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Background: The roles of JLP in CD40 trafficking and signaling in B lymphocytes remain elusive.
Results: JLP deficiency in B lymphocytes resulted in selective diminished CD40 internalization and activation of MAPK and
JNK.
Conclusion: JLP-mediated CD40 internalization is essential for downstream JNK and MAPK signaling in B
lymphocytes.
Significance: We report a novel role of JLP in the bridging of CD40 internalization and CD40-dependent signaling in B
lymphocytes.

CD40 expression on the surface of B lymphocytes is essential
for their biological function and fate decision. The engagement
of CD40 with its cognate ligand, CD154, leads to a sequence of
cellular events in B lymphocytes, including CD40 cytoplasmic
translocation, a temporal and spatial organization of effector
molecules, and a cascade of CD40-induced signal transduction.
The JLP scaffold protein was expressed in murine B lympho-
cytes. Using B lymphocytes from jlp-deficient mice, we observed
that JLP deficiency resulted in defective CD40 internalization
upon CD154/CD40 engagement. Examination of interactions
and co-localization among CD40, JLP, dynein, and Rab5 in B
lymphocytes suggested that CD40 internalization is a process of
JLP-mediated vesicle transportation that depends on Rab5 and
dynein. JLP deficiency also diminished CD40-dependent activa-
tion of MAPK and JNK, but not NF-�B. Inhibiting vesicle trans-
portation from the direction of cell periphery to the cell center
by a dynein inhibitor (ciliobrevin D) impaired both CD154-in-
duced CD40 internalization and CD40-dependent MAPK activ-
ities in B lymphocytes. Collectively, our data demonstrate a
novel role of the JLP scaffold protein in the bridging of CD154-
triggered CD40 internalization and CD40-dependent signaling
in splenic B lymphocytes.

CD40 is a member of the TNF receptor superfamily. It is
expressed in various immune cells, such as B lymphocytes, den-
dritic cells, and macrophages. CD154 (a ligand of CD40) is tran-
siently expressed on the surface of activated CD4� T cells. The
CD40-CD154 interaction results in the binding of TNF recep-
tor-associated factors (TRAFs)4 to the CD40 cytoplasmic tail
and subsequent activation of MAPK cascades. MAPK signaling
triggered by CD40 engagement is pivotal for shaping B lympho-
cyte function and fate, such as immunoglobulin class switching,
memory B lymphocyte development, affinity maturation and
germinal center formation, cytokine production, and plasma
cell survival (1).

In MAPK signal transduction, scaffold proteins are needed to
coordinate the signaling network by organizing discrete com-
ponents in space and time. JNK-interacting proteins (JIPs) are
defined as scaffold proteins in the JNK and p38 signaling path-
ways. Several members of the JIP family have been discovered:
JIP1– 4 and JNK-associated leucine zipper protein (JLP), which
assemble various components in the JNK and p38 signaling
pathways (2). Aside from roles in the control of signaling flow,
the JLP scaffold protein is also involved in intracellular molec-
ular trafficking or vesicle transportation (3). JLP has been doc-
umented, along with other JIPs, to be important in vesicle or
protein transport via its association with the motor protein
kinesin or dynein, which is generally required for anterograde
or retrograde transport of cargo between the cell center and
periphery along microtubules (4, 5).

Upon receptor-ligand engagement, receptor internalization
is a common mechanism through which the surface receptor is
transported to the cytoplasm to down-regulate receptor density
on the cell surface and to initiate downstream signal transduc-
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tion. Ligand engagement leads to the formation of CD40 lipid
rafts on the cell membrane, followed by CD40 internalization
and downstream signaling (6 –10). Using a gene-silencing
approach, we reported previously that the JLP scaffold protein
regulated cytoplasmic trafficking of CD40 receptors in den-
dritic cells (11). However, whether JLP plays a role in regulating
CD154-initiated CD40 receptor internalization and down-
stream signaling in B lymphocytes is unknown. Here, we exam-
ined, for the first time, the role of JLP and its underlying
mechanism in the regulation of CD154-induced CD40 inter-
nalization and MAPK signaling in B lymphocytes.

EXPERIMENTAL PROCEDURES

Animals—Wild-type (jlp�/�) and homozygous (jlp�/�) mice
were generated by inbreeding jlp�/� mice, and they were geno-
typed by RT-PCR and Western blotting as described previously
(12). 8 –10-week-old weight- and sex-matched jlp�/� and
jlp�/� littermates were used in these experiments. Mice were
housed under specific pathogen-free conditions at the Center
for Animal Experiments at Wuhan University. All animal
experiments were approved by the Animal Ethics Review Board
of Wuhan University and performed in accordance with the
guidelines of the National Health and Medical Research Coun-
cil of China.

Reagents—Recombinant mouse CD40 ligand (rCD154) was
from R&D Systems (Minneapolis, MN). FITC-conjugated
anti-CD19, phycoerythrin-conjugated anti-CD80, allophyco-
cyanin-conjugated anti-CD40, allophycocyanin-conjugated
anti-CD86, allophycocyanin-conjugated anti-MHC-II, and
rat anti-CD40 (1C10) antibodies and 7-aminoactinomycin D
were purchased from BioLegend (San Diego, CA). LPS (Esch-
erichia coli O111:B4) and anisomycin were from Sigma-Al-
drich. The dynein inhibitor ciliobrevin D and mouse anti-DIC
antibody were from Merck Millipore (Billerica, MA). Anti-
ERK, anti-JNK, anti-p38, anti-phospho-ERK (Thr-202/Tyr-
204), anti-phospho-JNK (Thr-183/Tyr-185), anti-phospho-
p38 (Thr-180/Tyr-182), anti-phospho-I�B� (Ser-32), and
anti-phospho-c-Jun (Ser-73) antibodies were purchased from
Cell Signaling Technology (Danvers, MA). Rabbit anti-JLP, rab-
bit anti-CD40, and rabbit anti-dynein intermediate chain (DIC)
were purchased from Abcam (Cambridge, MA).

Cell Culture—B lymphocytes (CD19�CD5�) were purified
from splenocytes with BD IMag mouse B lymphocyte enrich-
ment set-DM and BD IMag cell separation magnet (BD Biosci-
ences) for negative selection. The purity of the BD IMag-sorted
cell populations was �88 –95%. Sorted B lymphocytes were
cultured in complete medium (RPMI 1640 medium supple-
mented with 10% FCS (Invitrogen) and 1% penicillin/strepto-
mycin (Invitrogen)) at 37 °C in a 5% CO2 incubator. WEHI-279
B cells (American Type Culture Collection, Manassas, VA)
were cultured in DMEM supplemented with 10% FCS, 1% pen-
icillin/streptomycin, and 2-mercaptoethanol (Merck Milli-
pore). Plasmids encoding shRNA targeting jlp or mock were
described previously (11). Plasmid transfection was carried out
using HiPerFect transfection reagent (Qiagen, Hilden, Ger-
man) following the manufacturer’s instructions. HEK293 cells
were maintained in complete medium. An empty vector or a
vector containing mouse CD154 (InvivoGen) was used in plas-

mid transfection with X-tremeGENE HP DNA transfection
reagent (Roche Diagnostics GmbH, Mannheim, Germany) fol-
lowing the manufacturer’s protocol. The efficiency of transfec-
tion was verified by flow cytometry analysis of surface CD154
expression in HEK293 cells.

Flow Cytometry Analysis—Cell surface and intracellular
staining was performed according to the manufacturer’s
instructions (Biolegend). In brief, for surface staining, cells were
harvested, washed twice, stained with fluorochrome-conju-
gated antibody for 30 min on ice in the dark, washed again, and
analyzed by flow cytometry. 7-Aminoactinomycin D was added
to the samples before acquisition to exclude dead cells. For
intracellular staining, Cytofix/Cytoperm and Perm/Wash buf-
fers (BD Biosciences) were used to fix and permeabilize cells,
respectively. FACS was performed with a BD Accuri C6 cytom-
eter (BD Biosciences), and data were analyzed using FlowJo
software (Tree Star, Ashland, OR).

Western Blotting—Cells (3 � 106) were lysed in CelLytic M
supplemented with PMSF and protease inhibitor mixture
(Sigma-Aldrich). Protein concentrations of lysed cells were mea-
sured by BCA assay (Pierce). Cell extracts were subjected to elec-
trophoresis in a XCell SureLock mini-cell system (Invitrogen).
Proteins were then transferred to PVDF membranes (Merck
Millipore) that were blocked in TBST (TBS containing 0.1%
Tween 20) and 5% skim milk powder for 1 h at room tempera-
ture and cultured with the indicated primary antibodies at 4 °C
overnight. The next day, membranes were prewashed three
times for 5 min with TBST before incubation with IRDye
800CW secondary antibodies (LI-COR Biotechnology, Lincoln,
NE) for 1 h at room temperature. After washing three times for
5 min with TBST, membranes were scanned using an Odyssey
CLx infrared imaging system (LI-COR Biotechnology), and
data were acquired with Odyssey application software. Some
protein bands were quantified with Quantity One analysis soft-
ware (Bio-Rad).

Immunoprecipitation—Cells were lysed, and cell lysates were
precleared by adding an appropriate control IgG and Protein G
PLUS/Protein A-agarose (Merck Millipore). Precleared lysates
were immunoprecipitated by overnight incubation with pri-
mary antibodies and subsequent incubation with Protein G
PLUS/Protein A-agarose for 2 h. Samples were then separated
by SDS-PAGE and analyzed by Western blotting as described
above. An isotype-specific IgG-agarose was applied as a nega-
tive control in these experiments.

Confocal Microscopy—Purified splenic B lymphocytes were
harvested, washed three times with ice-cold PBS, and fixed with
2% paraformaldehyde for 20 min at room temperature. After
blocking with blocking buffer (PBS containing 10% donkey
serum), samples were incubated with primary antibodies (from
rabbit, mouse, or rat) at 4 °C overnight. Alexa Fluor 488- or
Alexa Fluor 594-conjugated donkey anti-rabbit, anti-mouse,
and anti-rat IgG antibodies (Jackson ImmunoResearch Labora-
tories, West Grove, PA) were added and incubated for 1 h. After
three washings with PBS, cells were visualized using a Perkin-
Elmer UltraVIEW VoX spinning disk confocal microscope sys-
tem with a �100 oil immersion objective lens.

Statistical Analysis—SPSS software was used to analyze data,
and a two-tailed Student’s t test was applied to determine dif-
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ferences between groups. p � 0.05 was considered statistically
significant. Data are presented as mean � S.D.

RESULTS

JLP Deficiency Has No Effect on Splenic Lymphocyte Numbers
and Splenic B Cell Phenotypes—Previous studies suggest that
the JLP protein is expressed at moderate levels in the brain,
lung, spleen, and ovary and at low levels in the heart, liver,
kidney, epididymis, and uterus (12). Thus, JLP deficiency may
cause abnormalities in the spleen. To test this, we first exam-
ined the spleen volume of both jlp�/� and jlp�/� mice and
observed no significant differences in spleen size and absolute
numbers of splenic T and B lymphocytes (Fig. 1, A and B). JLP is

expressed in some immortal cell lines and primary dendritic
cells (13–15), but its expression in primary B lymphocyte has
not yet been reported. Here, we found that JLP proteins are
expressed in B lymphocytes (Fig. 1C). To examine whether JLP
deficiency affects development of fully differentiated B lym-
phocytes and LPS-induced activation, we compared the sur-
face expression of CD19, CD40, CD80, CD86, and MHC-II in
resting splenic B lymphocytes from jlp�/� and jlp�/� mice
and found the markers to be comparable. Upon LPS stimu-
lation, we observed similar up-regulation of the surface
expression of CD19, CD80, CD86, and MHC-II in the acti-
vated jlp�/� and jlp�/� B lymphocytes (Fig. 1D). Of note, no
significant difference in surface CD40 expression was

FIGURE 1. JLP deficiency has no effect on splenic lymphocyte numbers and B cell phenotypes. A, jlp�/� and jlp�/� mice had similar spleen volumes.
Spleens were obtained from 8-week-old mice, and one representative result is shown. B, analysis of absolute numbers of splenic B lymphocytes (CD19�) and
T cells (CD3�) from four pairs of age- and weight-matched jlp�/� and jlp�/� mice. Horizontal bars are mean values. C, expression of JLP in splenic B lymphocytes
from jlp�/� and jlp�/� mice. Purified splenic B lymphocyte lysates were subjected to SDS-PAGE and analyzed by Western blotting. HeLa cell extract (Hela CE)
and actin were used as positive and loading controls, respectively. D, phenotype analysis of splenic B lymphocytes from two mouse genotypes with or without
LPS (1 �g/ml) stimulation for 24 h. B lymphocytes were stained with antibodies specific to CD19, CD40, CD80, CD86, and MHC-II. Cells were counted with a flow
cytometer, and the histograms represent surface expression of the indicated markers on gated CD19� B lymphocytes from jlp�/� (solid black lines) and jlp�/�

(dashed gray lines) mice. The filled curves are negative controls. The results from statistical analysis of the mean fluorescence index (MFI) of each marker from
three independent experiments are shown. Error bars indicate S.D.
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observed in the LPS-matured jlp�/� and jlp�/� B lympho-
cytes (Fig. 1D).

Scaffold Protein JLP Is Required for CD154-induced CD40
Internalization—Engagement of the surface CD40 receptor by
its cognate ligand CD154 induces CD40 internalization in B
lymphocytes and vascular endothelial cells (10, 16 –19). The
molecular mechanism underlying CD154-induced CD40 inter-
nalization has not yet been fully investigated. Using a gene-
silencing approach, we demonstrated previously that LPS-
stimulated JLP-knockdown dendritic cells were impaired in
regulating intracellular CD40 trafficking upon CD40 activation
(11). The availability of the JLP-deficient mice allowed us to
further examine whether JLP regulation of CD40 internaliza-
tion is a common mechanism observed in B lymphocytes. As
freshly isolated splenic B lymphocytes express low levels of sur-
face CD40 molecules (Fig. 1D), LPS (1 �g/ml) was used to up-
regulate surface CD40 expression on B lymphocytes in all of the
CD154 stimulation experiments described in the work. We
confirmed that addition of CD154 did not interfere with the
binding of anti-CD40 antibody to B lymphocytes (data not
shown). Upon stimulation of rCD154, surface CD40 expression
on the wild-type (jlp�/�) B lymphocytes was rapidly down-reg-
ulated within 15 min and recovered at 30 min. In contrast, the
surface CD40 down-regulation induced by rCD154 was miti-
gated in the jlp�/� B lymphocytes (Fig. 2A).

We confirmed this finding further using a jlp gene-silencing
approach and CD40L-HEK293 transfectants (which express
membrane-bound CD154, a physiologic form of CD154 in
CD40 stimulations) in the activation of surface CD40 on B lym-
phocytes. JLP-specific shRNA was delivered into a mature B cell
line (WEHI-279) to knock down endogenous expression of JLP.
Impaired CD40 internalization was observed in the JLP-knock-
down WEHI-279 B cells upon CD154 engagement (Fig. 2C). To
examine the role of JLP in the membrane-bound CD154-in-
duced CD40 internalization in B lymphocytes, purified jlp�/�

and jlp�/� B cells were co-cultured with mock-transfected
HEK293 cells or with HEK293 cells transfected with a CD154-
expressing vector. We observed strong surface CD40 down-
regulation in jlp�/� B cells after co-culture with the CD154-
transfected HEK293 cells. In contrast, only a slight decrease in
surface CD40 was detected in jlp�/� B cells (Fig. 2B). Down-
regulation of surface CD40 was a result of CD40 internalization
because total CD40 expression (both surface and intracellular,
determined by flow cytometry analysis and Western blotting)
remained stable during CD40 ligation in both jlp�/� and jlp�/�

mice (Fig. 2, D and E).
JLP Interacts with CD40 during CD40 Internalization—We

next examined whether JLP proteins associate with CD40 in the
internalization process. Using anti-CD40 and anti-JLP antibod-
ies in co-immunoprecipitation experiments, we observed that
there was a basal level of JLP and CD40 association before
rCD154 stimulation. Upon addition of rCD154, the association
of JLP and CD40 was increased by 2.2-fold at 5 min and by
2.7-fold at 15 min as determined by immunoprecipitation of
JLP (Fig. 3A, left panel) or by 4.2-fold at 5 min and by 4.3-fold at
15 min as determined by immunoprecipitation of CD40 (Fig.
3A, right panel). Confocal microscopy also confirmed the co-
localization of CD40 with JLP in the intracellular vesicles after B

lymphocytes were stimulated with rCD154 for 15 min (Fig. 3B).
These results demonstrate that CD40-CD154 engagement pro-
motes the formation of CD40-JLP complexes in stimulated B
lymphocytes.

CD40 Internalization Depends on Both JLP and Dynein—
Vesicle transportation is involved in various cell biological
activities, including receptor internalization and endocytosis.
Motor proteins are needed to drive vesicle complexes to move
along cellular microtubules. Kinesin and dynein are two major
superfamilies of motor proteins identified to date and are
required for anterograde or retrograde transport of cargos
between the cell center and periphery along these microtubules
(20). Dynein transports cargos from the cell periphery to the
cell center with the help of an accessory complex, dynactin
(5, 21). To investigate whether dynein is required for CD40
internalization in B lymphocytes, we studied the effects of cil-
iobrevin D, a recently described dynein-specific inhibitor (22–
24), on the CD40 internalization induced by CD154 engage-
ment. A previous study reported that dynein inhibition in B
lymphocytes resulted in severe impairment of the net move-
ment of antigen (anti-IgM) toward the center (25). We
observed a similar effect in the ciliobrevin D-treated B lympho-
cytes. As shown in Fig. 4A, anti-IgM monoclonal antibody stim-
ulation induced significant antigen intracellular gathering in a
dimethyl sulfoxide control but not in the presence of ciliobrevin
D, thus confirming the efficiency of ciliobrevin D in dynein
inhibition. No cytotoxicity effects was observed in jlp�/� and
jlp�/� cells upon treatment with ciliobrevin D at 50 �M for 60
min (Fig. 4B). Surface CD40 down-regulation caused by
rCD154 engagement was largely decreased in the ciliobrevin
D-treated jlp�/� splenic B lymphocytes. In contrast, ciliobrevin
D pretreatment did not affect surface CD40 expression upon
rCD154 stimulation in the jlp�/� splenic B lymphocytes (Fig.
4C). These data demonstrate that dynein is involved in CD40
internalization by CD154 ligation in B lymphocytes.

Association among CD40, Rab5, JLP, and Dynein during
CD40 Internalization—Rab proteins are important in recruit-
ing specific motors to organellar membranes or adaptor/scaf-
fold proteins. Among these Rab molecules, Rab5 is reported to
be responsible for receptor transportation from the plasma
membrane to early endosomes (26, 27). To further identify the
molecular mechanism of CD40 internalization in B lympho-
cytes, we investigated interactions and co-localizations
among CD40, Rab5, JLP, and dynein in jlp�/� and jlp�/� B
lymphocytes.

We first examined the localization of CD40 and Rab5 in B
lymphocytes during CD154-induced CD40 internalization.
Under normal conditions, no significant co-localization of
CD40 and Rab5 can be observed because CD40 and Rab5 are
located in different cellular compartments. However, 15 min
after CD40-CD154 engagement, substantial co-localization of
CD40 and Rab5 in the same subcellular compartment was
observed in the cytoplasm of jlp�/� B lymphocytes. In contrast,
CD40 ligation in jlp�/� B lymphocytes did not lead to detect-
able CD40 and Rab5 co-localization (Fig. 5A).

Immunoprecipitation of proteins from lysates of jlp�/� B
lymphocytes revealed a constitutive association between CD40
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and DIC without CD40 engagement. This association was
strongly enhanced at 15 min after rCD154 addition. In contrast,
a weak association between CD40 and DIC was detected in
jlp�/� B lymphocytes despite CD40 ligation (Fig. 5B). Confocal
microscopy confirmed a JLP-dependent CD40-DIC association
because co-localization between CD40 and DIC could be initi-
ated by rCD154 only in jlp�/� B lymphocytes, but not in jlp�/�

B lymphocytes (Fig. 5C). Also, we confirmed an association
between dynein and JLP in B lymphocytes by immunoprecipi-
tation and confocal microscopy, and this association was not
altered by CD40 ligation (Fig. 5, D and E). We found that
upon CD154 engagement, internalized CD40 was recruited
together with JLP, dynein, and Rab5 in the same subcellular
compartment.
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Effects of JLP Deficiency on the CD40-initiated Signaling
Pathway in B Lymphocytes—In B lymphocytes, CD40 engage-
ment leads to activation of the ERK, JNK, p38, and NF-�B sig-
naling pathways (28 –30), which are coordinated by several
scaffold proteins (31, 32). JLP has been reported to potentially
interact with diverse effector components involved in JNK and
p38 MAPK signaling (2). We analyzed the effects of JLP defi-
ciency on these signaling pathways in B lymphocytes. We found
that CD154-induced phosphorylation of JNK and c-Jun was

impaired in jlp�/� B lymphocytes compared with jlp�/� B lym-
phocytes. There was slightly less CD154-induced ERK activa-
tion and moderately less p38 MAPK activation in JLP-defective
B lymphocytes compared with jlp�/� B lymphocytes. However,
no substantial difference in phosphorylated I�B� was observed
between the two genotypic B lymphocytes (Fig. 6A).

Because JLP functions as a scaffold protein that may coordi-
nate interactions between MAPK modules, weakened JNK and
p38 MAPK signaling in jlp-deficient B lymphocytes may not be

FIGURE 2. CD40 internalization after CD154 ligation is mediated by the scaffold protein JLP. A, CD40 expression on splenic B lymphocytes with rCD154
stimulation for different times. B lymphocytes from jlp�/� or jlp�/� mice pre-activated with LPS (1 �g/ml) were stimulated with rCD154 (1 �g/ml) for the
indicated times and subsequently subjected to CD19 and CD40 staining. CD40 expression on gated CD19� B lymphocytes is shown in the histograms. The
percentage MFI reduction of CD40 was calculated by dividing the CD40 MFI at the indicated time points by that at 0 min. B, CD40 expression on splenic B
lymphocytes co-cultured with CD154-transfected HEK293 cells. Splenic B lymphocytes from jlp�/� or jlp�/� mice were co-cultured with mock- or CD154-
transfected HEK293 cells (HEK293/B cell ratio of 1:50) for 15 min. Cells were harvested and subjected to flow cytometry analysis of CD40 expression. C, CD40
expression on siRNA-transfected WEHI-279 B cells upon rCD154 stimulation. JLP knockdown in WEHI-279 cells with siRNA transfection was confirmed by
immunoblot analysis. The percentage MFI reduction of CD40 was calculated by dividing the CD40 MFI after CD154 treatment by that at baseline. Ctrl, control.
Total CD40 expression in splenic B lymphocytes at the indicated time points upon soluble CD154 treatment was examined by flow cytometry (D) and
immunoblotting (E). For flow cytometry, cells were permeabilized for CD40 staining. The percentage MFI reduction of CD40 expression at the indicated time
points is compared with that at 0 min. For immunoblotting, whole-cell lysates were prepared as described above. In the flow cytometry analysis, data from
three different experiments were collected and statistically analyzed. In the immunoblot analysis, the indicated band intensity of JLP was normalized by the
relevant band intensity of �-actin. Means � S.D. were collected from at least three independent experiments. Error bars indicate S.D. *, p � 0.05 (Student’s t test).

FIGURE 3. JLP interacts with CD40 in B lymphocytes. A, cell extracts of splenic B lymphocytes from wild-type mice treated with rCD154 at the indicated time
points were first incubated overnight with specific primary antibodies and then analyzed with the indicated antibody by co-immunoprecipitation. Input was
10% of total cell extracts, and immunoglobulin G was used as a negative control. Data are representative of three independent experiments. The indicated
band intensity of immunoprecipitation (IP) was normalized to the relevant band intensity of the input. Means � S.D. were calculated from three independent
experiments. Error bars indicate S.D. *, p � 0.05; **, p � 0.01. IB, immunoblot. B, fluorescence microscopy of B lymphocytes from wild-type mice. Cells were
untreated (0 min) or were treated with rCD154 for 15 min and then labeled with the indicated primary antibody followed by a fluorescence-conjugated
secondary antibody. The white arrow indicates areas of overlap. Scale bar � 5 �m. Experiments were performed in triplicate. The co-localization correlation
coefficients of CD40 and JLP were collected from three separate experiments and statistically analyzed using UltraVIEW software. *, p � 0.05 (Student’s t test).
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CD40-specific. To confirm its specific role in CD40 signaling,
we cultured B lymphocytes in the presence of anisomycin, a
specific agonist targeting the p38 and JNK signaling pathways.
We observed that phosphorylation of JNK and p38 in the ani-
somycin-stimulated jlp�/� B lymphocytes was comparable
with that in the jlp�/� B lymphocytes (Fig. 6B). Furthermore,
blocking CD154-induced CD40 cytoplasmic movement by
treatment with ciliobrevin D prevented CD154-induced JNK
and p38 activation in B lymphocytes (Fig. 6C). There was no
difference in the activation of JNK and p38 signaling in the
anisomycin-stimulated B lymphocytes pretreated with or with-
out ciliobrevin D (Fig. 6D), indicating a specific upstream sig-
naling flow of MAPK activation triggered by CD40 engagement
and anisomycin may exist.

DISCUSSION

The engagement of CD40 by its ligand (CD154) leads to
CD40 clustering in membrane rafts (7, 8), TRAF recruitment to
lipid rafts (16, 17), CD40 cytoplasmic translocation (16, 17), and
subsequent signal initiation and transduction (33) in B lympho-
cytes. Upon ligation of CD40-CD154, effector molecules are
finely organized both temporally and spatially via scaffold pro-
teins. However, to our knowledge, the details of scaffold pro-
tein-mediated CD40 trafficking and signaling are still poorly
understood. Here, we investigated the role of the scaffold pro-
tein JLP in CD154-triggered CD40 internalization and subse-
quent CD40-dependent signaling pathways, including MAPK

and NF-�B, in primary murine B lymphocytes. We observed
that JLP deficiency causes defective CD40 internalization upon
CD154 engagement. Through analysis of interactions and co-
localizations among CD40, JLP, dynein, and Rab5 in B lympho-
cytes, we found that CD40 internalization is a form of JLP-
mediated vesicle transportation that depends on Rab5 and
dynein. JLP deficiency diminishes CD40-dependent activation
of the MAPK (but not NF-�B) signaling pathway, and JNK
activity is the most severely affected. The effect of JLP defi-
ciency in signaling pathways is CD40-specific because the p38
and JNK pathways can be activated by a p38- and JNK-specific
agonist (anisomycin) in jlp-deficient B lymphocytes.

Intracellular synthesized CD40 proteins are separated from
the Golgi complex and transported to the cell membrane as a
surface receptor. There, surface CD40 can translocate to the
cytoplasm upon engagement with its ligand and initiate various
cellular responses. We observed that CD40 endocytosis is
halted more obviously than its recycling to the surface in the
jlp-deficient B lymphocytes. However, we cannot rule out the
possibility that the impaired CD40 recycling in the JLP-defi-
cient cells is due to less surface CD40 being internalized into the
cytoplasm. We also demonstrated that JLP deficiency cannot
completely abolish CD40 internalization, indicating that other
JIP molecules may be also involved in CD40 internalization
(34 –38). In fact, JIP1 and JIP3 have been confirmed to bind
dynactin to regulate cargo or organellar retrograde trafficking

FIGURE 4. CD40 internalization in B lymphocytes is mediated via a JLP- and dynein-dependent process. A, efficiency of ciliobrevin D treatment in dynein
inhibition. Purified splenic B lymphocytes were pretreated with a dimethyl sulfoxide (DMSO) control or ciliobrevin D for 30 min. Cells were then stimulated with
rat anti-mouse IgM monoclonal antibody (antigen, 2 �g/ml) for 5 and 15 min, respectively, and stained for fluorescence-conjugated donkey anti-rat secondary
antibody before visualization with a microscope. The arrow indicates antigen gathering. Experiments were performed in triplicate, and representative results
are shown. Scale bar � 5 �m. B, ciliobrevin D treatment caused no cytotoxicity in splenic B lymphocytes. Cells were pretreated with ciliobrevin D under the
indicated conditions, and cell viability was assessed by trypan blue staining. The quantitation provided combines three independent experiments. C, purified
splenic B lymphocytes from jlp�/� and jlp�/� mice were first activated with LPS (1 �g/ml) for 24 h. Activated B lymphocytes were then left untreated (red) or
were pretreated with ciliobrevin D (50 �M) for 30 min (purple), with or without further CD154 cross-linking for 15 min (black). Cells were washed three times with
binding buffer to exclude residual rCD154, stained with anti-CD19 and anti-CD40 antibodies, and analyzed by flow cytometry. Negative controls (gray) were
stained with an irrelevant isotype-specific antibody. The histograms show surface expression of CD40 on gated CD19� B lymphocytes. One representative
experimental result of three is shown. The CD40 MFI for each indicated group was calculated by flow cytometry. Means � S.D. were calculated from three
independent experiments. Error bars indicate S.D. *, p � 0.05 (Student’s t test).
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FIGURE 5. JLP deficiency impairs association among CD40, Rab5, and dynein during CD40 engagement. A, confocal microscopy was used to visualize
co-localization of CD40 and Rab5 in splenic B lymphocytes from jlp�/� and jlp�/� mice. B lymphocytes were left untreated (0 min) or were treated with rCD154
(1 �g/ml) for 15 min. Cells were then stained with antibody specific to the appropriate molecules. The co-localization correlation coefficients of CD40 and Rab5
from jlp�/� (black bars) and jlp�/� (white bar) B lymphocytes were collected from three separate experiments and statistically analyzed using UltraVIEW
software. **, p � 0.01 (Student’s t test). CD40 immunoprecipitated with anti-dynein antibody in jlp�/� and jlp�/� mouse splenic B lymphocytes (B), and JLP
immunoprecipitated with anti-dynein antibody in cell extracts of splenic B lymphocytes from wild-type mice (D). Cells were treated as described above and
then immunoprecipitated. Input was 10% of total cell extracts. IgG served as a negative control. The indicated band intensity of immunoprecipitation (IP) was
normalized to the relevant band intensity of the input. Means � S.D. were calculated from three independent experiments. Error bars indicate S.D. *, p � 0.05;
**, p � 0.01 (Student’s t test). IB, immunoblot. The co-localization of CD40 (red) and dynein (green) in jlp�/� and jlp�/� splenic B lymphocytes (C) or JLP (red) and
dynein (green) in wild-type splenic B lymphocytes (E) was visualized using a confocal microscope. B lymphocytes were left untreated (0 min) or were treated
with rCD154 (1 �g/ml) for 15 min. Cells were then stained with a primary antibody, followed by a fluorescence-conjugated secondary antibody. The white
arrows indicate areas of overlap. Scale bar � 5 �m. Experiments were performed three times, and similar images were obtained. The co-localization correlation
coefficients of the indicated molecules were collected from three separate experiments and statistically analyzed. **, p � 0.01 (Student’s t test).
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(39 – 41). We speculate that CD40 cytoplasmic translocation
in B lymphocytes occurs through multiple JIP-dependent
mechanisms.

Several signaling pathways can be activated in response to
CD40 engagement in B lymphocytes (33). Activation of the Akt

(but not MAPK or NF-�B) signaling pathway has been docu-
mented to be dependent on CD40-lipid raft association, which
is independent of any signaling events (42). The formation of a
signaling complex containing CD40, TRAFs, and other compo-
nents is required but not sufficient in CD40-dependent MAPK

FIGURE 6. JLP deficiency selectively attenuates CD154-triggered activation of the MAPK (but not NF-�B) signaling pathway in B lymphocytes. A,
purified splenic B lymphocytes from jlp�/� and jlp�/� mice were left untreated (0 min) or were treated with rCD154 (1 �g/ml) at the indicated time points. Cells
were harvested, and whole-cell lysates were electrophoresed and analyzed for total ERK, p38, JNK, and relevant phosphorylated (p) forms of ERK, p38, JNK,
c-Jun, and I�B� by immunoblotting. Equal protein loading was controlled by actin staining. B, purified splenic B lymphocytes from jlp�/� and jlp�/� mice were
stimulated with anisomycin (250 ng/ml) at the indicated time points. Whole-cell extracts were analyzed by immunoblotting as described above. Wild-type B
lymphocytes were pretreated with or without ciliobrevin D (50 �M) for 30 min and left unstimulated (0 min) or stimulated with rCD154 (C) or anisomycin (D) at
15 min and 30 min. Cells were then harvested, and the extracts were analyzed by immunoblotting as described above. Expression of the phosphorylated
molecules was normalized to the indicated total molecule expression or �-actin. Means � S.D. were collected from at least three independent experiments.
Error bars indicate S.D. *, p � 0.05 (two-tailed Student’s t test).
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and NF-�B activation, emphasizing the importance of cytoplas-
mic translocation of the signaling complex (43). This two-stage
signaling mechanism can explain the spatial and temporal sep-
aration of MAPKs and NF-�B, but the molecular details regard-
ing how these two stages are linked is unclear. In this study, we
elucidated an essential role of the scaffold protein JIP in bridg-
ing signaling complex translocation and downstream signal
transduction. Previous studies show that TRAF2/3 is critical for
CD40-induced JNK activation, but p38 MAPK and NF-�B are
activated via multiple TRAF-dependent processes (17, 44).
Also, TRAF2 or TRAF3 may have a structural function in medi-
ating CD40 receptor internalization (17). In this study, we
found that CD40-induced activation of ERK, p38, and JNK (but
not NF-�B) is impaired in jlp-deficient B cells, which is consis-
tent with previous findings showing that CD40 triggers different
signal pathways via distinct molecular mechanisms. In addi-
tion, we have provided further details regarding JLP-mediated
CD40 trafficking and JNK activation. With JLP deficiency,
CD154-triggered CD40 internalization is severely limited, and
CD40-induced activation of ERK, p38, and JNK, but not NF-�B,
is impaired to various extents. Thus, different scaffold proteins
are responsible for tethering CD40, TRAFs, and relevant down-
stream signaling kinases together to trigger different signaling
events. Among these scaffold proteins, JLP may be critical for
trafficking of a signaling complex containing CD40 and
TRAF2/3. Whether JLP associates with TRAF2/3 directly or
indirectly and whether other JIPs interact with other TRAFs
to facilitate CD40-triggered signaling responses coordinated
in B lymphocytes need to be examined further in future
investigations.

In conclusion, we analyzed the role of the JLP scaffold protein
in CD40 receptor internalization and subsequent signaling
pathway activation in B lymphocytes. We described, for the first
time, a putative molecular mechanism of CD40 receptor trans-
location and CD40-dependent signal transduction coordinated
by the JLP scaffold protein. This study highlights further the
exciting roles of scaffold proteins in the immune regulation of B
lymphocytes.
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