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TRAF3 has diverse signaling functions, which vary by cell
type. Uniquely in B lymphocytes, TRAF3 inhibits homeostatic
survival. Highlighting the role of TRAF3 as a tumor suppressor,
loss-of-function TRAF3 mutations are associated with human
B-cell malignancies, while B-cell-specific deletion of TRAF3 in
mice leads to autoimmunity and lymphoma development. The
role of TRAF3 in inhibiting noncanonical NF-kB activation,
CD40 and BAFF-R signaling to B cells is well documented. In
contrast, TRAF3 enhances many T-cell effector functions,
through associating with and enhancing signaling by the T-cell
receptor (TCR)-CD28 complex. The present study was designed
to determine the role of TRAF3 in signaling via the B-cell an-
tigen receptor (BCR). The BCR is crucial for antigen recogni-
tion, survival, proliferation, and antibody production, and
defects in BCR signaling can promote abnormal survival of
malignant B cells. Here, we show that TRAF3 is associated with
both CD79B and the BCR-activated kinases Syk and Btk
following BCR stimulation. BCR-induced phosphorylation of
Syk and additional downstream kinases was increased in
TRAF3™~ B cells, with regulation observed in both follicular
and marginal zone B-cell subsets. BCR stimulation of TRAF3™/~
B cells resulted in increased surface expression of MHC-II,
CD80, and CD86 molecules. Interestingly, increased survival
of TRAF3~/~ primary B cells was resistant to inhibition of Btk,
while TRAF3-deficient malignant B-cell lines showed enhanced
sensitivity. TRAF3 serves to restrain normal and malignant BCR
signaling, with important implications for its role in normal B-
cell biology and abnormal survival of malignant B cells.

Tumor necrosis factor receptor (TNFR)-associated factor 3
(TRAF3) is an intracellular adaptor protein that regulates many
signaling pathways in a cell-type and context-specific manner
(1). Whole-body deletion of Traf3 in mice results in early
postnatal death, highlighting the importance of this protein in
many different cell types and processes (2). B-cell-specific Traf3
deletion in mice (B—Tme’"/ 7) leads to enhanced B-cell survival
in vitro and in vivo that manifests as pronounced B-cell accu-
mulation in the spleen, lymph nodes, and liver, spontaneous
germinal center development, and autoimmune manifestations
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(3, 4). Aged B-Traf3”'~ mice frequently develop spontaneous
B-cell lymphoma (BCL) (5), and TRAF3 gene loss may also be
an important factor in the development of human B-cell tu-
mors (6). TRAF3 deletions or mutations resulting in loss of
function have been identified in several B-cell malignancies,
including chronic lymphocytic leukemia, multiple myeloma,
Waldenstrom’s macroglobulinemia, Hodgkin lymphoma,
diffuse large B-cell lymphoma, and splenic and gastric marginal
zone (MZ) lymphoma (7-10). Avid binding and sequestration
of TRAF3 protein by the Epstein—Barr virus (EBV)-encoded
oncogenic protein latent membrane protein 1 (LMP1) also
produces a TRAF3-deficient phenotype in mouse and human
BCL cell lines, showing that a TRAF3-deficient state can occur
even in the absence of alterations to the TRAF3 gene (11).
Hence, by restricting survival, TRAF3 functions as an impor-
tant tumor suppressor in B cells.

The BCR is crucial for many important B-cell functions
including antigen recognition, survival, proliferation, and
antibody production (12). After binding of antigen, BCR
clustering occurs, with formation of a multiprotein complex
containing a heterodimer of CD79 A and CD79 B (13).
Phosphorylation of CD79A/B at the immunoreceptor
tyrosine-based activation motifs (ITAM) by Src family ki-
nases creates a docking site for the tyrosine kinase Syk (14).
Activated Syk in turn phosphorylates several targets,
including phosphatidyl inositol 3-kinase (PI3K) and phos-
pholipase C-y2 (PLCy2), resulting in activation of several
downstream effector pathways. BCR signaling is tightly
regulated in order to prevent aberrant B-cell activation and
autoimmunity.

Dysregulated BCR signaling can promote malignant B-cell
survival and contribute to the development of B-cell cancers
(15). Due to the importance of BCR signaling in the survival of
malignant B cells, several BCR pathway inhibitors are in cur-
rent use or in clinical trials to treat B-cell malignancies
(16—18). The Btk inhibitor ibrutinib is FDA approved to treat
chronic lymphocytic leukemia/small lymphocytic lymphoma,
mantle cell lymphoma, MZ lymphoma, and Waldenstrom’s
macroglobulinemia (19-21). Ibrutinib has also shown promise
in several clinical trials for other types of B-cell malignancies,
including diffuse large BCL (22). However, the response to
ibrutinib is variable and several different mechanisms of
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ibrutinib resistance have been described (23). It is important to
understand the mechanism and pathways involved in resis-
tance or sensitivity to BCR pathway inhibitors in order to most
effectively treat B-cell malignancies (24).

TRAF3 regulates several signaling cascades in B cells that
interact with the BCR signaling pathway, including those
mediated by CD40 and Toll-Like receptors (TLRs) (25-28). In
the BCL-derived cell line CH12.LX, TRAF3 plays a negative
role in regulating CD40-BCR synergy (29-31). TRAF3 directly
associates with Syk after TLR (32) and BAFF stimulation (33).
A recent report showed that TRAF3 plays a role in BCR-
induced regulation of Ig class-switch recombination (34). In
T lymphocytes, TRAF3 associates with the TCR complex and
enhances TCR signaling by restraining negative regulators of
this complex (35-37). However, the role that TRAF3 plays in
regulating BCR signaling is not well understood.

Here, we show that after BCR stimulation, phosphorylation
of Syk was increased in TRAF3™~ B cells, resulting in
increased phosphorylation of downstream kinases. Both
follicular and MZ TRAF3™'~ B cells showed increased activa-
tion after BCR stimulation, indicating that TRAF3 regulates
signaling in both mature B cell subsets. BCR stimulation of
TRAF3™~ B cells resulted in increased surface expression of
MHC-II, CD80, and CD86 molecules, all of which are
important for antigen presentation. TRAF3 is associated with
Syk and Btk after BCR stimulation in both primary mouse B
cells and the BJAB human B BCL-derived cell line. TRAF3™/~
mouse primary B cells were resistant, while TRAF3-deficient
human malignant B-cell lines were sensitive to Btk and Syk
inhibitor-induced cell death. Thus, TRAF3 restrains BCR
signaling, with important consequences for the biology of both
normal and malignant B cells.

Results
TRAF3 inhibits early BCR-induced kinase activation

To determine the impact of TRAF3 status on early BCR-
mediated signaling, we stimulated mouse splenic B cells iso-
lated from B-cell-specific Traf3 deficient mice (CD19-Cre; B-
Traf3™'") (3) or Tmf3ﬂ°"/ flox Jittermate controls (referred to
here as WT for simplicity) with stimulatory anti-IgM Ab. BCR-
induced phosphorylation of the early-activated tyrosine ki-
nases Syk (Y352) and Btk (Y223) was increased and prolonged
in TRAF3™'~ B cells compared with WT controls (Fig. 1, A and
B). This difference in phosphorylation was apparent as early as
2 min after activation. Increased BCR-induced phosphoryla-
tion was also seen in the mitogen-activated protein kinases
(MAPK) Erk1/2 (T202/Y204) and p38 (T108/Y182). We did
not detect a difference in phosphorylation of AKT (S473), IxkB«
(S32), or IkBa degradation in the TRAF3™/~ B cells, possibly
due to the moderate dose of anti-IgM used in our experiments
and/or to the limitations of sensitivity of the western blot (WB)
as a detection method. We also found that calcium flux after
BCR stimulation was increased in TRAF3~~ B cells (Fig. 1C).
These results are consistent with a recent report that also
found increased phosphorylation of Syk and Btk and elevated
calcium flux in TRAF3™~ B cells after BCR stimulation (34).

2 J Biol. Chem. (2021) 296 100465

The increased BCR signaling seen in TRAF3™~ B cells was
not due to differential IgM surface expression (Fig. S1, A and
B). TRAF3”~ B cells had no difference in total protein
expression of BCR pathway proteins (Fig. S1, C and D),
showing that differences in protein expression were not
responsible for the signaling differences observed in Figure 1.
There was no detectable difference in the Traf3"*/** controls
and CD19-Cre B cells, indicating that expression of Cre or
CD19 haploinsufficiency was not responsible for the observed
signaling differences (Fig. S2A). TRAF3 protein expression
displayed a gene dosage effect (Fig. S2B). TRAF3 hap-
loinsufficient B cells had an intermediate level of BCR-induced
Syk activation compared with homozygous WT or TRAF3™~ B
cells (Fig. S2C).

TRAF3 regulation of BCR signaling in marginal zone and
follicular B cells

B-Traf3”'~ mice have an increased proportion of MZ B cells
(3), raising the possibility that their increased BCR signaling
results from this enhanced subpopulation of B cells. MZ B cells
show increased calcium signaling and kinase activation after
anti-IgM Ab stimulation compared with follicular (FO) B cells
(38, 39) so we compared BCR signaling in TRAF3™~ MZ and
FO B cells (gating strategy shown in Fig. S3A4). Consistent with
the results presented in Figure 1, TRAF3™~ B220" splenocytes
had increased BCR-induced Syk and Erk activation (Fig. 2A4).
Both TRAF3~~ MZ (CD21M, CD23") and FO B cells (CD21",
CD23") showed increased BCR-induced Erk activation
compared with WT controls, although the effect was larger in
the TRAF3™~ FO B cells (Fig. 2, B and C). The p-Erk (T202/
Y204) gMFI of the responding WT and TRAF3™'~ B cells was
similar (Fig. S3B). This result suggests that the increased
response of the TRAF3™~ B cells was due to the lowering of
the activation threshold, resulting in a greater number of
responding cells, rather than increased Erk phosphorylation
per cell. TRAF3™/~ B220* and FO B cells also showed increased
basal Erk phosphorylation (Fig. 3C). Basal Syk phosphorylation
showed a trending increase in the TRAF3™/~ total and FO B
cells. Thus, TRAF3 inhibited BCR signaling in both the MZ
and, to a larger extent, FO B cell subsets, so the overall in-
crease in BCR signaling resulting from TRAF3 deficiency was
not restricted to MZ B cells, nor due to their increased
numbers.

Importance of TRAF3 interactions with Syk and Btk in
regulation of BCR signaling

We wished to determine if the increased activation of Erk
seen in TRAF3™'~ B cells was due to the enhanced upstream
Syk and/or Btk activity. Primary mouse B cells from B-Traf3~/~
or WT controls were treated with the Btk inhibitor ibrutinib
(40) or the Syk inhibitor R406 (41, 42) and subsequent BCR-
mediated Erk activation was measured (Fig. 34). TRAF3™~ B
cells still showed increased BCR-induced Erk activation in the
presence of Btk inhibition, while Syk inhibition lowered Erk
activation levels in TRAF3-deficient B cells to those similar to
WT B cells (Fig. 3B). These results suggest that TRAF3 is
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Figure 1. TRAF3 is a negative regulator of BCR signaling. A, representative WB and (B) graphs (mean + SEM) of densitometry of protein lysates from WT
and TRAF3™~ mouse splenic B cells stimulated with 10 pg/ml anti-IgM Ab for indicated times (N = 3-4 mice). A two-way ANOVA (# p < 0.05, NS = not
significant) followed up with an unpaired t-test with Sidak correction for multiple comparisons (* p < 0.05, ** p < 0.01, **** p < 0.0001, NS = not significant)
was used to determine statistical significance. C, representative tracing of the ratio of Calcium-Green-1/Fura fluorescent in WT and TRAF3™~ mouse splenic B
cells after stimulation with 5 ug/ml anti-lgM Ab. The graph represents the mean area under the curve (AUC) £ SEM (N = 3 mice). An unpaired t-test was used

to evaluate differences for statistical significance (* p < 0.05).

inhibiting signaling at the level of Syk activation, resulting in
increased signaling in the absence of TRAF3. These data are
consistent with previous reports that Erk activation is highly
dependent upon Syk and partially dependent upon Btk (43).
Both the human and mouse forms of Btk and Syk contain a
putative TRAF2/3-binding site (44). TRAF3 associates with
Syk after TLR stimulation in macrophages and when TRAF3
and Syk are overexpressed in HEK293 epithelial cells (32). To
determine whether BCR stimulation induced TRAF3-Syk as-
sociation in B cells, we performed an immunoprecipitation of
TRAF3 from the human BCL-derived BAJB cell line. Both the
TRAF3 IP and the reciprocal IP of Btk revealed BCR-induced
Btk-TRAF3 protein association after BCR stimulation (Fig. 4, A
and B). There was also a similar BCR-induced Btk-TRAF3
association in mouse splenic B cells (Fig. 4, C and D). In both
the BJAB and mouse splenic B cells, there was a BCR-induced
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association of TRAF3 and Syk (Fig. 4, A, C and E). We also
found that as in macrophages (32), TLR4 stimulation of B cells
induced TRAF3-Syk association. But unlike stimulation
through the BCR, no TRAF3-Btk association was seen after
TLR4 stimulation (Fig. S4). These data show that TRAF3 as-
sociates with multiple BCR-complex-associated proteins,
either directly or indirectly.

Although TRAFs 2 and 3 have been suggested to serve
redundant roles in signaling that regulates noncanonical NF-kB
activation (4), TRAF2 plays a nonredundant role to that of
TRAF3 in restraining BCR-induced class-switch recombination
(34). To determine the role that TRAF2 plays in BCR signaling,
we utilized TRAF2”~ and TRAF3™~ subclones of CH12.LX
mouse BCL cells (45, 46). While the TRAF3™/~ cells showed
increased BCR-induced Erk activation similar to TRAF3™/~

mouse primary B cells, Erk activation in the TRAF2™/~ cells was
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Figure 2. TRAF3-mediated regulation of BCR signaling in FO and MZ B cells. Mouse splenocytes were stimulated with 10 pg/ml anti-lgM Ab for
indicated times. Representative plots and graphs of p-Erk (T202/Y204) and p-Syk (Y352) for (A) total B220", (B) FO (CD21" €D23%), and (C) MZ (CD21" CD23)
B cells. Data were analyzed using FlowJo software, and population frequencies are expressed as percent of the parent population. Graphs represent mean +
SEM (N = 4 mice). A two-way ANOVA (## p < 0.01) followed up with an unpaired t-test with Holm-Sidak correction for multiple comparisons (* p < 0.05,
** p < 0.01, ** p < 0.001, **** p < 0.0001) was used to determine statistical significance.

4 J Biol. Chem. (2021) 296 100465 SASBMB



A
3 30 - WT
g 1 -
S 25 e B mmmennd : o TRAF3”
E 20 gupy ~ WT +4uM R406
g X L - TRAF3” + 4 uM R406
E 10 i e . |
a S W
X0 T T T T

0 2 5 15

a-lgM (min

B gM (min)
— - WT
1o I i S .
S 25 R T TRAF3
E 20 % < WT + 20 uM ibrutinib
. 15 e . -o- TRAF3™ + 20 pM ibrutinib
& :
& 10
s 5
20

a-IgM (min)

Figure 3. Impact of inhibition of Syk and Btk on BCR-mediated Erk
activation in WT and TRAF3™~~ mouse B cells. Splenocytes from WT or
B-Traf3™~ mice were pretreated with (A) 4 uM of R406 or (B) 20 uM of ibrutinib
for 1 h prior to stimulation with 10 pg/ml anti-lgM Ab. Graphs represent %
p-Erk (T202/Y204) positive (mean + SEM). A two-way ANOVA (#### p < 0.0001)
was used to determine statistical significance (N = 3 mice).

unchanged (Fig. 54). BCR-mediated signaling is enhanced
despite increased Syk-TRAF2 association, indicating that
TRAF2 is not able to compensate for TRAF3 in restraining
BCR signaling. We thus investigated whether TRAF2 associated
with Syk after BCR stimulation and whether this association
was altered by TRAF3 deficiency. B cells isolated from TRAF3™
~ mice have increased expression of TRAF2 (3). TRAF2 was
associated with Syk and the association increased after BCR
stimulation (Fig. 5B). In TRAF3™~ B cells, TRAF2-Syk associ-
ation was moderately increased, consistent with its increased
expression in these B cells. In the mouse BCL line CH12.LX,
TRAF3 was associated with CD79B of the BCR complex even in
the absence of stimulation (Fig. 5B). In the absence of TRAF3,
association of Btk and Syk was modestly increased, suggesting
that TRAF3 may regulate the localization of these tyrosine ki-
nases, and TRAF2 may actually enhance this.

Impact of TRAF3 upon BCR-mediated effector functions

BCR stimulation induces upregulation of surface expression
of CD80, CD86, and MHC-II molecules, which contribute to
enhanced antigen presentation capability of B cells (47). We
found that expression of these surface molecules was increased
in BCR-stimulated TRAF3~~ B cells compared with WT
controls (Fig. 6, A-C). Additionally, TRAF3™~ B cells had
increased surface expression of MHC-II prior to any stimula-
tion (Fig. 6D). These data are consistent with a role for TRAF3
as a regulator of BCR signaling pathways that control impor-
tant BCR effector functions.

Depending on the signal strength, BCR stimulation can in-
crease B-cell survival or lead to activation-induced cell death
(13, 48). TRAF3™"~ B cells have greatly increased homeostatic

SASBMB

TRAF3 is an inhibitor of the BCR signaling pathway

survival (3), but their response to BCR-mediated signals that
regulate survival was unknown. WT B cells displayed increased
viability when treated with increasing amounts of an agonistic
anti-IgM Ab stimulus, (Fig. 6E). In contrast, TRAF3™~ B cells
showed their typical increased basal survival, but this did not
change after BCR stimulation, showing that TRAF3 deficiency
renders B cells independent of BCR-mediated survival signals.

Impact of TRAF3 status upon sensitivity of normal and
malignant B cells to inhibitors of BCR signaling

Even in the absence of antigen, tonic signaling from the BCR
is required for mature B-cell survival (49, 50). Several types of
human B-cell malignancies display enhanced survival resulting
from tonic or antigen-induced BCR signaling (17, 18). As
TRAF3 deficiency (both genetic and posttranslational) is
regularly seen in these malignancies (6, 11), we examined how
inhibition of BCR-induced kinase activation impacted survival
of primary and malignant B cells. The Btk inhibitor ibrutinib is
FDA approved to treat several types of B-cell malignancies
(19-21). Primary WT mouse B cells showed decreased viability
when stimulated through the BCR in the presence of ibrutinib,
but TRAF3™~ primary B cells were ibrutinib-resistant
(Fig. 7A). However, both WT and TRAF3™'~ primary B cells
displayed similar sensitivity to R406-(Syk-inhibitor)-induced
cell death. This suggests that although both Btk activation and
Syk activation are enhanced by B-cell TRAF3 deficiency, Btk
activation plays a larger role in BCR-induced cell survival. It
may also be the case that R406 has greater nonspecific effects
than ibrutinib.

Interestingly, BCL-derived cell lines showed an inverse
relationship between TRAF3 expression and susceptibility to
BCR pathway inhibitors, with cell lines expressing low levels of
TRAF3 protein more susceptible to death induced by lower
concentrations of ibrutinib (Fig. 7, B-D). This may be an
example of so-called “oncogene addiction” (51, 52). We pre-
viously saw this phenomenon with inhibitors of several other
survival pathways that are constitutively dysregulated in
TRAF3™~ B cells (53). TRAF3 thus modulated survival of
BCR-stimulated survival pathways, as well as homeostatic
survival pathways constitutively upregulated in TRAF3~/~ B
cells.

Discussion

Here, we show that TRAF3 is a newly appreciated inhibitor
of BCR signaling. TRAF3 inhibited proximal BCR signaling,
detectable at the level of Syk and Btk kinase activation, sub-
sequently resulting in increased activation of PLCy2, Erk, and
p38 MAPK. The increased BCR signaling observed in TRAF3™/
" B cells resulted in increased downstream BCR effector
functions. Interestingly, B-cell TRAF3 thus plays an opposite
role in BCR signaling to the role it plays in T cells, where TCR-
associated TRAF3 is required for full TCR-mediated activation
and T-cell effector functions (35, 36). These differential roles
of antigen receptor-associated TRAF3 in B and T cells un-
derline the dependence of TRAF3 functions upon cellular
context and distinct protein interactions.

J. Biol. Chem. (2021) 296 100465 5
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Figure 4. BCR-induced association of TRAF3 with Syk and Btk. A) TRAF3 or B) Btk was immunoprecipitated from cell lysates of BJAB cells following
20 pg/ml anti-human IgM Ab stimulation. C) TRAF3, D) Btk, or E) Syk was immunoprecipitated from cell lysates of mouse splenic B cells following 20 pg/ml anti-
mouse IgM Ab stimulation. Co-immunoprecipitation was assayed with WB. Images are representative of three independent experiments. Graphs represent
densitometry of protein of interest normalized to the IP protein (mean + SEM). An unpaired t-test was used to determine statistical significance (* p < 0.05).

Prior to stimulation, TRAF3™~ B cells already showed
increased activation of Erk and p38 MAPK, suggestive of
increased tonic BCR signaling. The increased Erk activation
observed may be due in part to an increase in the proportion of
MZ B cells in TRAF3™~ mice, as MZ B cells are reported to
display increased tonic Erk activation (54). However, TRAF3~/
~ FO B cells also showed increased basal Syk and Erk activa-
tion, indicating that this feature of TRAF3-deficient B cells is
not confined to the MZ subset (Fig. S3C). In the BCL-derived
cell line CH12.LX, TRAF3 associated constitutively with the
BCR complex, consistent with constitutive Src kinase activa-
tion and tonic signaling in these cells (55). There was also
association of TRAF3 with Syk and Btk prior to BCR stimu-
lation. TRAF3 may be playing a role in tonic as well as
stimulation-induced BCR signaling.

TRAF3 regulated BCR signaling in both MZ and FO B cell
subsets but to a greater extent in FO B cells. This shows that the
increased signaling seen in the bulk TRAF3™'~ B cell population
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isn’t due to an increased proportion of MZ B cells, which are
reported to show increased activation after BCR stimulation
(3, 38, 39). These results are an interesting complement to
TRAF3 inhibition of TLR signaling. TRAF3 inhibits TLR
signaling in both CD1d" (MZ) and CD1d" (non-MZ) B-cell
populations (28). In the context of both TLR and BCR signaling,
loss of TRAF3 made FO B cells function in a more MZ B cell-like
manner (56, 57). TRAF3 mRNA expression increases over the
course of B-cell maturation but is the highest in FO B cells (58).

Following BCR stimulation, both TRAF3 and TRAF?2 asso-
ciate with Syk in both mouse splenic B cells and the human
BCL cell line BJAB. TRAF3 associates with Syk after TLR
stimulation in macrophages (32), and we show here that this is
also the case in B cells. Both TRAF2 and TRAF3 associate with
Syk in chronic lymphocytic leukemia (CLL) and Raji BCL-
derived B cells after BAFF stimulation (33). Exogenous over-
expression analysis of the protein domains required for the
interaction showed that the interdomain B of Syk and the
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Figure 5. Association of TRAF3 with CD79 B in the mouse lymphoma CH12.LX cell line. A, representative WB and graphs (mean + SEM) of densitometry
of protein lysates from TRAF3™~, TRAF2™~, and WT CH12.LX cells stimulated with 10 pg/ml anti-lgM Ab for the indicated times (N = 3 independent ex-
periments). An unpaired t-test was used to determine statistical significance (* p < 0.05). B, CD79B was immunoprecipitated from cell lysates of CH12.LX
cells with or without 5 min of 20 pg/ml anti-mouse IgM Ab stimulation. Images are representative of three independent experiments. Graphs represent
densitometry of protein of interest normalized to the IP protein (mean + SEM). An unpaired t-test was used to determine statistical significance (* p < 0.05).

coiled-coil domain of TRAF3 were necessary for the interac-
tion (32). Both human and mouse Syk proteins have putative
TRAF2/3 sites, although they are located in the N-terminal
SH2 domains (44). There may be a cryptic TRAF2/3-binding
site in Syk, or the interaction may be mediated by another
protein that has yet to be identified. TRAF2 plays a similar role
to TRAF3 in restraining BCR-induced Ig class-switch recom-
bination (34). Although TRAF6 also associates with Syk in
macrophages after TLR4 stimulation, we were unable to detect
association of TRAF6 with Syk after BCR stimulation (A.
Whillock and G. Bishop, Unpublished results).

To our knowledge, the present findings are the first to show
that Btk and TRAF3 can associate in B cells. Btk has two
putative TRAF2/3-binding sites; one is within the pleckstrin
homology (PH) domain and the second in the TEC homology
domain (44). It is unknown if the interaction between TRAF3
and Btk is direct or is mediated through another protein and
which, if any, of these sites is required for the association. In
the absence of TRAF3, we observed increased association of
Btk and Syk. The activity of Syk is tightly regulated by the
phosphatase SHP-1 (59, 60) and the ubiquitin ligases CBL-B
and ¢-CBL (61-63). We did not detect decreased association
of negative regulators such as SHP-1, CBL-B, and ¢-CBL with
Syk in the absence of TRAF3, nor did we detect association of
TRAF3 with any of these negative regulators (A. Whillock and
G. Bishop, Unpublished results). We also did not detect a
difference in Syk or CD79B ubiquitination in the absence of
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TRAF3. It thus appears more likely that TRAF3 restrains
recruitment of positive regulators to the BCR complex, rather
than mediating the recruitment of negative regulators to
inhibit BCR signaling.

BCR-induced expression of the costimulatory molecules CD80,
CD86,and MHC-II was increased in TRAF3 ™'~ B cells. Both CD80
and CD86 are transcriptional targets of NF-«B (64, 65). We did not
detect differences in canonical NF-kB activation after BCR stim-
ulation in TRAF3™~ B cells, but the constitutive noncanonical
NF-«B activation seen in TRAF3 ™~ B cells (3, 4) may contribute to
this phenotypic feature. Depletion of RelB in dendritic cells results
in decreased CD80 and CD86 expression. Basal expression of
MHC-II was also increased in TRAF3™~ B cells, possibly due to
the increased nuclear CREB in TRAF3™~ B cells (66), which also
promotes transcription of MHC-II genes (67, 68).

TRAF3™'~ B cells have remarkably increased basal survival
compared with WT B cells (3, 4). WT B cells received a sur-
vival advantage with increasing BCR signal strength, but
enhanced survival of TRAF3™~ B cells was independent of
BCR-mediated stimulation (Fig. 5). As discussed above, both
NF-«kB2 and CREB-mediated survival signals contribute to the
enhanced basal viability of TRAF3-deficient B cells.

Results presented here demonstrate that expression of TRAF3
can impact susceptibility to cell death induced by Syk and Btk
inhibitors. We previously found that TRAF3™~ primary B cells
display enhanced expression of the prosurvival proteins Pim2 and
c-myc and are resistant to cell death induced by drug inhibitors of
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Figure 6. BCR-induced activation marker expression and survival in TRAF3~~ mouse splenic B cells. Mouse splenic B cells were stimulated with
5 pg/ml anti-mouse IgM Ab for the indicated times. (A-C, Left) Representative histograms of B cell expression of the indicated surface receptors, measured
by flow cytometry. (A-C, Right), graphs of % positive (mean + SEM) of B cells (N = 3 mice). D, graph of gMFI (mean + SEM) of MHC-II (I-A/I-E) expression of
unstimulated mouse splenic B cells (N = 3 mice). £, mouse splenic B cells were treated with indicated doses of anti-lgM Ab for 24 h (N = 3 mice). A two-way
ANOVA followed up with an unpaired t-test with Sidak correction for multiple comparisons (A-C, E) or an unpaired t-test (D) was used to determine
statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

these proteins. However, in contrast, malignant B cells deficient in
TRAF3 display enhanced sensitivity to killing by Pim 2 or c-myc
inhibition (53), consistent with oncogene addiction (51). This
contrast between resistance of TRAF3-deficient primary cells and
enhanced sensitivity of TRAF3-deficient malignant B cells was
also seen in the present study for inhibitors of the kinases Syk and
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Btk, whose activation by BCR signals is elevated in the absence of
TRAF3. Thus, defining TRAF3-regulated pathways contributing
to survival and activation of B cells is valuable in understanding
both normal B cell biology and informing choice of promising
pathway inhibitors for B cell malignancies, as TRAF3 deficiency is
seen in a significant proportion of these tumors.
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Figure 7. Impact of TRAF3 expression on survival of mouse splenic B cells and human B-cell lymphoma cell lines following BCR pathway inhibition.
A, mouse splenic B cells were treated with indicated doses of R406 (left) or ibrutinib (right) with (black) or without (gray) 5 pg/ml anti-IlgM Ab for 24 h. Cell
viability was determined by exclusion of live/dead stain by flow cytometry. The percent viability was calculated as the mean viability of inhibitor-treated
samples normalized to DMSO vehicle-treated sample for each genotype. Graphs indicate mean values + SEM of percent viable cells (N = 3 mice). A two-way
ANOVA followed up with unpaired t-tests with Holm-Sidak correction for multiple comparisons was used to evaluate differences for statistical significance
(* p < 0.05, ** p < 0.01, *** p < 0.001). B, TRAF3 expression in the indicated human lymphoma cell lines was measured by Western blot (N = 3 independent
experiments). Graphs represent the mean normalized TRAF3 expression + SEM. C, the indicated human B lymphoma cell lines were treated with indicated
doses of ibrutinib for 48 h. Cell viability was determined by exclusion of live/dead stain by flow cytometry. Line graph indicates mean values + SEM of
percent viable cells. The half maximal inhibitory concentration (ICs) was calculated using Graphpad Prism (N = 3 independent experiments). D, line graph
of mean relative TRAF3 protein expression versus 1Cso. Trendline and R-squared value was calculated with Graphpad Prism.

Mice of 2—6 months of age and similar numbers of males and
females were used for all experiments. Sex and age-matched
Traf3"/%* mice were used as controls unless otherwise
indicated. All mice were housed in specific pathogen-free
conditions and in accordance with National Institute of

Experimental procedures
Mice

The Traf3"1* Cd19-Cre (B-Traf3”'") mouse strain, bred
extensively to C57BL/6 mice, was described previously (3).
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Health guidelines under an animal protocol approved by the
Animal Care and Use Committees at the University of lowa
and the Iowa City Veteran’s Affairs Medical Center.

Mouse primary B-cell isolation and cell culture

Splenic B cells were purified by negative selection using a
mouse B-cell isolation kit according to manufacturer’s
protocols (STEMCELL Technologies, Vancouver, Canada).
Isolated B cells were maintained in RPMI 1640 medium
(Life Technologies, Carlsbad, CA) containing 10 pM
2-B-mercaptoethanol (Sigma Aldrich, St Louis, MO), 10%
heat-inactivated fetal bovine serum (Atlanta Biologicals,
Atlanta, GA, USA), 2 mM L-glutamine (Life Technologies),
and 100 U/ml penicillin-streptomycin antibiotics (Life Tech-
nologies), referred to as B-cell medium-10 (BCM10).

Cell lines

Cell lines used in the experiments reported here included:
BJAB (69), Karpas 422 (70), OCI-Ly10 (71), Daudi (72), Dawo
(73), Ramos (74), and OCI-Ly7 (71), and CHI12.LX (29).
TRAF2™'~ and TRAF3™~ CH12.LX cell lines were described
previously (45, 46). All cell lines were maintained in BCM10.

Antibodies and reagents

Antibodies (Abs) used in immunoblotting were purchased
from Cell Signaling Technologies (Danvers, MA). They are
specific for: p-CD79 A (Y182), p-Syk (Y352), p-Btk (Y223), p-Erk
(T202/Y204), p-Akt (S473), p-p38 MAPK (T180/Y182), p-IkBa
(S32), p-PLCy2 (Y1217), Syk, Btk, Erk, p38 MAPK, IxBa, PLCy2,
K48 polyubiquitin, MyD88, and Akt. Abs against CD79A and
CD79B were purchased from R&D systems (Minneapolis, MN).
The Abs recognizing mouse TRAF3 were purchased from Santa
Cruz Biotechnology (H-122; Dallas, TX) or Cell Signaling
Technologies. The Ab recognizing human TRAF3 was pur-
chased from Proteintech (Rosemont, IL). The anti-TRAF2 and
anti-TRAF6 Abs were purchased from MBL International
(Woburn, MA). The anti-B-actin Ab and Protein A-HRP con-
jugate were purchased from Thermo Fisher (Waltham, MA).
HRP-conjugated goat-anti-mouse IgG and goat-anti-rabbit Ig
were from Jackson ImmunoResearch Laboratories (West Grove,
PA), and HRP-conjugated goat anti-sheep Abs were from R&D
systems. Flow cytometry Abs used included those specific for:
B220-APC (eBioscience; San Diego, CA), CD21/35-PE-Cy7
(Invitrogen), CD23-PE (Invitrogen), p-Erk T202/Y204-A488
(Invitrogen), p-Syk Y352-A488 (Invitrogen), MHC-II (I-A/I-E)-
PE-Cy5 (eBioscience), CD80-FITC (Biolegend; San Diego, CA),
and CD86-PE (BD Biosciences; San Jose, CA). The pharmaco-
logic inhibitors ibrutinib and R406 were purchased from Sell-
eckchem (Houston, TX). LPS from E. coli O111:B4 was
purchased from Sigma Aldrich (St Louis, MO).

Western blotting

Protein lysates were resolved by SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
(PVDF) membranes for immunoblotting. Densitometry of the
band of interest was quantified with Multigauge (FujiFilm,
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Minato City, Tokyo, Japan) or Image] software (75). The in-
tensity of the band was normalized across the blot and then to
the intensity of the control band (total protein of interest or f3-
actin).

BCR stimulation

Goat anti-mouse IgM F(ab’), (Jackson ImmunoResearch
Laboratories) used for BCR stimulation in Figure 1 had
endotoxin removed using EndoToxin Eraser (Thermo Fisher)
until the endotoxin levels were <0.5 U (measured with
Endotoxin chromo, Thermo Fisher). 1 x10” B cells per mL
were rested for 1 h at 37 °C prior to stimulation. After stim-
ulation, the cells were then rested on ice for 2 min before
pelleting. For Western blotting, cell lysates were prepared with
2X SDS-PAGE loading buffer (1% SDS, 2% [3-mercaptoethanol,
62.5 mM Tris, pH 6.8). Lysates were heated for 10 min at 95 °C
prior to gel electrophoresis.

Immunoprecipitation

After stimulation with 20 pg/ml of anti-IgM stimulatory
antibody, 20-30 x 10° cells/sample were lysed in IP Lite lysis
buffer [0.5% Triton X, 20 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 100 mM MgCl,, 100 mM CaCl,, EDTA-free protease
inhibitors (Roche), DNAse I (5 mg/ml; Roche)]. The buffer was
supplemented with 20 mM N-ethylmaleimide (Sigma) for
ubiquitin analysis. In total, 5% of the lysate was used for input.
IP primary abs were first preincubated with protein G Dyna-
beads (Life Technologies) for 1 h at 25 °C, washed, and then
incubated with the lysate for 2 h at 4 °C with agitation. The
immune complex was isolated with a magnet, washed, resus-
pended in SDS-PAGE loading buffer, and then heated to 95 °C
for 10 min prior to WB analysis. For densitometry quantifi-
cation, the intensity of the band of interest was normalized to
the intensity of the IP protein band.

Flow cytometry

For intracellular staining, mouse splenocytes were resus-
pended at 1 x10” cells/ml in BCM10 in wells of a 96-well plate
and rested for 30 min at 37 °C. Then, the splenocytes were
stimulated with 10 pg/ml stimulatory antibody for the indi-
cated times and rested on ice for 2 min. After pelleting, the
cells were fixed with Lyse/fix buffer (BD Bioscience) for 15 min
at 37 °C. Cells were permeabilized with Perm III buffer (BD
Bioscience) for 30 min on ice. Cells were washed twice with
FACS buffer prior to incubation with anti-CD16/CD32 Fc
receptor blocking Ab (BD Bioscience) and rat serum for
15 min on ice. Phospho-specific antibodies were added to the
cells and incubated for 30 min on ice. After washing, the cells
were analyzed with an Accuri C6 Flow Cytometer or LSR II
flow cytometer (BD Bioscience). Results were analyzed with
Flow]Jo software (TreeStar). The gating strategy for MZ and FO
B cells is shown in Figure S4A.

Cell viability

For viability assays, cells were plated at 1 x 10° cells/ml for
primary B cells and 1 x 10° cells/ml for cell lines and then
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treated with the indicated inhibitor. After 24 h (primary B
cells) or 48 h (cell lines), the cells were collected, stained with
Fixable Far Red Dead Cell stain (Thermo), and then fixed with
fixation buffer (Biolegend) prior to analysis by flow cytometry.

Calcium signaling

B cells were stained in a buffer containing 145 mM NaCl,
4.5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose,
10 mM HEPES, 2 mM glutamine, and 2% fetal bovine serum
(48). Cells were stained with Calcium-Green-1 (Thermo) and
Fura Red (Thermo) for 10 min at 37 °C, washed, and then
stored on ice until analysis. Prior to analysis, the cells were
warmed to 37 °C for 5 min. A baseline measurement was
collected for 2 min prior to stimulation with 5 pg/ml anti-IgM
Ab. In total, 1 uM ionomycin was used as a positive control for
dye loading.

Statistical analysis

In most experiments, statistical significance was first eval-
uated with a two-way ANOVA (NS = not significant, # p <
0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001). If signif-
icant, a multiple unpaired two-tailed Student’s ¢-test with the
Holm-Sidak correction was used to evaluate statistical sig-
nificance for each timepoint or concentration (* p < 0.05,
** p < 0.01, ** p < 0.001, *** p < 0.0001, NS = not signifi-
cant). Other statistical details are listed in the caption of each
figure. Statistical analysis and graphs were prepared using
GraphPad Prism (GraphPad Software, San Diego, CA).

Data availability

All data needed to evaluate the conclusions in the paper are
present in the paper or the supplementary materials.

Supporting  information—This article contains

information.
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