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BANK1 interacts with TRAF6 and MyD88 in innate immune
signaling in B cells
Ina Georg 1, Alejandro Díaz-Barreiro1, Maria Morell1, Angel L. Pey 2 and Marta E. Alarcón-Riquelme1,3

Evidence supports a possible role of BANK1 in innate immune signaling in B cells. In the present study, we investigated the
interaction of BANK1 with two key mediators in interferon and inflammatory cytokine production, TRAF6 and MyD88. We revealed
by coimmunoprecipitation (CoIP) analyses the binding of BANK1 with TRAF6 and MyD88, which were mediated by the BANK1 Toll/
interleukin-1 receptor (TIR) domain. In addition, the natural BANK1–40C variant showed increased binding to MyD88. Next, we
demonstrated in mouse splenic B cells that BANK1 colocalized with Toll-like receptor (TLR) 7 and TLR9 and that after stimulation
with TLR7 and TLR9 agonists, the number of double-positive BANK1–TLR7, –TLR9, –TRAF6, and –MyD88 cells increased.
Furthermore, we identified five TRAF6-binding motifs (BMs) in BANK1 and confirmed by point mutations and decoy peptide
experiments that the C-terminal domain of BANK1-full-length (-FL) and the N-terminal domain of BANK1–Delta2 (-D2) are necessary
for this binding. Functionally, we determined that the absence of the TIR domain in BANK1–D2 is important for its lysine (K)63-
linked polyubiquitination and its ability to produce interleukin (IL)-8. Overall, our study describes a specific function of BANK1 in
MyD88–TRAF6 innate immune signaling in B cells, clarifies functional differences between the two BANK1 isoforms and explains for
the first time a functional link between autoimmune phenotypes including SLE and the naturally occurring BANK1–40C variant.
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INTRODUCTION
Systemic lupus erythematosus (SLE) is a multisystemic and chronic
disorder that is considered the prototype autoimmune disease.
SLE is caused by a complex combination of genetic, epigenetic,
and environmental factors that eventually result in abnormal
pathologic immune responses.1 B cells are considered key
components contributing to the complex pathophysiology of
SLE.2

Under normal conditions, B cells are maintained in an anergic
state by peripheral tolerance checkpoints.3 However, after chronic
activation and/or in genetically predisposed individuals, self-
reactive B cells may be released from anergy to produce
autoantibodies and change their pattern of cytokine expression.
Therefore, a better understanding of the molecular mechanisms in
B cells that lead to autoimmunity is needed. Several candidate
genes have been identified by genome-wide association studies
(GWAS) to be associated with SLE and to predispose individuals to
increased B-cell responsiveness.4,5 In addition, some B-cell
depletion therapies have been developed, although with varying
success.6–8 The exploration of new pathways and approaches to
pursue more effective therapies is a main task for current research
on autoimmunity.
Dysfunction of innate pathways has been increasingly asso-

ciated with a breakdown in immune tolerance and the

development of autoimmunity.9,10 Overactivation of nucleic
acid-sensing Toll-like receptor (TLR) 7 and TLR9 by massive release
of nuclear material in lupus patients is a clear example of this
phenomenon.11 Both receptors are known to be extremely
relevant for proinflammatory cytokine production in plasmacytoid
dendritic cells; however, they are also expressed and play a key
role in B cells.12,13 Tlr7 transgenic mice spontaneously develop a B
cell-dependent SLE-like disease because of TLR7 overexpression.14

In addition, increased secretion of interleukin (IL)-6 was shown in
another model to be orchestrated by TLR7, B-cell receptor (BCR)
and interferon-type (IFN) I receptor signaling integration in B
cells,15 highlighting once again the close relationship between B
cells and innate pathways. Although more controversial, the role
of TLR9 in autoimmunity has also been highlighted by a number
of studies.16–19 Production of antidouble-stranded DNA and
antichromatin autoantibodies in the MRL-lpr/lpr murine lupus
model was specifically diminished by Tlr9 deficiency, although
strikingly, no effect was observed on clinical outcomes or
nephritis.20 Considering all of this, it is most likely that B cells
and deregulation of their TLR7 and TLR9 pathways play a central
role in the development of autoimmunity.
TLR7 and TLR9 signal propagation is strictly dependent

on myeloid differentiation primary response 88 (MyD88),21 which
is recruited upon activation via its Toll/interleukin-1 receptor (TIR)
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domain. MyD88 binds to IL-1R-associated kinase (IRAK) 4, thereby
activating IRAK1 and IRAK2,22,23 which directly interact with tumor
necrosis factor (TNF) receptor-associated factor 6 (TRAF6). As a
result, TRAF6 undergoes lysine (K)63-linked polyubiquitination to
further propagate the signal, leading to the activation of
interferon regulatory factor 7 (IRF7), nuclear factor-kappa-B (NF-
κB) and mitogen-activated protein kinases (MAPKs).24,25

The MyD88 adaptor has two homotypic interaction motifs: a
death domain (DD)26 and a TIR domain.27 Although MyD88 has
not been genetically associated with autoimmune diseases, some
gain-of-function mutations in this gene were found in lymphomas
or correlated with increased susceptibility to certain infections.28

Involvement in innate autoimmune processes is therefore not
surprising because of its strategic position in the transduction
cascade.29–31 TRAF6 in turn was first reported by GWAS analyses to
be associated with rheumatoid arthritis (RA)32 and subsequently
reported to be associated with SLE.33 TRAF6 is a member of the
TRAF family and acts as an adaptor protein downstream of
multiple receptor families.34,35 It is involved in the direct activation
of NF-κB, MAPK, phosphoinositide 3-kinase (PI3K), the Akt/PKB
pathway, and IRFs5 and 7. TRAF family members consist of an N-
terminal Zn RING finger domain, a series of five Zn finger domains,
a coiled-coil TRAF N-domain, and a member-specific C-terminal
TRAF-C domain. In the case of TRAF6, the latter provides it with
interaction specificity towards consensus P-X-E-X-X-(X)-aromatic/
acidic motifs,36,37 which are found in interacting proteins such as
IRAK1, IRAK2, and IRAK334,36,38; CD4039; or RANK.40 In addition to
ubiquitinating targeted proteins, TRAF6 catalyzes its own site-
specific polyubiquitination. This ubiquitination was found to be of
the K63 type rather than the degradation-associated K48 type.
This specific polyubiquitination is believed to promote protein
complex formation and/or pathway activation and is therefore
often used as readout of such signaling events in experimental
setups.41 Finally, Traf6-deficient mice revealed that TRAF6 is
required for proper B-cell maturation and functions at different
levels.42

The B-cell scaffold protein with ankyrin repeats, BANK1, has
been genetically associated through GWASs with SLE43 and other
inflammatory diseases such as systemic sclerosis44 and RA.45,46

Four isoforms of BANK1 have been reported at the protein level, of
which only isoforms 1, 3, and 4 were experimentally corroborated.
Produced by alternative splicing, isoform 1 contains the canonical
sequence, named full-length (FL) BANK1 (785 amino acids). The
fourth isoform lacks exon 2, which encodes a putative conforma-
tional TIR domain, and is named Delta2 (D2) (652 amino acids).43,47

To our knowledge, no experimental data have confirmed the
functionality of this homotypic interaction domain. Of note, higher
expression of this shorter D2 isoform and lower expression of the
FL form were linked to protection against SLE in a GWAS.43 In
addition, the protective allele of one of the strongest disease-
associated variants in BANK1 (rs10516487; A allele; 61H) correlated
with poor splicing of exon 2, rendering lower amounts of the FL
form.48

BANK1 was first proposed as a positive regulator of B cell
signaling through the induction of calcium mobilization upon BCR
stimulation of chicken B cells. Its expression was found to be
confined to functional BCR-expressing B cells.49 In contrast,
removal of Bank1 in knockout mice presented enhanced germinal
center formation and IgM production in response to T-dependent
antigens, supporting a regulatory role for BANK1 in B cell
signaling. Further analyses in Bank1 and Cd40 double-knockout
mice suggested that BANK1 negatively regulates CD40-induced
Akt activation, thus preventing B cells from becoming hyperac-
tive.50 Instead, a more recent study comparing BANK1 risk vs.
nonrisk genotypes in human peripheral B cells has reported
possible opposite findings. In this case, the decreased levels of Akt
activation in subjects with BANK1 risk haplotypes presented an
expanded memory B-cell compartment. Differences between

mouse models and humans or between nonsynonymous variants
and knockout systems may account for these inconsistencies
across studies.51

The role of BANK1 in innate pathways has also been studied in
mice and, unlike BCR-CD40 signaling, shows no controversy thus
far.52,53 Experiments in Bank1−/− splenic B cells reported less IL-6
production after CpG induction and linked BANK1 to MAPK p38
phosphorylation and TLR9 signaling.52 BANK1 deficiency in the
lupus Sle1.yaa mouse model, in which Tlr7 duplication plays a key
role in disease development, also confirmed the role of BANK1 as
an enhancer of TLR7 signaling. Purified splenic B cells from B6.Sle1.
yaa.Bank1−/− mice showed reduced Ifnb, Ifna4, Irf7, Aicda, and
Stat1 expression after TLR7 stimulation. These findings were
accompanied by impaired STAT1-Tyr701 phosphorylation,
reduced nuclear translocation of IRF7, and a significant reduction
in serum autoantibodies in mice.53 However, the specific niche of
BANK1 in the TLR7 and TLR9 pathways and the consequences of
its autoimmunity-related genetic variability are still unclear.
The aim of this study was to explore candidate partners of

BANK1 in innate immune pathways based on its interaction
domains as well as the possible mechanisms of BANK1 signal
transduction. We found that BANK1 isoforms harbor functional
TRAF6-binding motifs (BM) and confirmed for the first time the
functionality of the BANK1 TIR domain. BANK1 binding to the key
components of TLR pathways, TRAF6 and MyD88, is mediated by
these interaction domains. We further analyzed BANK1 isoforms
and determined differences in their levels of interaction with
MyD88, K63-linked polyubiquitination, and production of the
cytokine IL-8, which is explained by the conformational TIR
domain that is absent in BANK1–D2. In addition, we report new
data on the naturally occurring rare variant BANK1–40C. Overall,
our data support previous observations made in Bank1 knockout
mice and provide new insights into the role of BANK1 in innate
immune signaling in B cells, which is an essential task in the
advance towards more effective and personalized therapies in
patients suffering from autoimmune diseases such as SLE.

RESULTS
BANK1 interacts and colocalizes with TRAF6 and MyD88
The TLR signaling adaptor MyD88 contains two interaction motifs:
a death domain and a TIR domain, which are both involved in
homotypic interactions.21 We therefore investigated by coimmu-
noprecipitation (CoIP) and colocalization studies the possible
binding to BANK1 through its putative conformational TIR domain
encoded by exon 2.47 Western blot analysis of immunoprecipita-
tions conducted in nonstimulated HEK293 cells confirmed the
interaction (Fig. 1a). Notably, the BANK1–D2 isoform lacking the
TIR domain exhibited a sharp decrease in binding to MyD88
(mean decrease of approximately one-third) compared to
BANK1–FL, suggesting that this protein motif considerably
mediates the interaction (Fig. 1a, b). Consequently, we searched
for BANK1 natural variants lying within exon 2 to test their possible
effects on this interaction. SNP rs35978636 is the only described
deleterious variant (as predicted by PolyPhen-2)54 with a
frequency higher than 0.01 in the European population (dbSNP).55

It is represented by a substitution of a tryptophan for a cysteine in
position 40 (40C) (Supplementary Fig. S1A, highlighted in red).
Interestingly, this variant was found to be overrepresented within
families showing several autoimmune phenotypes, including
SLE.56 Notably, compared to BANK1–FL, the BANK1–40C mutant
showed an average increase of one-third in the interaction with
MyD88 (Fig. 1a, b). Studies by confocal microscopy in nonstimu-
lated U2OS cells showed that expression of BANK1 alone resulted
in a homogenous distribution throughout the cytoplasm with
occasional small cytoplasmic aggregates, whereas MyD88 dis-
played various patterns (Supplementary Fig. S2A–D). However,
when expressed together, MyD88 and all three BANK1 proteins
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Fig. 1 BANK1 interacts and colocalizes with MyD88 and TRAF6. a Nonstimulated HEK293 cells transfected with V5-tagged MyD88 or empty vector
(EV) together with Flag-tagged BANK1 constructs. Coimmunoprecipitations (CoIP) were carried out against the V5 epitope, and proteins were
detected with the indicated antibodies. b Quantification with ImageJ of four independent experiments. Dots indicate BANK1 CoIP band intensity
relative to the amount of MyD88 immunoprecipitated. Medians with interquartile ranges are represented. c BANK1-YFP vectors and MyD88-
CFP were transfected into nonstimulated U2OS cells to study their subcellular localization and colocalization. Note that BANK1-YFP isoforms are
shown in green and MyD88-CFP in red for a better appreciation of merged images. d Overexpression of Myc–TRAF6 in combination with V5-
tagged BANK1–FL or BANK1–D2 in nonstimulated HEK293 cells and immunoprecipitation with an anti-MYC antibody. Immunoblotting with the
indicated antibodies shows TRAF6 interaction with both isoforms of BANK1. e Quantification with ImageJ of four independent experiments as in b.
Dots indicate BANK1 CoIP band intensity relative to the amount of TRAF6 immunoprecipitated. Medians with interquartile ranges are represented
in the graph. f BANK1–GFP vectors for both isoforms and RFP-TRAF6 were transfected into nonstimulated U2OS cells. BANK1–FL and –D2 formed
accumulations and defined small punctate structures in which both isoforms were highly colocalized with TRAF6 (arrows, MERGE). Nuclei were
stained with DAPI. g BANK1–YFP isoforms were transfected with RFP-TRAF6 and MyD88-CFP vectors into nonstimulated U2OS cells. h Endogenous
CoIP reactions in the B cell line Namalwa showed a TRAF6–BANK1–MyD88 interaction. TRAF6 was pulled down, and immunoblotting reactions
were developed against BANK1, TRAF6, and MyD88. The image shown is from a single experiment that is representative of at least three separate
experiments. Western blot bands from β-actin were densitometrically measured by ImageJ to determine the lane normalization factor for samples
that were then used to normalize bands from CoIP reactions. Mean fold changes in the BANK1 and MyD88 interaction relative to TRAF6 over time
of stimulation are shown, where time point 0 was taken as the control. See also Supplementary Fig. S4 for graphic presentations of the results and
statistics. p105, p-IKBα, and IKBα immunoblots indicate successful stimulation of TLRs. The unpaired nonparametric Mann–Whitney t-test was
applied *p < 0.05. All images were taken with a ×63 objective using a ZEISS confocal microscope. Scale bars= 10 µm
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predominantly colocalized in large aggregated structures (Fig. 1c,
arrows).
TRAF6 is known to form a complex with MyD88 and IRF7 after

TLR7, TLR8, or TLR9 stimulation, triggering the production of IFN-
alpha.57 This E3 ubiquitin ligase requires a specific consensus
sequence in its interacting proteins represented by the motif P-X-
E-(X)2-aromatic/acidic residue36 or P-X-E-(X)3-aromatic/acidic resi-
due.37 We therefore searched the protein sequences of BANK1
isoforms for these BMs (Supplementary Fig. S1). Indeed, we found
four putative TRAF6 BMs in the FL isoform (Supplementary
Fig. S1A, underlined) and five TRAF6 BMs in the D2 short isoform
of BANK1 (Supplementary Fig. S1B, underlined). A Wald statistical
test revealed that these findings deviate significantly from those
expected at random (p < 0.002 for both isoforms), highlighting the
relevance of these motifs in BANK1. The fifth BM is formed by the
absence of exon 2 in the D2 isoform (Supplementary Fig. S1A,
exon 2 is highlighted in blue). This motif is not a full consensus
TRAF6 BM because it contains aspartate (Asp) instead of
glutamate (Glu) in the third position (Supplementary Fig. S1B).
However, we considered it in our study for two reasons: (1) the
high similarity between Asp and Glu in terms of protein structure
conservation and (2) a mutation in CD40, a well-known target of
TRAF6, consisting of a change from Asn to Asp, generated a motif
with enhanced affinity for TRAF6.36 Moreover, this protein displays
both TRAF6 BM consensus sequences (P-X-E-(X)2-aromatic/acidic
residue or P-X-E-(X)3-aromatic/acidic residue). To determine
whether TRAF6 can interact with both isoforms of BANK1, we
performed transient transfections of Myc–TRAF6, BANK1–FL–V5,
and BANK1–D2–V5 in nonstimulated HEK293 cells and immuno-
precipitations with an anti-MYC antibody. We found that TRAF6
interacts with both isoforms of BANK1 (Fig. 1d), although we
noticed a significant decrease of approximately one-third in
binding to BANK1–D2 compared to BANK1–FL (Fig. 1d, e). The
BANK1–40C mutant resulted in inconsistent binding to TRAF6
relative to BANK1–FL and was thus not quantified (data not
shown). We then performed colocalization analyses of TRAF6
with the two BANK1 isoforms and the BANK1-40C mutant
in nonstimulated U2OS cells. All three BANK1 proteins
formed aggregate-like structures in which they sometimes
colocalized with TRAF6 (Figs. 1f, arrows and S3A). Interestingly,
we determined a significant decrease in colocalization between
BANK1–D2 and TRAF6 compared to BANK1–FL, which corresponds
to decreased binding to TRAF6 (Supplementary Fig. S3B).
The MyD88–TRAF6 interaction has been studied in the context

of TLR signaling.57 We cotransfected both proteins into non-
stimulated U2OS cells and observed that some cells displayed
colocalization in punctate structures across the cytoplasm
(Supplementary Fig. S3C, white arrows). Then, we studied the
colocalization pattern of MyD88 and TRAF6 together with BANK1
proteins in nonstimulated U2OS cells. We found that all three
proteins colocalized in most of the cells in large aggregated
structures, suggesting that BANK1 participates as part of the
MyD88–TRAF6-signaling complex (Figs. 1g and S3D).
Next, we tested whether BANK1, MyD88, and TRAF6 are also

able to interact endogenously in the B cell line Namalwa by
immunoprecipitating TRAF6 under nonstimulated conditions and
after TLR7 (agonist R848) or TLR9 (agonist ODN 2006) engagement
(Figs. 1h and S4). An interaction among TRAF6, BANK1, and MyD88
was already observed under nonstimulated conditions (Fig. 1h).
We followed the interaction kinetics of BANK1 with TRAF6 upon
R848 stimulation and determined that the interaction decreased
gradually with time and was reduced by approximately two-thirds
within an hour (0.34). The kinetics for cells following TLR9
induction also showed a decrease at 15 and 30min and further
declined by two-fifths (0.59) at 60 min. In contrast, TRAF6
interaction kinetics with MyD88 increased strongly upon stimula-
tion with the TLR7 agonist R848 but then decreased slowly by
one-third compared to the initial levels within an hour (0.69)

(Fig. 1h). Namalwa cells stimulated with the TLR9 agonist ODN
2006 also showed a slight increase at 15 min of stimulation but
then declined continually and reaching a value one-fourth lower
than that in nonstimulated cells after an hour (0.75) (Fig. 1h).
These results suggest that BANK1 is slowly released from the
MyD88–TRAF6–BANK1 protein complex after stimulation. Immu-
noblots against p105, p-IκBα and IκBα, and ELISAs for IL-8 and
TNF-α confirmed the activation of innate immune signaling
(Figs. 1h and S5A).

BANK1, TRAF6, and MyD88 colocalize in mouse splenic B cells
Previous studies in Bank1−/− mice suggest a regulatory role for
BANK1 in B-cell signaling,50 and a study in purified splenic B cells
from B6.Sle1.yaa.Bank1−/− lupus mice showed impaired activation
of the pathway after TLR7 stimulation.53 Thus, we asked whether
our results obtained in vitro recapitulate the in vivo situation in
mouse B cells, if BANK1 colocalizes with TLRs 7 and 9 and if so,
whether colocalization is changed upon B cell stimulation by TLR7
and 9 engagement. First, we measured the expression levels of the
BANK1, TRAF6, and MyD88 proteins in purified CD19+ mouse cells
(Fig. 2a) and found no substantial changes in the expression of
BANK1 and TRAF6 in ODN 1826- and R848-stimulated cells
compared to that in nonstimulated cells. Compared to those in
nonstimulated cells, MyD88 expression levels increased by
approximately one-third in CD19+ cells stimulated with ODN
1826 for all three time points and increased by approximately one-
tenth after 15 min of TLR7 engagement but then gradually
decreased (Fig. 2a, statistics Table S1 Excel file). To determine the
activation of B cells by different TLR agonists at 24 and 48 h, we
measured IκBα degradation (Fig. 2a) and IL-6 production
(Supplementary Fig. S5B). Cells responded to the stimuli most
effectively within 30 min, and thus, we used this time for imaging
flow cytometry analyses. First, we conducted single immunofluor-
escence (IF) reactions for MyD88, BANK1, TRAF6, and TLR9 in
purified mouse B cells to optimize the reactions by confocal
microscopy (data not shown) and imaging flow cytometry
(Supplementary Fig. S6A). Then, we performed triple IF reactions
for BANK1 with either TRAF6 or MyD88 in combination with TLR7
or 9. We determined that BANK1 was localized in the cytoplasm
and formed small single-protein accumulations alone (Fig. 2b,
panels 1, arrow and 2, asterisk) or colocalized with either TRAF6 or
MyD88 (Fig. 2b, panels 1 and 2). Our IF analysis also showed that
BANK1 colocalized with TLR7 and 9, indicating the possible
involvement of BANK1 in innate immune signaling (Fig. 2b, panels
3 and 4). Colocalization was measured by the bright detail
similarity coefficient, R3, which was designed to quantify the
colocalization of two probes in a defined region. We observed
similar colocalization in stimulated and nonstimulated cells for all
reactions analyzed (Supplementary Fig. S6B). BANK1 colocalized
with TRAF6 and MyD88 even in the absence of stimuli, confirming
our results from endogenous CoIPs conducted in human B cells
(Fig. 1h) and from confocal microscopy (Supplementary Fig. S7A).
In the next step, we quantified the percentage of colocalization

of the studied proteins to determine the degree of change in
double-positive cells upon stimulation (Figs. 2c and S7B, C). In
nonstimulated cells, ~40% of cells were BANK1 and TRAF6 double
positive; however, we observed a significant increase of ~25% in
R848-stimulated cells and 35% in ODN 1826-stimulated cells
(Fig. 2c). Interestingly, the changes in the number of cells double
positive for BANK1 and MyD88 were even stronger. We observed
that 20% of nonstimulated cells were already positive for both
factors, while this value increased to 60% in cells stimulated with
R848 and to 70% in cells stimulated with ODN 1826 (Fig. 2c). We
also investigated the changes in cells double positive for
BANK1–TLR7 and BANK1–TLR9 and observed a similar pattern for
both receptors, namely, that 20% of nonstimulated cells were
already double positive. The percentage increased 20% following
R848 stimulation for both receptors and 30% and 40%,
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respectively, following ODN 1826 stimulation (Fig. 2c). These results
indicate that BANK1 is indeed involved in the TRAF6 and MyD88
interaction complex together with TLR7 and 9. As expected, we
observed an increase in cells double positive for TLR7 with MyD88
or TRAF6 and TLR9 with MyD88 or TRAF6, respectively, upon TLR7
and 9 agonist stimulation (Supplementary Fig. S7B, C).

BANK1 binds to TRAF6 via the C-terminal domain in the FL isoform
and the N-terminal domain in the D2 isoform
The BANK1–FL protein sequence consists of 785 amino acids (aa).
In this sequence, we can distinguish the Dof/BCAP/BANK
(DBB) domain (200–327 aa), followed by two ankyrin repeats
(ANK1 342–371 aa; ANK2 378–408 aa) and a coiled-coil region
close to the C-terminus (677–705 aa)58 (Fig. 3a). In the BANK1–FL
protein sequence, there are four TRAF6 BMs, numbered and
located within the sequence as follows: #1 (202–208 aa), #2
(206–212 aa), #3 (472–478 aa), and #4 (731–737 aa) (Fig. 3a).
BANK1–D2 distinguishes itself from BANK1–FL by the lack of exon
2, which leads to the creation of another TRAF6 BM in BANK1–D2
at residues 22–28 in the aa sequence that was numbered #5
(Fig. 3b). To determine which of the four TRAF6 BMs in BANK1–FL
and the fifth motif in BANK1–D2 are responsible for the interaction

with TRAF6, mutants harboring point mutations in each of the
three core amino acids of each TRAF6 consensus motif were
constructed (Figs. 3c, d and S8, statistics in Tables S2 and S3 in the
Excel file). We determined in our analyses that the
BANK1–FL–202–V5 mutant located in TRAF6 BM #1 in the FL
protein showed a significant increase of three-quarters in the
protein interaction with Myc–TRAF6 (1.71) (Fig. 3e). The point
mutant BANK1–FL–212–V5 in motif #2 also showed an increase;
however, this change was insignificant. The other mutants showed
decreased interaction with Myc–TRAF6, with decreases ranging
between one-tenth and one-fifth. However, mutants
BANK1–FL–733–V5 and -737–V5 located in TRAF6 BM #4 close
to the BANK1 C-terminus showed a significant reduction by one-
third (0.66) in their interactions with Myc–TRAF6 (Fig. 3e). We
determined significantly reduced interactions with the Myc–TRAF6
protein of more than one-third for BANK1–D2-22–V5 and of one-
fifth for BANK1-D2-27-V5 (0.64 and 0.78) (Fig. 3f), while the mutant
BANK1–D2-24–V5 showed a slight insignificant reduction. In
contrast, the BANK1–D2-28 mutant resulted in an increase in its
interaction by one-third (1.35) compared to the control. These
results suggest that the new TRAF6 BM in BANK1–D2 is functional
and that the core motif P-X-D-X-X-D bearing an Asp in the third

Fig. 2 In vivo analyses of purified splenic mouse B cells. aWestern blot of BANK1, TRAF6, MyD88, and IκBα upon stimulation of purified mouse
B cells with TLR9 and TLR7 agonists ODN 1826 and R848 for 0, 15, 30, and 60min. Densitometric measurements were performed on western
blot bands using ImageJ. Samples were normalized using β-actin to calculate fold changes in protein expression relative to time point 0. Mean
fold changes are shown. The results are from a single experiment that is representative of at least four separate experiments. See also
Supplementary material Table S1 in the Excel file for statistics. b Panels 1–4 show imaging flow cytometry images of immunofluorescence
reactions from nonstimulated purified mouse splenic B cells, with staining for BANK1 with TRAF6 (Panel 1), MyD88 (Panel 2), TLR7 (Panel 3),
and TLR9 (Panel 4). Strong colocalization was observed for all reactions according to the bright detail similarity feature R3 (R3 > 1.0).
c Percentages of cells double positive for BANK1–TRAF6, BANK1–MyD88, and BANK1 with TLRs 7 and 9 were determined in nonstimulated
cells and after 30min of R848 and ODN 1826 stimulation. One-way ANOVA was applied for statistical analyses with *p < 0.033, **p < 0.002, and
***p < 0.001 indicating significance. NS, nonstimulated; BF, brightfield. Scale bars= 7 µm
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Fig. 3 TRAF6-binding motifs (BMs) are necessary for the BANK1–TRAF6 interaction. a Drawings of BANK1–FL–V5 showing the localization of
the Dof/BCAP/BANK (DBB) motif (200–327, amino acids, aa, in red), the double ankyrin repeat-like (ANK) motifs (342–408 aa, in blue) and the
putative coiled-coil (CC) region (677–705 aa, blue circles). Below, the protein with its four TRAF6 BMs numbered #1 (202–208 aa), #2 (206–212
aa), #3 (472–478 aa), and #4 (731–737 aa). b Drawing of BANK1–D2–V5 that differs from BANK1–FL by the lack of exon 2, creating a new TRAF6
BM #5. c Drawing of the four TRAF6 BMs in BANK1–FL and their aa sequences. Core aa that were exchanged with alanine to create BANK1
mutants are colored. Peptides used for decoy peptide assays are shown. d Drawing explicitly shows TRAF6 BM #5 in BANK1–Delta2 with core
aa P(22), D(24), D(27), and Y(28) in color. The location of peptide BANK1-VI is shown underneath. e Analysis of the binding of BANK1–FL–V5
mutants by CoIP in nonstimulated HEK293 cells. Pull-down was carried out with an anti-Myc antibody, and band levels for Myc–TRAF6 were
equalized by ImageJ. The figure is from a single experiment that is representative of at least ten independent experiments. Densitometric
measurements were performed. Signals of bands from lysates of BANK1–V5 proteins and Myc–TRAF6 were normalized by using β-actin as a
housekeeping protein. From those normalized V5/Myc signals, lane normalization factors were calculated to remove variations in transfection
efficiencies among samples. The factors were used to normalize signals from CoIP bands for V5 and Myc. Fold changes in BANK1 interaction
relative to TRAF6 were calculated. Interaction of BANK1–WT–V5 with Myc–TRAF6 was used as a control. See also Supplementary Fig. S8A for a
graphic presentation of the results and Table S2 in the Excel file for statistical analyses. f Analyses of CoIP reactions of BANK1–D2–V5 mutants
with Myc–TRAF6 were performed as described for BANK1–FL in nonstimulated HEK293 cells. See also Supplementary Fig. S8B for a graphic
presentation of the results and Table S3 in the Excel file for statistical analyses. g Table summarizes the results from decoy peptide
experiments. Nonstimulated HEK293 cells were transiently transfected with 1 µg Myc–TRAF6 and 4 µg BANK1–FL/D2–V5, harvested, and
subjected to pull-down with an anti-Myc antibody, and the cleared lysates were incubated either without any peptide added (0mM) or with
0.01 mM, 0.1 mM, 1 mM, 10mM, and 100mM peptide. For BANK1–FL, peptides BANK1-I to -V were tested, while for BANK1-D2, peptide
BANK1-VI was tested. Peptide IRAK3A was applied as a negative control, while peptide IRAK3 was used as a positive control for the BANK1–V5:
Myc–TRAF6 interaction. Experiments were performed for each concentration at least three times. Western blot bands of CoIP reactions were
measured by ImageJ and BANK1–V5:Myc–TRAF6 ratios were calculated. The results are shown as the means of these ratios and their
significance. See also Supplementary Tables S4 and S5 in the Excel file for statistical analyses. The Wilcoxon signed-rank test was used for
statistical analyses of BANK1 mutants with p < 0.12 (ns), *p < 0.033, **p < 0.002, and ***p < .001 and the unpaired Mann–Whitney t-test for
decoy peptides with p < 0.1234 (ns), *p < 0.0332, **p < 0.0021, ***p < 0.0002, and ****p < 0.0001. ns, not significant
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position might be responsible for mediating TRAF6 binding rather
than the motif P-X-D-X-X-X-Y (Fig. 3d–f).
Next, to verify our results obtained by BANK1 point mutant

analyses, we designed decoy peptides for each TRAF6 BM in
BANK1–FL and BANK1–D2 and tested the effects of these decoy
peptides at different concentrations on the interaction of BANK1
with TRAF6. These peptides might be useful as potential
treatments for human autoimmune diseases such as SLE by
modulating TRAF6 signaling and its associated biological func-
tions. Thus, we designed five decoy peptides for BANK1–FL,
named BANK1-I, -II, -III, -IV, and -V. Their locations are shown in
Fig. 3c. Each decoy peptide was designed to cover one entire
TRAF6 BM. We also designed peptide BANK1-III, which covers
TRAF6 BMs 1 and 2 entirely (Fig. 3c). For BANK1–D2, we designed
the decoy peptide BANK1-VI (Fig. 3d). We added peptide IRAK3A
as a negative control and IRAK3, a well-described TRAF6 target, as
a positive control.36 As expected, the negative control, IRAK3A,
resulted in both BANK1 isoforms in an unchanged BANK1–TRAF6
interaction, and only at high concentrations was an effect
detectable (Figs. 3g and S9A, B and Tables S4 and S5 in the Excel
file for statistics). We detected a dose-dependent decrease in the
BANK1–TRAF6 interaction for the positive control peptide IRAK3
for both BANK1 isoforms, which demonstrated the functionality of
the peptide assay. When we tested our BANK1 peptides, we
noticed that all peptides could interfere with the BANK1–TRAF6
interaction but with different affinities. In addition, the peptide
assays reflected the results of BANK1 point mutant analyses.
Peptides BANK1-I and -II failed to block the BANK1–TRAF6
interaction at the lowest concentration of 0.01 mM but did block
this interaction at 0.1 mM. Both peptides stopped inhibiting the
interaction again at higher concentrations. Interestingly, the
BANK1-III peptide, which covers TRAF6 BMs 1 and 2 for peptides
I and II, reduced the BANK1–TRAF6 interaction by approximately
half at 0.01 mM compared to the reaction without peptide, which
was even stronger than the positive control, and continued
inhibiting at 0.1 mM but then declined its action at high
concentrations. This may reflect a synergistic effect of the
simultaneous blockade of BM 1 and 2 in BANK1. Peptide
BANK1-IV gave results similar to the double peptide BANK1-III.
However, peptide BANK1-V was the only peptide tested that
inhibited the BANK1–TRAF6 interaction in a dose-dependent
manner with consistent and significant results. The interaction of
BANK1–D2–V5:Myc–TRAF6 was significantly reduced by approxi-
mately half when we added peptide BANK1-VI at 0.01 mM but
then stagnated (Fig. 3g), indicating the relevance of the N-terminal
domain of the D2 isoform in the interaction with TRAF6, which is
in agreement with our point mutation results (Fig. 3f). In
combination, our mutational and decoy peptide assays point to
BM 4 in the C-terminus as the more relevant mediator of the
BANK1–TRAF6 interaction in BANK1–FL. In contrast, the N-
terminus with the newly formed BM 5 seems to be important in
the BANK1–D2 isoform.

The TIR domain in BANK1 is important for its K63-linked
polyubiquitination and TLR pathway activation
We performed functional analyses to study possible signaling
differences between BANK1 isoforms and BANK1–40C. One reason
might be related to altered protein half-lives due to different
protein sequences, which would translate into different protein
abundances. We conducted cycloheximide (CHX) chase assays in
nonstimulated U2OS cells for 0, 4, 8, and up to 12 h (Fig. 4a). We
used p53, a well-known short-lived protein, as an internal control.
We tested the BANK1–V5 proteins and observed that their stability
was higher than that of p53 and that the protein levels decreased
gradually within 12 h (Fig. 4a). BANK1–D2 and BANK1–40C showed
a reduction of two-fifths after 8 h of CHX treatment (0.59), while
BANK1–FL was reduced approximately by one-fourth (0.73). At 12
h of treatment, BANK1 proteins showed similar reductions (0.23,

0.24, and 0.15) (Fig. 4a). In conclusion, BANK1 proteins have similar
protein half-lives and display a medium- to long-term stability of
more than 6 h, as reported previously by Yen et al.59 To confirm
this result, we performed ubiquitination assays on BANK1 proteins,
showing that BANK1 ubiquitination is generally low with very little
K48-linked polyubiquitination (Supplementary Fig. S10). All these
data suggest that the possible signaling properties of the different
BANK1 proteins are not defined by their protein stability.
It is generally known that ubiquitination is important for the

activation, fine-tuning, and termination of immune system
signaling. We know from our study that BANK1 is a part of the
so-called Myddosome signaling complex involving MyD88 and
TRAF6. K63-linked polyubiquitination of TRAF6 is crucial to
activate the TLR pathway.41 Therefore, we tested K63-linked
polyubiquitination of BANK1 proteins. We observed in nonstimu-
lated HepG2 cells that BANK1–FL–V5 and −40C–V5 showed a
similar strong signal for K63-linked polyubiquitination (Fig. 4b). We
also determined similar results in response to ODN 2006 and R848
(Fig. 4b).
Then, we asked whether BANK1 isoforms, the −40C mutant and

point mutants of BANK1–FL–V5 and BANK1–D2–V5 had effects on
proinflammatory cytokine production in the presence of TRAF6 in
either nonstimulated or stimulated HepG2 cells (Figs. 4c and S11
and Table S6 in the Excel file for statistics). We determined that IL-
8 cytokine secretion was independent of the stimulus and that the
presence of the BANK1–V5 proteins increased IL-8 production
compared to HepG2 cells expressing Myc–TRAF6 only; however,
this difference was only marginal for BANK1–D2–V5 (Fig. 4c).
In addition, the lack of the TIR domain in BANK1–D2–V5

resulted in reduced IL-8 cytokine levels compared to
BANK1–FL–V5 and BANK1–40C–V5. Next, we studied whether
the intensity of TRAF6 binding to BANK1 influences IL-8
production by testing our BANK1 mutants. Interestingly, we
determined that point mutants in the C-terminus of
BANK1–FL–V5, −731, −733, and −737 produced less IL-8 than
BANK1–FL–V5 (Fig. 4c). This result was in line with the reduced
interaction with Myc–TRAF6 (Fig. 3e). However, BANK1–FL-
202–V5 showed lower IL-8 production than BANK1–FL–V5,
although its binding to TRAF6 was stronger (Fig. 3e).
BANK1–D2–V5 mutants −24, −27 and −28 showed lower IL-8
production than BANK1–D2–V5, but the mutant −22 showed
higher levels of IL-8 production. In general, the binding of BANK1
point mutants to TRAF6 correlated only partially with IL-8
production. Thus, we cannot exclude the possibility that the
altered interaction between BANK1 mutant proteins and TRAF6
might impact different signaling outcomes. These results demon-
strate that the absence or modification of the BANK1 TIR domain
influences proinflammatory cytokine production.

DISCUSSION
In this study, we placed for the first time the SLE-linked B-cell
adaptor BANK1 within the TLR pathway. We found that in B cells,
BANK1 interacts, and colocalizes with two key TLR signaling
molecules: the master adaptor MyD88 and the E3 ubiquitin ligase
TRAF6. Specific modifications of the BANK1 protein sequence can
alter these interactions with important implications in the context
of disease-related genetic variability of this gene. The BANK1 exon
2-encoded domain was recently proposed to be a TIR domain
because of its high homology to the TIR domain of the BCAP
adaptor (~40%).60 To our understanding, our data are the first to
experimentally show the functionality of the BANK1 TIR domain.
This homotypic motif was crucial for (a) the interaction with the
other TIR-containing adaptor, MyD88; (b) K63-linked polyubiqui-
tination; and (c) induction of the proinflammatory cytokine IL-8
production as a readout. We have also described five previously
unidentified TRAF6 BMs within the BANK1 isoforms that indicated
a link between TRAF6 binding and BANK1.
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TRAF6 requires the presence of consensus BMs within targeted
proteins to allow their interaction.36,37 Of the two types of TRAF6
BMs described to date, we found four of the type P-X-E-(X)3-
aromatic/acidic residues within the BANK1–FL isoform, with two of
them overlapping (BM #1 and #2).36,37 In BANK1–D2, we found an
extra BM formed following alternative splicing of exon 2 and the
subsequent removal of the TIR domain (BM #5). This N-terminal
BM 5 presented an Asp instead of a Glu in position 3, but these
two amino acids are considered highly similar in terms of protein
structure conservation. Indeed, our mutational analyses showed
that a TRAF6 BM with an Asp in position 3 was able to mediate the
interaction with TRAF6. This fact should be considered when
searching for new putative TRAF6 targets.
Mutational analysis of the BANK1–FL isoform showed that BM 4

at the C-terminus was crucial to maintain its interaction with
TRAF6 at normal levels. However, we could only partially link
TRAF6-binding ability in the C-terminus of BANK1–FL with IL-8
proinflammatory cytokine production. Our results connecting
TRAF6-binding affinity to BANK1 and IL-8 production require
caution. Further studies are needed to demonstrate the impor-
tance of the BANK1–TRAF6 interaction in innate immune
signaling. In the case of the BANK1–D2 modification, two of the

core amino acids of the newly formed BM 5 indeed decreased the
binding to the E3 ubiquitin ligase, supporting its functional role as
well. Additional decoy peptide assays confirmed the functionality
of the TRAF6 BMs in BANK1. Moreover, we showed that the BANK1
TIR domain is also important for the TRAF6 interaction since the
absence of this domain in the D2 isoform decreased binding by
one-third. The BANK1–TRAF6 interaction might be indirectly and/
or partially mediated by MyD88 and/or other TIR-containing
proteins, such as MAL/TIRAP or TICAM-1/TRIF. Another explanation
is that the D2 isoform may present differential folding that could
affect the exposure of the rest of the TRAF6 BMs in BANK1,
decreasing their direct interaction. These hypotheses are not
mutually exclusive, and they could both occur given the complex
nature of signaling platform formation. Our CoIP experiment in
the Namalwa B cell line shows that BANK1 interacts with MyD88
and TRAF6 endogenously. This complex is formed naturally under
nonstimulated conditions, and we observed that the amount of
interacting BANK1 and TRAF6 decreased with time after stimula-
tion with TLR7 or TLR9 agonists, suggesting a release of BANK1
from the MYD88–TRAF6-signaling complex after pathway initia-
tion. We further determined in mouse B cells that BANK1
colocalized with MyD88 and TRAF6 as expected but also with

Fig. 4 Functional analyses of BANK1 proteins. a Protein stability of BANK1–FL, BANK1–D2, and BANK1–40C was studied in
nonstimulated U2OS cells by treating cells with 100 µg/ml cycloheximide (CHX) for a time frame of 12 h. β-Actin was used as a housekeeping
protein to normalize samples by ImageJ. See also Supplementary Fig. S10. b K63-linked polyubiquitination of BANK1–FL and -D2 and
BANK1–40C was tested in nonstimulated HepG2 cells and in cells stimulated O/N with 2 µM ODN 2006 and 8 µg/ml R837. Pull-downs were
performed with an anti-HA antibody O/N at 4 °C, and eluates of immunoprecipitates were run on a western blot and interrogated with an anti-
BANK1 antibody. c Proinflammatory IL-8 cytokine production was measured in supernatants derived from HepG2 cells transfected with 0.1 µg
Myc–TRAF6 only and with 0.1 µg Myc–TRAF6 together with 0.4 µg BANK1–FL–V5, -D2–V5, and -40C–V5 and treated for 72 h with R837 and
ODN 2006. The results are shown as the mean fold changes in IL-8 production relative to BANK1–FL from three independent experiments. The
results are presented in bars for mock (black), R837-stimulated (dark gray) and ODN 2006-stimulated (light gray) HepG2 cells. Samples are
categorized as TIR domain-dependent and BANK1 point mutants. See also Supplementary Fig. S11 for transient transfection efficiency in
HepG2 cells and Table S6 in the Excel file for statistical analyses. Two-way ANOVA was applied with p < 0.12 (ns), *p < 0.033, **p < 0.002, and
***p < 0.001. ns, not significant
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TLR7 and TLR9 under nonstimulated conditions and after
stimulation. However, upon B cell stimulation with the TLR7
agonist R848 and the TLR9 agonist ODN 1826, we determined
similar expression levels of BANK1, TRAF6, and MyD88 but
significantly increased levels of B cells double positive for BANK1
in combination with MyD88, TRAF6, TLR7, and TLR9. These results
are interesting in the context of endogenous BANK1 interactions
and need further experiments on the kinetics of binding and the
proximity of MyD88–TRAF6–BANK1 as a signaling platform.
Previous work by Kozyrev et al.43 showed that the risk allele (G;

R61) of the SLE-associated SNP rs10516487 in BANK1 correlates
with increased levels of BANK1–FL mRNA and BANK1 protein in
lymphoblastoid cell lines. Conversely, the mRNA of the FL isoform
was decreased in PBMCs from individuals with the protective
allele of the same SNP (A; H61), which in turn presented increased
levels of the BANK1–D2 transcript.43 We recently performed a
high-density genetic analysis of BANK1 in which our genetic and
epigenetic observations suggested a link between the BANK1
exon 2-encoded TIR domain and the development of autoimmu-
nity.61 BANK1 has been previously related to TLR pathways,52,53 so
we decided to investigate the interaction of BANK1 with the key
player in TLR activation, MyD88. Our CoIP experiments confirmed
the interaction, which was primarily mediated by the BANK1 TIR
domain. Other regions of BANK1 may account for the residual
binding observed after removal of the TIR domain. MyD88
aggregation occurs after activation of TLR pathways in a process
related to K63-linked polyubiquitination.62 Similarly, we have
shown that BANK1 and MyD88 form large aggregated structures
where they colocalize together with the TRAF6 ubiquitin ligase.
Interestingly, the BANK1–D2 isoform displayed an inability to
undergo K63-linked polyubiquitination in vitro. Since this type of
ubiquitination is associated with increased TLR pathway activity63

and enhanced cell activation,24 our results could be interpreted as
a mechanism by which the D2 isoform confers protection against
SLE by reducing activation. In fact, the decreased K63-linked
polyubiquitination of the D2 isoform was accompanied by
impaired IL-8 production in HepG2 cells, especially upon TLR7
engagement. It is tempting to hypothesize that B cells may be less
activated in individuals with higher levels of D2 than FL, given the
signaling properties of the TIR-expressing BANK1 isoform. Inter-
estingly, the BANK1–40C mutant showed even higher IL-8
production than BANK1–FL, which was accompanied by stronger
binding to MyD88. All these data suggest that the appearance of
autoimmune phenotypes in carriers of the mutation56 might be
linked to altered innate signaling through the Myddosome
signaling platform.
This study shows for the first time the importance of the TIR

domain of BANK1, thereby functionally linking previous genetic
analyses and studies in mice with the risk of developing
autoimmune diseases, including SLE.

MATERIALS AND METHODS
Mice and cell culture
C57BL/6 wild type mice were purchased from the Jackson
Laboratory. All mice were bred and maintained in a pathogen-
free animal facility at the Biomedical Research Center of the
University of Granada. Mouse housing, handling, and experi-
mental protocols were approved by the Ethics Committee for
Animal Experimentation of the University of Granada and the
Ministry of Agriculture of Spain. Human embryonic kidney
HEK293, osteosarcoma U2OS, and hepatocellular carcinoma
HepG2 cells (all kindly provided by Daniel Krappmann (Helmholtz
Zentrum, Munich)) were maintained in Dulbecco’s modified
Eagle’s medium with GlutaMAX (Thermo Fisher Scientific,
Waltham, MA) supplemented with 10% FCS (Biowest). The B cell
lymphoma cell line Namalwa, obtained from the American Type
Culture Collection, and purified splenic mouse B cells were

maintained in RPMI medium 1640 with GlutaMAX (Thermo
Scientific) supplemented with 10% FCS.

Primary and secondary antibodies
The following primary antibodies were used: rat anti-HA (clone
3F10, Roche), rabbit anti-MyD88 (#3699S), rabbit anti-p105
(#4717), rabbit anti-IκBα (44D4) (#4812S), rabbit anti-p-IκBα
(Ser32) (#2859) (all from Cell Signaling), mouse anti-V5 (Thermo
Scientific, #R96025), rabbit anti-BANK1 (HPA037002), mouse anti
β-actin (clone AC-15) (A5441) (both from Sigma-Aldrich), mouse
anti-BANK1 (F-8) (sc-393611), rabbit anti-TRAF6 (H-274) (sc-7221),
mouse anti-TRAF6 (D-10) (sc-8409), goat anti-TLR7 (V-20) (sc-
16245), goat anti-TLR9 (N-15) (sc-13215), and mouse anti-Myc
(9E10) (sc-40) antibodies; as a nonspecific control, the immuno-
globulins rabbit IgG (sc-2027) and mouse IgG (sc-2025) (all from
Santa Cruz) were used. The HRP-linked secondary antibodies for
western blotting were anti-rabbit IgG (sc-2004) (#7074), anti-
mouse IgG (sc-2005) (#7076) (both from Santa Cruz and Cell
Signaling), anti-goat IgG (sc-2354) or anti-rat IgG (sc-2032) (both
from Santa Cruz). The secondary antibodies for IF reactions were
Alexa Fluor 555 donkey anti-goat IgG (H+ L) (#A-21432), Alexa
Fluor 647 goat anti-mouse/rabbit IgG (H+ L) (#A-21235; #A-31634)
and Alexa Fluor 488 goat anti-rabbit/mouse IgG (H+ L) (#A-11034;
#A-11001) (all from Thermo Scientific).

Plasmids and transient transfection
For interaction analyses in HEK293 cells, the vectors pRK5 (kindly
provided by Daniel Krappmann, Helmholtz Zentrum, Munich) and
pcDNA3.1D/V5-His (#K490001, Thermo Fisher Scientific) were used
either as empty vectors or containing pRK5–Myc–TRAF6 and
pcDNA3.1D–BANK1–FL–V5, -BANK1–D2–V5,58 -BANK1–40C–V5,
-BANK1 point mutants-V5, and -MyD88–V5, respectively. In
addition, pIRES S2-EGFP was used as an empty vector or containing
BANK1–FL-EGFP, -D2-EGFP, and -BANK1-40C-EGFP. For ubiquitina-
tion assays in HepG2 cells, vectors pcDNA3.1(+)-HA-Ub (kindly
provided by Prof. Yukiko Gotoh), pRK5-HA-Ubiquitin-K63, and
pRK5-HA-Ubiquitin-K48 were used (kindly provided by Ted
Dawson64; Addgene plasmid 17606 and 17605). For confocal
microscopy, U2OS cells were transfected either alone or in
combination with the expression vectors pRK5-RFP-TRAF6 (kindly
provided by Daniel Krappmann, Helmholtz Zentrum, Munich),
pcDNA3.1D/V5–BANK1–FL/D2/40C-YFP, and pcDNA3.1D/
V5–MyD88-CFP. jetPRIME transfection reagent was used to perform
transient transfections according to the manufacturer’s protocol
(Polyplus transfection).

Cytokine production
Stimulation of Namalwa and mouse B cells was tested by the
ELISA for either human IL-8 and TNFα or mouse IL-6 (both BD
Biosciences), respectively, following the manufacturer’s instruc-
tions. Briefly, cells were seeded at a concentration of 3 × 106 cells
in 12-well plates and were left nonstimulated or stimulated with 1
μM CpG B (human ODN 2006, mouse ODN 1826) (#10336022,
Thermo Fisher Scientific; tlrl-1826, Invivogen) or 5 μg/ml Resiqui-
mod (R848) (tlrl-r848, Invivogen) for 24 and 48 h; supernatants
were collected. IL-8 cytokine production in HepG2 cells was
measured by ELISA 72 h upon stimulation of cells with 8 µg/ml
Imiquimod (human R837, tlrl-imqs, Invivogen) and 2 µM ODN
2006. Cells were seeded in 24-well plates, transfected separately
with 0.1 µg pRK5–Myc–TRAF6 and 0.4 µg pcDNA3.1D/
V5–BANK1–FL/D2/40C–V5, and stimulated the next day.

Immunoprecipitation reactions
Nonstimulated HEK293 cells were seeded in 100-mm dishes (2 ×
106) and transiently transfected with a total of 5 μg pDNA. Twenty-
four hours post transfection, the cells were lysed in 900 μl Triton-X
lysis buffer (50 mM Tris-HCl, pH 7.4, 150mM NaCl, 1 mM EDTA, 1%
Triton X-100, and protease/phosphatase inhibitor cocktail tablets
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(#04693159001, #04906837001, Roche)). Thirty microliters of
cleared lysate was used for immunoblotting, while the remaining
lysates were used to perform IP reactions with 1 µg primary
antibody overnight (O/N) at 4 °C. Protein G Sepharose (#101241,
Thermo Fisher Scientific) was added for 1 h at 4 °C, and IPs were
washed, boiled in 30 μl 2× LDS sample buffer (#NP0007, Thermo
Fisher Scientific) and analyzed by western blotting. For endogen-
ous IP reactions, Namalwa B cells were seeded in 100-mm dishes
(5 × 107) and left nonstimulated or stimulated for 5, 15, 30, and 60
min with 5 μg/ml R848 and 1 µM ODN 2006. Cells were lysed in 1
ml TRITON-X lysis buffer for 60 min at 4 °C while rotating, and the
cleared lysates were incubated O/N with 2 µg primary or rabbit
control IgG antibody. Immune complexes were eluted in 20 µl 2×
LDS buffer and analyzed by western blotting. The detection
solution for the western blot membranes with strong signals was
Clarity Western ECL Substrate (#170-5061, BioRad), and that the for
membranes with weak signals was the SignalFire Elite ECL
Reagent (#12757S, Cell Signaling).

Cloning of BANK1 mutants by PCR-mediated deletion of plasmid
DNA
Primer pairs to introduce an exchange to alanine in the desired
position of each TRAF6 BM in BANK1 were designed so that
there were nonoverlapping sequences at the 3′ end and
primer–primer complementary (overlapping) sequences at the 5′
end containing the change in the codon of interest. The KAPA HiFi
PCR kit with dNTPs (#KK2101, KAPA Biosystems) was used to
introduce point mutations in 50 ng of the template vectors
pcDNA3.1D–BANK1–FL–V5 and –D2–V5 according to the manufac-
turer’s instructions. O/N digestion at 37 °C with 10 units DpnI (#1701,
Thermo Scientific) followed. Clones were verified for the introduced
point mutations by DNA sequencing (StabVida, Lisbon, Portugal).

Decoy peptides
Four peptides were designed for the four TRAF6 BMs in BANK1–FL,
plus an additional fifth peptide that included overlapping TRAF6
BMs 1 and 2 of BANK1–FL, called BANK1-III. For BANK1-D2, one
peptide was designed that reflected the BM created by the
deletion of exon 2 (BANK1-VI). The BANK1–FL peptides (with
TRAF6 BM underlined) BANK1-I (N-YVLPTEIPCE-C), BANK1-II (N-
YEIPCENPGE-C), BANK1-III (N-YVLPTEIPCENPGE-C), BANK1-IV (N-
YHSPLEVGSE-C), and BANK1-V (N-YKRPEEENVY-C) and the
BANK1–D2 peptide BANK1-VI (N-YPAPPDSEDY-C) were chemically
synthesized and purified by HPLC (Gene Cust, Luxembourg). In
addition, a peptide called IRAK3 (N-YRQGPEESDEF-C) that is
known to interact with TRAF636 was used as a positive control
to interfere in the interaction of TRAF6 with BANK1, while the
IRAK3A peptide, of which the canonical TRAF6 BM was
synthetically interrupted by substitutions with alanine, was used
as a negative control (N-YRQGAEASDEA-C). Three 100-mm dishes
of HEK293 cells per BANK1 peptide were prepared, transfected
with 1 µg pRK5–Myc–TRAF6 and 4 µg pcDNA3.1-BANK1–FL–V5/-
BANK1–D2–V5 each, and incubated O/N at 37 °C. Cells were
harvested in 1 ml Triton-X buffer and pooled in a 15 ml Falcon
tube, lysed for 30 min at 4 °C, and then 300 µl of cleared lysate was
mixed with 300 µl of various peptide concentrations (0.01, 0.1, 1.0,
10, and 100 mM). Cleared lysates of BANK1–FL/D2–V5 with
Myc–TRAF6 without any peptide added were used as control
reactions and were instead filled with 300 µl Triton-X buffer. The
reactions were left rotating for 1 h at RT, and then 1 µg anti-Myc
primary antibody was added for an O/N incubation at 4 °C.
Immune complexes were eluted in 30 µl 4× LDS buffer and
analyzed by western blotting. The signals were normalized, and
the ratios of BANK1–V5 isoforms with Myc–TRAF6 were calculated.

In vitro ubiquitination assays
HepG2 cells were seeded in 100-mm dishes (2 × 106), transiently
transfected with 1 µg pRK5-HA-empty vector or pcDNA3.1(+)-HA-

Ub, pRK5-HA-Ubiquitin-K63, and pRK5-HA-Ubiquitin-K48 with 4 µg
each pcDNA3.1D-empty vector or pcDNA3.1D–BANK1–FL–V5,
-BANK1–D2–V5, and -BANK1–40C–V5, and cells at 24 h post
transfection were stimulated O/N with 2 µM ODN 2006 and 8
µg/ml R837 and lysed on the next day in 400 μl Triton-X buffer
containing 1% SDS. To remove precipitated genomic DNA from
the lysates, samples were first passed through 21G needles and
then through 26G needles. Later, 30 µl of cleared lysate was
collected to check the lysates for transfection efficiency by
western blotting. To perform CoIP reactions, the remaining
cleared lysates were diluted tenfold with TRITON-X buffer to a
final concentration of 0.1% SDS and incubated with 1 µg anti-HA
followed by O/N incubation at 4 °C. The precipitated immune
complexes were washed three times in lysis buffer and eluted in
30 µl 4× LDS buffer, boiled for 5 min and analyzed by western
blotting.

Protein stability by CHX chase assays
U2OS cells were seeded in 6-well plates and transiently
transfected with 0.8 µg each pcDNA3.1D–BANK1–FL–V5,
-BANK1–D2–V5, and -BANK1–40C–V5. Twenty-four hours post
transfection, 100 µg/ml CHX (C7698, Sigma-Aldrich) was added to
cells in a time course from 0 to a maximum of 12 h. The cells were
lysed in 100 µl TRITON-X buffer and analyzed by western blotting.
The short-lived protein p53 was used as a positive control for CHX
treatment. The intensities of the protein bands were measured
with ImageJ using β-actin to normalize the samples.
BANK1 stability was expressed as the mean fold change from
three independent experiments, where time point 0 h was used as
the control time point and set as 1.0.

Confocal microscopy
U2OS cells were seeded on eight-well Nunc™ Lab-Tek™ chamber
slides (Thermo Fisher Scientific, Waltham, MA) and transfected with
0.25 µg of plasmid DNA the next day. In the case of single and
double transfections, the plasmid DNA was replaced with empty
vector. Twenty-four hours post transfection, the cells were washed
three times in ice-cold PBT, fixed in 4% PFA for 15min and mounted
with SlowFade Diamond Antifade Medium either with or without
DAPI (Thermo Fisher Scientific, Waltham, MA, #S36964, #S36963)
depending on the combination of expressed fluorescent proteins.
Confocal microscopy was performed using a Zeiss 710 Laser
Scanning Microscope, a Zeiss Plan-Apochromat 63X/1.40 NA oil-
immersion DIC M27 objective (aperture Pinhole= 1.0 Airy Unit) and
the Zeiss ZEN 2010 software. Fluorescence was acquired sequentially
utilizing different laser excitation lines for excitation and different
photomultipliers for the detection of cyan, yellow, and red
fluorescent protein signals. The cross-channel effect was ruled out
by measuring the emitted signal of each fluorescent protein in all
channels in single transfection controls. For quantification of the
colocalization of BANK1 isoforms and TRAF6, cells were individually
selected as ROIs, and Pearson's correlation coefficient was measured
inside these regions with the Zeiss ZEN 2010 software.

Imaging flow cytometry
Immunohistochemical analyses for imaging flow cytometry were
performed three times on a pool of purified splenic B cells derived
from four 8- to 12-week-old C57BL/6 females. Splenic B cells were
purified on magnetic columns by negative selection using a mouse
B-cell isolation kit (MACS Miltenyi Biotec, #130-090-862). Purity was
assessed by flow cytometry with a FITC anti-mouse CD19 antibody
(clone 1D3, Immunostep) and was ≥98% in all cases. Cells were
stimulated with 1 µM ODN 1826 and 5 µg/ml R848 for 30min or left
nonstimulated, washed in 1 ×MACS buffer (PBS, 2% BSA, 1mM
EDTA), fixed in 4% PFA, permeabilized for 10min at RT (MACS, 0.01%
Tween-20, 0.02% saponin), blocked first for 30min at RT in Image-iT
FX Fix signal enhancer (#I31933, Thermo Fisher Scientific) and then
for 1 h at RT in MACS buffer containing 10% NGS, and incubated
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with primary antibodies O/N at 4 °C (mouse BANK1 (1:100), rabbit
MyD88 (1:250), TLR7/9 (1:100), rabbit BANK1 (1:300), and mouse
TRAF6 (1:100)). The cells were washed twice and incubated with
secondary antibodies at a 1:1000 dilution, nuclei were stained with
Hoechst 33342 (#H1399, Thermo Fisher Scientific), and the samples
were washed before resuspension in 30 µl MACS buffer. Images
were recorded (20,000 events per condition) using the INSPIRE™
software on the ImageStreamX Mark II Imaging Flow Cytometer
(Amnis Corporation, Seattle, WA) at ×60 magnification with 405 nm
(10.00mW), 488 nm (150.00mW), 560 nm (200.00mW), 658 nm
(15.00mW), and side scatter (785 nm) (4.06mW) lasers. Single color
controls for each specific marker and Hoechst 33342 were also
acquired to correct images for fluorescence that leaked into nearby
channels and were used to create a compensation matrix via the
compensation wizard. Any changes occurring upon stimulation in
the cells gated as double positive with protein colocalization for two
probes of interest were studied using the colocalization wizard
included in the IDEAS™ (v6.2) software. The principle of the wizard is
to first gate for cells in best focus and for single cells and then gate
for cells double positive for two probes of interest with punctate
staining and express the result as % of double-positive gated cells.
Next, the program creates a histogram that provides the bright
detail similarity feature R3 to gate on colocalized events of two
probes of interest in a defined region. R3 is the log transformed
Pearson’s correlation coefficient of the localized bright spots with a
radius of max 3 pixels and can thus vary between 0 (uncorrelated,
different spatially) and 1 (perfect correlation, same spatially) (IDEAS
User’s Manual). The results were obtained and analyzed from three
independent experiments.

Statistical analysis
The unpaired nonparametric Mann–Whitney t-test (CoIP quanti-
fication in HEK293 cells, ELISA assays of Namalwa and mouse B
cells, decoy peptide assays), the Wilcoxon signed-rank test (BANK1
point mutants), one-way ANOVA (Amnis analyses), and two-way
ANOVA (ELISA assays in HepG2 cells for BANK1 proteins) were
applied using GraphPad Prism 8.1.1. The Wald statistical test was
carried out to assess the significance of finding TRAF6 BMs within
the BANK1 protein sequence. P values are indicated in the figure
legends. Error bars indicate the standard error of the mean or the
median with interquartile range. All experiments were repeated at
least three times.
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