is expressed when immature
transitional B cells differentiate into mature peripheral B cells
(Cd21Cre). These data might indicate thatMyd88p.L252P expression
leads to a block in B-cell differentiation after the GC reaction.
Consistent with this postgerminal nature of Myd88p.L252P-expressing
cells, we find that the resulting lymphomas are consistently Bcl6
negative and express Irf4 (Figure 2E; supplemental Figure 1F-G).
These observations are in line with data from human lymphoma
patients, which suggests that oncogenicMYD88mutations are enriched
in post-GC malignancies, such as ABC-DLBCL, Waldenström mac-
roglobulinemia, and the IGHV-mutant GC-experienced subset of CLL
patients.7-9,24,43-45 Furthermore, crossing in an additional allele that
allows conditional BCL2 expression from the Rosa26 locus leads to
100%-penetrant development of ABC-DLBCL.

BothMYD8846-48 and BCL224,49-51 have been shown to be critical
for transition through the GC. Thus, it is conceivable that mice
displaying B-cell–specific Myd88p.L252P expression (M-Cd19) or
Myd88p.L252P expression in combination with BCL2 overexpres-
sion (M-B-Cd19) might accumulate post-GCB cells. Consistent
with this, we find a polyclonal gammopathy in both M-Cd19 and
M-B-Cd19 mice (supplemental Figure 10).

MYD88 is frequently mutated in ;29% of ABC-DLBCL cases.9

However,MYD88mutations are even more common in Waldenström
macroglobulinemia, inwhich these alterations are detected in;90%of
the cases.8,52 Thus, it is somewhat surprising that our Myd88p.L252P-
expressing mice develop clonal ABC-DLBCL rather than Waldenström
macroglobulinemia. One possible explanation might be the different
genomic landscapes of these distinct B-cell neoplasias. For instance,
mutations in the carboxyl terminal domain of the chemokine receptor
CXCR4 have been detected in a substantial portion of patients with
Waldenström macroglobulinemia (;30% of the patients), whereas they
are absent in ABC-DLBCL.2,9,53 Furthermore, somatic mutations
affectingCD79A andCD79B are present in;20% of human ABC-
DLBCLs, whereas these alterations are rare or absent in other
lymphoma entities.20,24 Thus, it will be interesting to combine our
novel Myd88p.L252P allele with additional B-cell–specific genetic
alterations to determine whether further manipulationmight enable
a plasmacytoid differentiation.

Our novel models represent a preclinical platform that could be
exploited for the invivodevelopment andvalidationofnovel therapeutic
approaches to treat ABC-DLBCL, which remains a difficult-to-treat
clinical entity.54,55 For instance, it will be interesting to see whether
combined targeting of the apoptotic machinery and the myddosome,
through BCL2 inhibition and IRAK4 repression, will result in
synergistic toxicity inMyd88-driven ABC-DLBCL.55 Our models
might also serve to delineate the potential role of NF-kB andMAPKK6
signaling as actionable pathways downstream of the myddosome

                                                                2739

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/127/22/2732/1393725/2732.pdf by guest on 04 February 2022



complex in ABC-DLBCL.56 For this purpose, it will be interesting to
assess the cytotoxic potential of TAK1, IkB kinase, and MAPKK6
inhibitors in ourMyd88-driven models of ABC-DLBCL. Altogether,
we demonstrated the oncogenic role of a novelMyd88p.L252P allele in
B-cell neoplastic disease in vivo. The resulting autochthonous mouse
models of ABC-DLBCL represent useful preclinical tools for the
development, validation, and refinement of novel treatment strategies for
ABC-DLBCL in the clinical arena.
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Kröner-Fresenius Stiftung (EKFS-2014-A06 [H.C.R.]), the Marlene
Porsche Foundation for Cancer Prevention (S.B.), the Else-Übelmesser
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