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TNF-Receptor Associated Factor (TRAF)-3 is a master reguta of B cell homeostasis
and function. TRAF3 has been shown to bind and regulate varis proteins involved in the
control of innate and adaptive immune responses. Previoustadies showed that TRAF3
overexpression renders B cells hyper-reactive to antigenand Toll-like receptor (TLR)
agonists, while TRAF3 de ciency has been implicated in the eévelopment of a variety of
B cell neoplasms. In this report, we show that transgenic mie overexpressing TRAF3
and BCL2 in B cells develop with high incidence severe lymplienopathy, splenomegaly
and lymphoid in ltrations into tissues and organs, which ighe result of the growth of
monoclonal and oligoclonal B cell neoplasms, as demonstrad by analysis of \,DJy
gene rearrangement. FACS and immunohistochemical analyseshow that different types
of mature B cell neoplasms arise inTRAF3/BCL2 double-transgenic (tg) mice, all of
which are characterized by the loss of surface IgM and IgD expssion. However,
two types of lymphomas are predominant: (1) mature B cell ngdasms consistent
with diffuse large B cell lymphoma and (2) plasma cell neo@ens. The Ig isotypes
expressed by the expanded B-cell clones included IgA, 1gG,rad IgM, with most having
undergone somatic hypermutation. In contrast, mouse littanates representing all the
other genotypes TRAF3/BCL2-; TRAF3C/BCL2-, and TRAF3/BCL2C) did not develop
signi cant lymphadenopathy or clonal B cell expansions wiiin the observation period of
20 months. Interestingly, a large representation of the HCR3 sequences expressed in
the TRAF3tg and TRAF3/BCL2double-tg B cells are highly similar to those recognizing
pathogen-associated molecular patterns and damage-asso@ted molecular patterns,
strongly suggesting a role for TRAF3 in promoting B cell défentiation in response
to these antigens. Finally, allotransplantation of eithesplenocytes or cell-containing
ascites from lymphoma-bearing TRAF3/BCL2 mice into SCID/Q@D immunode cient
mice showed ef cient transfer of the parental expanded B-cd clones. Altogether,
these results indicate that TRAF3, perhaps by promoting exaerbated B cell responses
to certain antigens, and BCL2, presumably by supporting swival of these clones,
cooperate to induce mature B cell neoplasms in transgenic roe.

Keywords: TRAF3, BCL2, DLBCL—diffuse large B cell lymphoma, pl
receptors (PRRs), B cell ymphoma

asma cell neoplasms, pathogen recognition
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INTRODUCTION the NF-kB2 over-activation) is the expansion of marginal zone
(M2) B cells (L3, 17), which might explain the hyperreactivity to
Tumor Necrosis Factor Receptor (TNFR)-associated factorpR ligands {8) and the systemic lupus erythematosus (SLE)-
(TRAFs) constitute a family of scaold proteins that interact |ike autoimmunity observed in these micé3j. MZ B cells do
with the cytoplasmic regions of various members of thenot normally express or have very reduced levels of TRAF3
TNFR superfamily upon their activation. TRAFs act as dockingxpression 19 and are naturally overreactive to TLR ligands
molecules for kinases, ubiquitin-ligases, Ubiquitin-mes and (1]_' 20) In contrast, |ymphocyte_speci fRAFStg mice deve|0p
other e ector proteins to comprise and modulate TNFR- progressive plasmacytosis and hypergammaglobulinemia, show
signalosomes. In this regard, TRAFs regulate both the dubme  exacerbated TLR responses as well as increased IgG production
localization of the receptor-ligand complexes and the extenfy response to T-1 and T-D antigens, and develop systemic
of the signaling response by controlling the composition andn ammation and SLE-like autoimmunity 14). This phenotype
post-translational modi cation of proteins within these mgtor  suggests that TRAF3 over-expression also causes excessive B-
signaling complexes. Additionally, some members of the TRAEe|| function that can manifest as SLE-like autoimmunity, i
family also regulate signaling and function of pattern ratitign  this case perhaps by driving B cell di erentiation to produce
receptors (PRRs) and some interleukin-family recept)s ( abundant antibody-secreting cells (ASCs) via a process that
The role of TRAF-family proteins in regulating lymphocyte might speculatively be PRR-dependent.
physiology and function is incompletely understood. This TRAF3 has been proposed as a tumor suppressor protein
gap in knowledge is particularly relevant for TRAF3, whichsince a number of biallelic deletions or inactivating mutat
reportedly modulates multiple signaling pathways and playpas been identi ed in human B cell malignancies, including
a critical role in regulating B cell survival, activation dn B-chronic lymphocytic leukemia (CLL), splenic marginal zone
di erentiation (2, 3) With regards to adaptive immunity, for |ymphoma (SMZL)' mantle cell |ymphoma, di use |arge B-cell
example, TRAF3 binds and regulates signaling by di erenfymphoma (DLBCL), and multiple myeloma (MM), as well as in
TNFR family members in B-lymphocytes, including CD40, B-waldenstrom's macroglobulinemi&{~27). In agreement with
cell activating factor receptor (BAFFR), transmembrane/atdr  these results, B-cell-speciEraf3-de cient mice were reported
and CAML interactor (TAC') and B-cell maturation antigen to deve]op clonal SMZL or Bla |ymphomﬁx These results
(BCMA), which are critical regulators of B cell proliferation, are consistent with the hypothesis that TRAF3 inactivating
di erentiation and survival ¢, 5). Additionally, TRAF3 regulates mutations (resulting in constitutive NkB2 activation in B cells)
Toll-like receptors (TLRs) through its interaction with mgéd  predispose to malignant transformation irrespective of theel ¢
di erentiation primary response 88 (MyD88) and TIR-domain- maturation state.
containing adapter-inducing interferob- (TRIF) (6), thereby Previously, we have shown that lymphocyte-spediRAF3-
participating in innate immune responses against pathogengy mice have extra-nodal in ltration of B-cells into many
associated molecular patterns (PAMPs) and damage-assbciafigans and these animals experience an increased incidence
molecular patterns (DAMPs)7( 8). TRAF3 is also involved of in ammation-driven solid tumors, including squamous
in the regulation of nUC'eOtide-binding 0|igomerizati0mmain cell Carcinomasy |ung carcinomas and hepatomas_ However,
(NOD)-like receptors (NLRs) and retinoic acid-inducible gen these mice did not show formal evidence of B-lymphoid
(RIG)-1-like Receptors (RLRs) through its interaction withmalignancy. Interestingly, intraperitoneal (1.P.) inodite of
receptor interacting protein (RIP)-29{ and mitochondrial pristane, a natural saturated terpenoid alkane known to pramot
antiviral-signaling (MAVS) protein 10), respectively, which autoimmune diseases and plasmacytoma in mig@ %0), into
are intracellular sensors of bacteria and virus produdts).( TRAF3tg mice resulted in increased tertiary organs formation
Moreover, TRAF3 has also been shown to regulate IL17Bnd exacerbated autoimmunity, but other than a few cases
signaling (2. Thus, TRAF3 is a pleiotropic protein controlling of plasmacytoma, this treatment failed to promote manifest
multiple pathways involved in the regulation of B cell development of myeloma or other B-cell neoplasrhé)(Taken
proliferation, di erentiation, survival with broad relevae to together, these results suggest that TRAF3 upregulatiosesau
both adaptive, and innate immunity. severe alterations in B cell di erentiation but is not su aie to
Probably because of its pleiotropic e ects, TRAF3 hagromote B cell transformation by itself.
seemingly opposite functions in some cellular contexts. This i previously, we reported that mice with the combination of
well-illustrated by analysis of B cell-specilcaf3-de cient mice upregulated BCL2 and de cient TRAF2 signaling in B cells
(13 and lymphocyte-speci FRAF3tg mice (14). B cell-specic  develop small B cell lymphoma (SBL)/CLL with high incidence,
Traf3-de cient mice develop B cell hyperplasia and have highwhile neither de cient TRAF2 function nor BCL2 upregulation
Ig titers in serum, suggesting that endogenous TRAF3 mighdlone were su cientto induce CLL or other malignancies incgi
suppress B-cell expansion. In this regaidaf3 de ciency in (31, 32). BCL2 overexpression is a landmark of CLL, follicular
B cells results in nuclear fact&B (NFkB)-2 activation due |ymphoma (FL) and other B cell malignancie33, including
to a role of endogenous TRAF3 in recruiting ubiquitin ligase DLBCL (34). In this report, we show that the combination
that promote degradation of NK-kB-inducing kinase (NIK)9),  of TRAF3 and BCL2 overexpression in B cells leads over
although the actual mechanism involved in TRAFS-mediatedime to severe |ymphadenopa[hy, Sp]enomega|y and extranodal
NIK regulation in B cells remains controversial]. One of  |ymphoid in ltrations in tissues and organs in the mice, whic
the consequences of TRAF3 de ciency (presumably attribtded s not observed in mice with mono-transgenic TRAF3 or BCL2.
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This dysplasia is the result of monoclonal and oligoclonal B ceFlow Cytometry Analysis

neoplasms (as demonstrated by the analysis of rearravigedy ~ Mononuclear cells isolated as described earlier were irtedba

genes). In addition, we show that TRAF3 upregulation favorsvith 50mg/ml human g-globulin for 10 min at 4C. Then, 16

the production of VyDJy rearrangements producing HCDR3 cells were incubated with a combination of FITC-, PE-, or APC

sequences similar to those recognizing PAMPs and DAMPs.  conjugated antibodies recognizing various surface matldsier
40 min of incubation at 4C, cells were washed with PBS and

MATERIALS AND METHODS analyzed by ow cytometry in a FACS Canto Il cyto uorimeter
. ) and the FlowJo (LLC) and FACSDiVa 6.1.2 (BD Biosciences)
Transgenic Mice cytometry analysis softwares. Intracellular IgG expression

Lymphocyte-speci cTRAF3tg (14) and B cell-speci cBCL2  was determined using a commercial xation/permeabilizatio
tg mice mimicking the t(14;18) (932;21) chromosomalkit (Fitx&Perm; Invitrogen Life Technologies), followinthe
translocation involvingBCL2 and IgH found in human FLs manufacturer's instructions.
(39 have been previously describeBRAF3tg (FVB/N) and
BCL2tg (BALBI/c) heterozygous mice were bred to produce FiImmunohistochemistry
litters with progeny of the four possible genotypes [(wild-typeTissues and organs from transgenic mice were xed in 10%
—I—; TRAF3tg (single-positiveC/-); BCL2tg (single-positive formalin (Sigma-Aldrich), embedded in para n. Tissue sect®n
—/C); and TRAF3/BCL2 (double-positive C/C)] expressed (5mm) were deparanized and antigen retrieval was then
on FVB/N x BALB/c mixed background. Analysis of the performed in citrate bu er solution pH 6 (Dako). Sections
transgenic mouse genotypes was performed by polymeraseere then rinsed with distilled water, treated 10 min at room
chain reaction (PCR) using primers specic for humantemperature with peroxidase blocking solution (10%Q4 in
TRAF3 (forward STCGAGTTTGCCACCATGG-8 and methanol) and then washed with TBS. After blocking with
reverse $GCGCGATCATCGGAACC-9 and BCL2 (forward a TBS buer containing normal goat serum for 1h at room
5CTTAGAGAGTTGCTTTACGTGGCCTG-8and reverse &  temperature, the corresponding primary antibodies were applied
ACCTGAGGAGACGGTGACC-3. The animal protocols were to the sections over night at €. After washing with TBS, a
approved by the Institutional Animal Care and Use CommitteesHRP conjugated secondary antibody (Sigma Aldrich) was used
of the Sanford Burnham Prebys Medical Discovery Institutéo detect the primary antibody. Color was developed using a
and by the Bioethics Committee of the Consejo Superiodiaminobenzidine-based detection method (Vector Laboriats,
de Investigaciones Cienticas. Mice showing symptoms oBurlingame, CA), and sections were then counterstainedh wit
distress and pain (heavy breath, weight loss, lethargy,wtre hematoxylin, dehydrated, and mounted in DPX (Fluka). Tissue
euthanized. All transgenic mice in the study were heteroyg sections were stained with hematoxylin and eosin (H&E).
for each transgene.

Immunoblots
Antibodies Cells from dierent mouse tissues were lysed in modied
Antibodies against human TRAF3LY and BCL2 86) were Laemmli buer (0.125M Tris pH 6.8, 4% SDS, and 20%
previously described. TRAF3 (C-20), CD10 (F-4), BCL@lycerol) and sonicated. Protein concentration was deieeah
(N-3), PCNA (FL-261), and ERK2 (C-14) were from Santeby the bicinchoninic acid method (Pierce, Rockford, IL).
Cruz Biotechnologies. MUM-1 (ABIN721195, antibodiesProtein samples (8-1%ng/sample) were supplemented with
online), CD45R/B220 (14-0452-81, Thermo sher scientic),2.5% 2-mercaptoethanol and 0.004% bromophenol blue, and
Ki67 (Ab15580, Abcam), clAP1/2 (R&D systems) and presubjected to SDS-PAGE analysis and immunoblotting, using
adsorbed HRP-conjugated anti-mouse IgG (Sigma-Aldrichjhe indicated primary antibodies and horseradish peroxidase
and anti-mouse IgA (Novus biologicals) were used for westerconjugated secondary antibodies. Speci ¢ bands were @etect
blot and/or immunohistochemistry analysis. Anti-rabbih@ using enhanced chemiluminescence and exposure on Im. ERK2
anti-mouse HRP-conjugated secondary antibodies were froraxpression was used as an internal loading control.
Santa Cruz Biotechnologies or from Sigma-Aldrich. For ow
cytometry analysis FITC- PE- and APC-labeled antibodie¥4DJy Analysis
against mouse CD45R/B220, CD19, CD21, CD23, CD5, CD43Bissues and cells fronTRAF3xBCL2mice representing all
CD138/Syndecan-1, IgM, IgD, 1gG (all from BD Biosciences}li erent genotypic combinations (—/-C/—; —/C; andC/C) were

were used. extracted and total RNA was isolated using Z&I reagent and
_ the PureLin™ RNA mini kit (Life Technologies, Carlsbad,
Isolation of Mononuclear and B Cells CA), following the manufacturer's instructions. Then, RNA was

Spleens, lymph nodes and blood from tg mice and WTreverse transcribed into cDNA using 2 U Superscript Il reverse
littermates were collected and mononuclear cells weratedl transcriptase (Life Technologies). TH&EHV regions were
by Ficoll density centrifugation (Lympholyte-M; Cedarlaneampli ed using the following primers, VH primer (forward)%
Laboratories, Burlington, NC). B cells were isolated byatieg SARGTBMAGCTGSAGSAGTCWGGE-EHmprimer (reverse)
magnetic selection using the StemSep mouse B cells enmithm&XCAGATCTCTGTTTTTGCCTCGTA-8 CHg primer

kit (StemCells Technologies, Vancouver, CA), following thereverse) 8ATGCAAGGCTTACACCACAATCC-§ and CHa
manufacturer's speci cations. primer (reverse) $TAATAGGAGGAGGAGGAGTAGGAC-8
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FIGURE 1 | TRAF3/BCL2double-tg mice develop severe lymphoid dysplasias and hava reduced lifespan.(A) Schematic representation of the expressed
transgenes.BCL2 gene mimics the t(14;18)(q32;g21) translocation involwnBCL2 and IgH found in human FLs resulting in BCL2 overexpre&m. TRAF3is under the
control of the IgH promoter and them enhancer. (B) Representative examples of the TRAF3 and BCL2 expression spleen extracts from mice with different
TRAF3/BCL2genotypes. Expression of ERK2 is used as loading contro{C) Representative examples offRAF3/BCL2double-tg mice with lymphoid dyscrasias.
Mice usually develop two types of lymphadenopathies, groufd characterized by massive splenomegaly and disseminategiphadenopathy (a) and group 2 with
moderate splenomegaly and disseminated lymphadenopathgb). (D) Weight of the spleens of mouse littermates with the differaiTRAF3/BCL2genotypes (—/—,n D
7; Cl-,nD 10; -/C, n D 10; C/C, n D 32). Mice were euthanized wherC/C mice developed lymphoid dyscrasias. Data represent mean SEM. (E) Representative
examples of the enlarged spleens developed by disease@RAF3/BCL2double-tg mice. The pictures illustrate the differencesi aspect and morphology of group 1
(a) and group 2 (b) spleens. (F) Weight of the spleens of group 1 (a), n D 13] and group 2 [(b), n D 19]. Mice were euthanized whenC/C mice developed lymphoid
(Continued)
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FIGURE 1 | dyscrasias. Data represent mean SEM. (G) Representative examples of lungs (left) and pancreas (riglshowing prominent lymphoid metastasis from
TRAF3/BCL2double-tg mice. (H) H & E staining of tissues from representativd RAF3/BCL2double-tg mice showing lymphoid in Itrations. Figure shovs lungs (a),
kidney (b), liver (c), and pancreas (d). Magni cation is 100 x. The square inside shows a 400 x magni céion capture of the in ltrating lymphocytes. Scale bars are
shown. (1) Kaplan—Meier analysis of survival of mice with the differeMRAF3/BCL2genotypes (—/—,n D 15; C/-, n D 15; —/C, n D 15; C/C, n D 24). Survival analysis
was performed by using the nonparametric model of Kaplan—Mer. Log-rank test analysis offRAF3/BCL2double-tg mice survival compared to the other groups
demonstrated statistical signi cance (vs. wild-type, 0.005; vs. TRAF3-tg, 0.029; vs. BCL2-tg, 0.002).

(Life Technologies). After denaturing DNA at 92 for 10min, in Figure 1A TRAF3tg (FVB/N background) andBCL2tg

the PCR conditions entailed 38 cycles of denaturing atC94 (BALB/c background) mice were crossed to produce F1 litters
for 1 min, annealing at 5Z for 1 min and extension at 6&  with mice harboring the dierent transgene combinations,
for 1 min, with a nal extension step at 6€ for 10min. TRAF3/BCL2-/-, C/—, —/C, and C/C. Immunoblot analysis
The PCR products were then analyzed by gel electrophoresi$ spleen extracts from mice bearing tAieRAF3 and BCL2

in a 2% agarose gel, excised and puried (Qiagen). Puri edransgenes readily demonstrated the expression of TRAF3 and
products were cloned using the pGEMT Vector System BCL2. Moreover, hTRAF3 did not alter the expression of
(Promega, Madison, WI, USA) and transformed into bacteriagndogenous mTRAF3~{gure 1B). YoungTRAF3/BCL2louble-
following the manufacturer's instructions. From 5to 15 tex@l  tg mice did not show any signi cant alteration other than mest
colonies of each sample were grown in culture overnighsplenomegaly, which was similar to that of B€L2tg mice (31).

and the plasmids were extracted using the WiZarBlus SV However, whemTRAF3/BCL2louble-tg mice became older they
Minipreps DNA Puri cation System (Promega). Sequencingbegan developing severe lymphoid dyscrasias, charactdrjzed
was performed by GATC Biotech (Konstanz, Germany)massive splenomegaly, and overt disseminated lymphadenppath
Nucleotide sequences were analyzed by means of Chrom@sgure 10). Some of the mice also develop pleural e usions
2.4.3 software (Technelysium, Queensland, Australia) anand ascites. In contrast, these pathologies were not found in
compared with those mouse germ-line sequences availaligermates of the other genotypes as they agedyre 1D and

in the IMGT/V-QUEST databases3{, 38). Sequences with data not shown).

<97.5% identity to the corresponding germ-litGHV sequence Interestingly, we observed a pattern in the size and shape of
were considered as mutated. Isolectric point (pl) of HCDR3he spleens of th& RAF3/BCL2ouble-tg mice that developed
region was calculated with the Compute pl/Mw tool (ExPASyYlymphoid pathologies. Many spleens were extremely large,
Bioinformatics Resource Portal, http://web.expasy.orgfooi® _ ranging from 1.5 to 5.8g, with a pale appearance suggestive
pi/). HCDR3 analysis was carried out comparing the sequencef an accumulation of white blood cells disproportionally to
in the protein BLAST database (restricted kus musculus red blood cells. The spleens grossly had a lumpy surface and
sequences). Only sequences with at least 75% identity weratchy decolorized zones suggestive of large lymphoid nedule

considered. (Figures 1E,Fa Alternatively, spleens from some animals were
. larger than normal (0.3-1.2g) but with a grossly normal
Adoptive Transfer appearanceHigures 1E,Fb.

Splenocytes or lymphocytes isolated from lymph nodes, asgites  Lymphadenopathy could be found in the double transgenic
pleural e usion (40-60 l(ﬁ) from representativd RAF3/BCL2  mice irrespective of gross splenic morphologdyigire 10).
double-tg mice with lymphoma were I.P. allo-transplantedin addition, diseasedTRAF3/BCL2 double-tg mice show
into 8-12 weeks-old non-obese diabetic/severe combinegassive lymphoid in ltrations in a variety of organs that
immunode ciency (NOD/SCID) mice. Animals were euthanizedoften could be seen on gross pathological examination

when the mice develop sign of iliness (distended belly, re8py  (Figure 1G. Histopathology studies conrmed the severe

distress, lethargy, etc). lymphoid in Itration of various tissues and organgigure 1H),
.. . including lung Figure 1Hg), kidney (Figure 1Hb), liver
Statistical Analysis _(Figure 1Ho), and pancreasHigure 1Hd). Consistent with the

Survival analyses were performed using the Kaplan-Meigymphoproliferative pathology observed in tHERAF3/BCL2

method and the log-rank test. Dierences were regarded agoyple-tg mice, these animals also have a signi cantly shorte

signi cant whenp < 0.05. lifespan than their littermates with wild-typeBCL2tg, and
TRAF3tg genotypesKigure 11).

RESULTS

TRAF3/BCL2 Double-tg Mice Develop DLBCL and Plasma Cell Neoplasms Are the
Severe Lymphoid Dysplasia and Have a Most Common Types of B Cell Dyscrasias
Reduced Lifespan Developed by TRAF3/BCL2 Double-tg Mice

To assess whether TRAF3 upregulation might contribute td-low cytometry analysis of the lymphoid populations from

B cell transformation, we crossed lymphocyte-spediRAF3  lymphoid tissues of diseaseRAF3/BCL2double-tg mice,

tg mice (4) with B cell-specic BCL2tg mice @5. A including spleen, nodes, blood, as well as ascites, and pleural
schematic representation of the expressed transgenes isishogusion when found in the mice, showed that they were
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FIGURE 2 | Analysis of the B lymphocyte populations expanded iTRAF3/BCL2double-tg mice with lymphoid dyscrasias. Three-color ow-g/tometry analysis was
performed to determine the phenotype of expanded B lymphocte populations. Gating of the expanded population was basedn the CD45R/B220 and FSC plot of

(Continued)
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FIGURE 2 | each sample analyzed and is indicated in the gure. The surfamolecules analyzed are indicated in the plots, as well as éhpercentage of cells found in
each quadrant. The quadrants settings were selected based v the staining of isotype-controls (not shown). The tissueairce where the analyzed lymphocytes were
extracted from and the type of B cell malignancy developed byhe TRAF3/BCL2double-tg mice, according to the ow-cytometry and immunohistochemical analysis,
is indicated in the gure.

consistently composed by B cell expansions with distinctesm@f of lymphoid tissues from representatiieRAF3/BCL2double-
marker expression but all indicative of a mature B cell phepety tg mice with this type of lymphoid expansiongtigure 4).
Representative examples are shownFigure 2 Our results A diagram representing the frequency of the dierent B cell
indicated that the vast majority of these B cell populationsneoplasms found in th€ RAF3/BCL2louble-tg mice is provided
could be allocated into two major groups. The rst group wasin Figure 3.
characterized by large cells (F§@xpressing CD45R/B220 and .
CD19, but having lost surface IgM, IgD, and CD21 expressiod RAF3/BCL2 Double-tg Mice Develop
(Figures 2A,D,F,G. The other group was composed by large cellClonal B Cell Expansions
lacking CD45R/B220, CD19, CD21, CD23, IgM, and IgD on theiAs indicated above, the analysis of tigDJy rearrangements
surface but expressing syndecan-1 (CD188yres 2B,E, 43, conrmed the existence of clonal B cell expansions in the
which is indicative of plasma cell lineage. In addition, a fewTRAF3/BCL2double-tg mice observed with agingaple 1).
mice developed a type of lymphoid expansion composed byhe expanded clones were mono- or oligoclonal and the Ig
small B cells expressing CD45R/B220 and CD19 and lackirgyibtypes of these clones varied (IgA, 1gG, and IgM were
the expression of CD21, CD23, IgM, and IgD on their surfacebserved). In addition, somatic hypermutation (SHM) took ac
(Figure 20). For comparisonFigure 2A, top, shows the surface in approximately half of the IgM clones and most (75-80%)
markers expression analysis of the remaining normal B cedf the IgA and IgG clones. The fact that most of these clones
population present in the spleen of that mouse. have experienced Ig class switching and SHM suggests that
Sequencing of theVyDJy region of the heavy chain these neoplasms arise from antigen-activated B cells that hav
(IgH) gene locus (deduced from the transcriptome) showedindergone di erentiation in germinal centers (GCs), althdug
that both the large B-cell and the plasma cell types oéxtra-follicular di erentiation is also a possibility, in pactilar
lymphoid expansions were either monoclonal or oligoclonafor those clones expressing IgM. In some instances, distineatlo
(Table 1), thus indicating that the TRAF3/BCL2double-tg expansions were found in di erent lymphoid tissues of the same
mice develop lymphoid neoplasms. Further characterizatiomouse, as indicated by the Ig subclass and the HCDR3 sequence
of the B cell neoplasms developed by these mice wasthe expanded clone34ble J).
accomplished by immunohistochemistry. These results rth As one hallmark of cancer is the ability of tumor cells to
conrm the expression in these neoplasms of TRAF3 (whiclgrow into immunode cient recipients after transplantation,
was more often located in the nucleus than in the cytoplasm)we used splenocytes or lymphocytes from either ascitic
and BCL2 (which was present in the cytosolfigure3 uid or pleural eusion for allo-transplantation into
and Supplementary Figures 1-3) Moreover, based on the SCID/NOD immunode cient mice Table2. For these
di erential expression of MUM-1, BCL6, and CD10, we concludeexperiments we used lymphocytes from mice representing
that most of the lymphoid neoplasms characterized by veryelargthree of the most characteristic of the B cell neoplasms
spleens were consistent with DLBGtigure 3shows a DLBCL developed by theTRAF3/BCL2 double-tg mice. One of
expressing BCL%S MUM-1"" and CD10"!| representative of the donor mice (#3) developed splenomegaly (1,200 mg),
the GC B cell cluster. Other examples of DLBCL are showsevere diuse lymphadenopathy (5,000mg) and ascitic
in Supplementary Figure 1 In the DLBCL group, which is uid. FACS analysis Figure 2D) and immunohistochemistry
characterized by large cells (F§@xpressing CD45R/B220 and (Supplementary Figure 2 of the spleen was consistent with
CD19, we also found examples of mice with B cell neoplasmes high-grade B-NHL. A major IgA clone was found in spleen
showing a prominent starry sky pattern, positive staining forand ascites, although other polyclonal IgM, IgG, and IgA
BCL6, MUM-1, and CD10 and a high proliferation index, aspopulations were also found, in particular in ascitic uid
shown by Ki67 staining, consistent with a high-grade B-nonSupplementary Figure 4. In addition, the analysis of a node
Hodgkin lymphoma (NHL) Supplementary Figure 2 Of note  from this mouse showed the existence of an expanded clone
is that this later lymphoma also has c-MYC overexpressiofiigM) di erent to that found in spleen and ascitesTdble 1).
(not shown). Interestingly, one mouse developed a B cellllo-transplantation of ascitic lymphocytes from mouse #3
neoplasm consistent with a rare type of DLBCL expressing CD&sulted in e cient implantation, taking only 3-4 weeks
(Figure 2A). Immunohistochemical analysis of representativefor the development of overt lymphoma in recipient mice.
examples of the plasmacytoid neoplasms con rmed expression dfecropsies showed that recipient SCID/NOD mice had massive
either cytosolic 1gG or IgA and showed a high Ki67 proliferatio lymphadenopathy and ascitic uid but fairly normal spleens
index (>50%), consistent with a plasma cell neoplaigire 3  (Table 2. A similar result was obtained when ascites from one
and Supplementary Figure 3. Consistent with this diagnosis, F1 transplanted mouse was transferred to another SCID/NOD
some neoplasms of this group also express cytosolic 19G escipient (F2). The analysis of the IgM, IgG, and IgA populations
demonstrated by FACS and immunoblotting of protein extractin the recipient mice showed a striking enrichment of the

Frontiers in Immunology | www.frontiersin.org 7 January 2019 | Volume 9 | Article 3114


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

TRAF3 and BCL2 Promote B Cell Lymphoma

Perez-Chacon et al.

‘sjuased JuaiayIp aAeY pue SaluoIUSpUSdapuUl pUe JUBIBHIP OM) WOI) WO (EG PUB BEG 9SNO ‘SISAjeue
[eaiwayd0Isiyounwiwl pue A1awolfo mo ‘sainyea) 21dodsoudiw pue didsoloew Uo paseq sem dnsoubelp ay paledipul si 821w Bi-ajgnop z109/cdvH 1 aBasaldal asay) Aq padojanap eisejdoau ||80 g 3yl ‘umoys sI aduanbas
9@ 2y jo (1d) Jurod o1308j20s] 8y pue paybiybiy are spioe oulwe (Usaifjoe pue (pal) siseg ‘papirold osfe si 9ouanbas £4aDH ayL “(eAnonpoidyrsuopod dois [eulaiul paureiuod 1o B aAionpoid e paposus auojd papuedxa ay)

Jayiaym 0} siayal Alijeuonound ‘(sUo|d 9peIedIpul S 8uojd papuedxa ay) 0} Buipuodsaliod sjdwes usAlb e woly pazAfesasuanbas rAA ay1 Jo abejusalad sy ‘(8ousnbas D9 syl YIm sannuapl 95°26 >(N) palelnw 2ausnbas 99 ayy
yum sannuapi 526 (INN) pareinw-uou) (SWHS) uoneinwliadAy anewos o) payalgneag Buiaey Jo LI 8yl S18awl auo|d ay Jayiaym pue (ABojowoy o) parealposie si (09) asuanbas feuiwsab ay Jo yeyl 0) paredwod auojd yoes Jo
20mbas g/ auy Jo ABojowoy adusnbas jo abejuadiad sy "eseqerep 1SINO-A/LDINI 01 Bulpioe ‘paredipul a1e auojd sy ul paziuehioal a1am Jey) saljiwe) CHO| pu@HOI ‘AHOI 8yl “(pal ‘v ‘en|q ‘9Bb) ‘uaaib ‘NB|) paiybiybiy pue

payealpul os[e si auojd papuedxa ay Jo ssed B ay) ‘ajdwes YNYW 8y} §82IN0S ay} ‘8snow sy Jo Jaquinu | 8y} payealpul s a|ge) ay} u| ‘adiw B1-a|qnopiag/S4vH L Ul punoj Sauojd |99 g papuedxa ay} Jo sajdwexa aaieluasaiday

10497a €2y AHAADALOMTW 9AIIdNpoId ey N 8'G6 CHC cd EHA NG ues|ds geS ¢104g/edvdL
7097Ad 26’9 AWHATHHOAAHOAED 9AIONPOId o N 2'88 THC 1a THA 96| SPON 0F 2104d/edvdl
Qao 104d1ad L6 AQNVINHEY SAIIdNPOId 00T AN 19'86 YHC 1a GHA VoI 9PON 9€ 2104d/edvdl
104d71d  §'S AVAMAOAIASHL 9AIdNPOId 08 AN 92'86 EHC 1a THA 96| SPON € 210d/edvdl
paulwIsBp 10N 9G°€ 49T00ABY SAIONPO.Id 08 W L6°06 C¢HC cd VTHA ob) S9PON 9¢ 2109/ed4vdL
ey AHAMA TN SAIONpO.Id 00T W 296 THC va SHA W61 uoisnya [einald
1097a 1Y ANHAMA TN 8AIONpO.Id 00T W 696 THC va SHA B usalds 0¢ 2109/edvdL
eisejdoau (|90 ewseld 88'G AQDHY 8AIONpo.Id 00T W 22’16 YHC Td EHA o) 8PON 6/ 2109/€dvdL
ewolRAW B|dINN  £S°G AD0SY 8AIONpo.Id 00T AN S'L6 E€HC €d CHA B pooig €/ 2109/e4vdL
psulwislep 10N 9 AQAVOOADH N 8AIdNpold 00T W 8'S6 YHC cd THA ofb| 8PON
10471a 1v'9 AQNVAHSOHL SAINPOId 8L N L'T6 YHC 9d THA ob| uss|ds BESG 210d/€4vdL
eise|doau ||90 ewse|d 6.°9 AANVYAAIHWN 9AIIdNPOId 00T N v1'96 YHC ca CHA VoI 9PON 6€ 210d/edvdl
1097d 7598 JALAAIALADSHSHV 9AIdNPOId 08 N 798 YHC ca THA 96| uss|ds GZ 210d/edvdl
eise|doau (|90 BWSEld  LE'V AVAMVAAO TN 9AIdNPOId 00T N €16 EHC ca THA VoI 9PON 2¢ 210d/edvdl
eise|doau ||90 ewse|d  ¥8'€ AQAVAAODAdIN 9AIdNPOId 00T N 7'v6 VHC cda THA NBI +9PON TT 2109/€4dvdLl
paulwiLlep 10N Z¥'€ NHAMADASDV SAIONPO.Id (0)% AN 9.6 THC cd CTHA B 8PON
IHN-8 3AVY9O HOIH  88'S AHTOASEY 8AIONpo.Id 29 W 8'€6 CHC cd EHA VoI SNIdSy [elusied € 2109/e4vyL
adAyjowny |d €4aOH Aueuopund (%) auo|D SINHS A BojowoH 9, 8uab rHOI Ajwe) aHOI Ajwey AHO! ssejd b anssi | @l asno

‘suoisuedxa |80 g [euojo dojeAsp 8o1w Bi-81qnop z10g/edvdL | T 319vL

January 2019 | Volume 9 | Article 3114

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Perez-Chacon et al. TRAF3 and BCL2 Promote B Cell Lymphoma

PLASMA CELL

NEOPLASMS

Plasma cell neoplasm

$ T p;‘ 7 -ov?.
"Paks v r*";f&a

3§ <2 g s
PRt
e s et

gy T 'lﬂ

~

* A ’ S &%
P> S 5 P A
\é'ec R o L %

-
«"E" » vi’;g'\f
A . 5

A gmed 58
:“9??‘0 %L %

o .4.0:'}.\. 9& S e BN RS
b ls }v{lfg;; ;3,%"9';"1.‘5,« 6». Sl
- wedl, 1% ge. o oV A W Sy

FIGURE 3 | TRAF3/BCL2double-tg mice develop different types of mature B cell neofasias, but predominantly DLBCL and plasma cell neoplasias
Immunohistochemical analysis of representative examplesf@ DLBCL GCB type and a plasma cell neoplasia developed by thERAF3/BCL2double-tg mice. Tissue
slides were stained either with H&E or with antibodies spedi for human TRAF3 and BCL2 and for mouse CD45B220, BCL6, MUM-1CD10, IgG and Ki67, as

indicated. Scale bars are 100mtm (DLBCL) and 10mm (plasma cell neoplasia). A diagram indicating the frequew of the different lymphoid neoplasias found in the

TRAF3/BCL2double-tg mice is shown ¢ D 18).

IgA population in the lymphoid tissues from F1 and F2 micemice (Table 2. A similar result was obtained when lymphocytes

(Supplementary Figure 4. The analysis of the rearranged from mouse #20 were used for allo-transplantation. Mouse #20
VyuD3y sequences showed that the major parental expandedeveloped a monoclonal IgM neoplasia consistent with DLBCL.
clone (IgA) found in spleen and ascites of the donor mous&he transfer of splenocytes or ascitic lymphocytes from this
was the only clone detected in the F1 and F2 allotransplantemhouse into recipient SCID/NOD mice resulted in the expansion
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FIGURE 4 | Development of plasmablastic B cell neoplasms byfRAF3/BCL2
double-tg mice. (A) Flow cytometry analysis of a representativd RAF3/BCL2
double-tg mouse showing the expansion of an FS&9h cp4sB220null
lymphoid population with surface syndecan-1 (CD138) and dpsolic IgG
expression. (B) Western blot analysis of lymphoid extracts (spleens and nazb)
of representative examples of TRAF3/BCL2 double-tgQ/C) mice that have
developed plasma cell neoplasms. For comparison, 2 represgative examples
of spleen extract from wild-type (—/-), RAF3tg (C/-), and BCL2-tg (—/C) mice
is also shown. The expression of human TRAF3 and BCL2, and maee
clAP1/2 and IgG heavy H and light L chains is shown. ERK2 expressi is
shown as loading control.

of the parental expanded clon&gble 2 and the development of

HCDR3 sequences with 75% identities to antigen-matched
HCDR3 sequences were considered for these analyses.

As shown in Figure5 TRAF3tg and TRAF3/BCL2
double-tg mice have a remarkable percentage VefDJ}
rearrangements producing HCDR3 potentially recognizing
DAMPs (including nuclear antigens, DNA), and PAMPs
(including phosphatidylcholine, lipoteichoic acid and other
bacteria, mite and virus antigens). In contrast, the repnéston
of HCDR3 sequences recognizing these types of antigens
is much reduced in wild-type andBCL2tg littermates,
thus underscoring the key role of TRAF3 in promoting
humoral responses against these antigens. Remarkably, a
highly represented group of HCDR3 sequences found in the
TRAF3tg and TRAF3/BCL2double-tg mice (12.5 and 9.5%
of the clones, respectively) had high similarities to HCDR3
recognizing anti-nuclear antigens. The presence of clones
expressing autoreactive Ig, such as anti-nuclear antibodies
(ANAs) is also consistent with the involvement of TRAF3 ith
development of autoimmune disorders and con rms previous
results showing the existence of ANAs in the serum of the
TRAF3tg mice (14). The expandedTRAF3/BCL2double-tg
clones maintained this trend and have HCDR3 sequences simila
to those recognizing viral antigens, nuclear antigens, DNA
and phosphatidylcholine Higure 5. Consistent with the role
of some of these antibodies in autoimmunitfyRAF3/BCL2
double-tg mice also develop autoimmune lesions, such as IgG
depositions in glomeruli and tertiary lymphoid organs forrizat

(Figure 6).

DISCUSSION

In this report, we show that TRAF3 and BCL2 cooperate to
promote development of a variety of mature B cell lymphomas
arising from antigen-challenged B cells. In this process, TRAF
seems to promote antigen-dependent B cell dierentiation

alymphoma_that recapitulat_ed the characteristics of the palen toward ASCs, and BCL2 seems to provide the survival tools
neoplasm FKigures 2F,G. Flnally, we also allo-transplanted required to facilitate B cell transformation and survival of
lymphocytes of mouse #39, which developed lymphadenopath)e exnanded clones. Neither TRAF3 nor BCL2 alone have
and ascites, consistent with a plasma cell neoplasia cau capacity to support B cell transformation to the same
by the expansi_on of an IgA cIonéS_(lppIeme_ntary Figure 3 extent that is achieved when both TRAF3 and BCL2 act in
AIthough in thIS case the. tumor implantation took longer, .ompination. IndeedBCL2tg mice have been shown to develop
the recipient immunode cient mouse developed the same-) i advanced aging at an approximately 15% incidence
neoplasm and clonal IgA expansion than the donor mousgsg - aithough these mice are otherwise healthy and have a
(Table 2. normal life-span. In contrastTRAF3tg mice develop several
pathologies associated to inammation and autoimmunity,
including in ammation-driven solid tumors, but very rarely
develop lymphoid malignancied4).

As shown in this report, lymphoid-speci cTRAF3/BCL2
. . o double-tg mice develop B cell neoplasms, mostly DLBCL and
With Rearranged HCDR3 With Similarities plasma cell neoplasia, with high incidence (approximately 80%
to Those Recognizing PAMPS and DAMPs of the mice). However, the fact that these B cell malignancies
We analyzed the HCDR3 sequences obtained from tharise in mice well over 1 year old suggests that TRAF3 and
TRAF3/BCL2double-tg mice in an e ort to determine the BCL2 might be necessary but are not sucient for B cell
potential antigens recognized by these clon8§),(making transformation, and that additional transforming eventsea
comparisons with HCDR3 sequences obtained from littermatesequired. Nevertheless, given the high incidence of B cell
of the other genotypes (wild-typ& RAF3tg, andBCL2tg). Only  tumors developed by thd RAF3/BCL2double-tg mice, the

TRAF3-tg and TRAF3/BCL2 Double-tg Mice
Have a Large Representation of B Cells
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FIGURE 5 | TRAF3 upregulation increases the incidence of immunoglottins with HCDR3 sequences potentially reactive to autoamgens and PAMPs. HCDR3
sequences were analyzed by blastp (non-redundant proteinejuences fromMus musculus) and those showing 75% identity to described sequences recognizing
DNA, ANAs, other autoantigens, and PAMPs (virus, bacteriand other pathogens) were selected. Data represents the peentage of HCDR3 sequences similar to
those recognizing the indicated antigens.

overexpression of both transgenes might favor the occug@fic similar to those recognizing PAMPs and DAMPSs, including
these additional transforming events. In thisregard, uptagon ~ DNA, nuclear antigens, and other autoantigens (platelet
of c-MYC expression has been observed in WRAF3/BCL2 glycoproteins, hemoglobin and myosin, among others), bé&cter
double-tg mice that have developed high grade B NHL. antigens (including phosphatidylcholine and lipoteichoid¢dgc

It is noteworthy that many of the B cell ymphomas arising invirus, and other parasite antigens. In contrast, wild-typel an
the TRAF3/BCLXouble-tg mice show a nuclear localization of BCL2tg littermates sharing cages with th€RAF3tg and
TRAF3. Recently, studies showed that TRAF3 can tra c into theTRAF3/BCL2louble-tg and therefore being exposed to the same
nucleus where it associates with and inhibits the transmi@l  antigens have signi cantly fewer of these HCDR3 sequenioes, t
regulator cAMP response element binding protein (CREB).( underscoring TRAF3 involvement in this process. These tesul
CREB-binding protein (CREBBP) is a key coactivator of CRERBre consistent with the participation of TRAF3 in the regudati
transcriptional function ¢0) and this gene is frequently mutated of several PRRs involved in the innate immune responses to
in FL and DLBCL {1). Remarkably, mice de cient itfCrebbp PAMPs and DAMPs. Indeed, a role for TRAF3 in controlling
have reduced B cell numbers a ecting di erent B cell subsetsTLR and RLR-mediated interferon (IFN) responses againssviru
However, BCL2 can overcome these de ciencies and collédoras well-documented43, 44) and many examples of viral proteins
with Crebbploss to promote DLBCL development, as showrhave been identi ed that subvert TRAF3 antiviral functioy b
in mice where bothCrebbpgene inactivation and BCL2 over- targeting it or by out-competing TRAF3 binding to its sigmaji
expression in B cells were combined?). Interestingly, c- partners {5 46). Furthermore, TRAF3 overexpression in B
MYC expression is upregulated and seems to play a cruciaklls induced exacerbated TLR-mediated antibody responses
role in the B cell transformation process in this mouse model(14). This is consistent with the role of TLRs in humoral
thus underlining some similarities to the high-grade B NHLsresponses against bacteria and other pathogéms dnd with
developed by somERAF3/BCL2louble-tg mice. the involvement of TRAF3-binding partner MyD88 in promoting

Our results indicate that both lymphocyte-specitRAF3  robust TLR-mediated B cell humoral responses to virds).(
tg and TRAF3/BCLaouble-tg mice have a large representationHowever, TLR hyper-responsiveness have been also shown in
of VyDJy rearrangements producing HCDR3 sequences highlfraf3-de cient B cells (8. These seemingly opposite results
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FIGURE 6 | TRAF3/BCL2double-tg mice develop autoimmune features similar to th@RAF3tg mice. (A) IgG depositions in glomeruli offRAF3/BCL2double-tg
mice in samples showing an otherwise normal kidney architeare [(a), 100 x and (b), 200 x] or showing heavy lymphocyte in Itration (c), 100 x and (d), 200 x].
Microphotographs are from 4 representativeTRAF3/BCL2double-tg mice. Staining was performed with anti-mouse IgGHRP. Scale bars are shown(a,c), 100 nm;
(b,d), 50 mm] (B). Tertiary lymphoid organs formation in thefRAF3/BCL2double-tg mice. Two representative examples of tertiary ipphoid organs developed in two
mice are shown. Panel(a) shows a tertiary lymphoid organ in the omentum. Plasma cellare shown by staining with anti-mouse IgG-HRP. Pangb) shows lymphoid
neogenesis in the liver, with a prominent presence of plasmeells. Staining was performed with anti-mouse 1gG-HRP. Magrcation was 100 x. Scale bars are shown
(100nmm).

might underline di erent TRAF3 requirements to activate the B cells to escape from the B tolerance surveillance mechanism
immune response in distinct B cell types. Of note is that, asesulting in the production of autoreactive Ig clonés). Indeed,
we previously reported1{d), TRAF3 overexpression does notit has been shown that high-a nity SHM IgG autoantibodies
seems to alter the initiation of the humoral response, sincexacerbate SLE symptoms compared to IgM autoantiboéi@s (
the IgM response to Tl and TD antigens is similar TRAF3  51), which is consistent with the presence of IgG depositions in
tg and wild-type mice. Instead, TRAF3 seems to control latethe renal glomeruli of theTRAF3/BCL2double-tg mice. Most
stages of B cell dierentiation, such as class switching anthterestingly, recent results suggest that B cell intribgie 1 IFN
SHM and/or the duration of antibody responses, as indicatedeeps BCR signaling beyond the threshold required for e ectiv
by the elevated IgG serum levels in thRRAF3tg mice and the tolerance $2). As a result, type 1 IFN would contribute to the
increased IgG production seen upon antigen challenge. Indeelbss of B cell tolerance and the development of autoreactive B
in further support of this idea,TRAF3tg, and TRAF3/BCL2 cellsinto the GC and extra-follicular pathways. Thus, congde
double-tg B cells witVy D34 rearrangements recognizing typical the key role of TRAF3 in the promotion of e cient type-1 IFN
Tl antigens, such as DNA and phosphatidylcholine, have gonproduction in response to pathogen challenges, these results
through class switching and SHM (not shown). Furthermoremay underlie the role of TRAF3 in the development of the SLE
most of the DLBCL and plasma cell neoplasms developed ki 4). Altogether, these results further emphasize the di erence
the TRAF3/BCL-2double-tg mice are composed by expandedbetweenTraf3-de ciency and TRAF3 overexpression in B cell
transformed clones that have also undergone class swgchimpathophysiology and underscore the need of keeping TRAF3
and SHM. This is true even for half of the expanded clonegxpression tightly regulated to assure normal B cell homsasta
expressing IgM, which also show SHM. In contrast, the B celind humoral responses to antigens.
neoplasms developed by the B cell-spediraf3-de cient mice Finally, while ample evidence exists about the role of
(28) were consistent with SBL/CLL and MZL, with over 86%deleteriousTRAF3 mutations in the development of human
of the expanded cloned having non-mutat&DJy regions B cell neoplasia [which presumably is the result, at least
(applying the 97.5% identity to the germ line criteriathatvewvd in part, of the activation of NFkB2-mediated transcriptional
used in our analyses). programs R1-28)], little is known about whether TRAF3
Altogether, the present evidence allows speculation abouipregulation also plays a role in human lymphoid tumorigenesis
whether TRAF3 overexpression might drive Tl-antigen adéda (53). While genomic analysis has not reveal€®RAF3 gene
B cells through an ASC di erentiation program that enforcesampli cation in lymphoid malignancies, epigenetic mechanisms
the production of high-a nity, SHM, class-switched antibae8 could contribute to elevated TRAF3 expression. Alterndive
(49. In this scenario, TRAF3 might facilitate antigen-chaied a gain of TRAF3 protein function could instead be caused by
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