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B cell endosomal RAB7 promotes TRAF6 K63 polyubiquitination 
and NF-κB activation for antibody class-switching

Hui Yan, Maria Fernandez, Jingwei Wang, Shuai Wu, Rui Wang#, Zheng Lou#, Justin B. 
Moroney, Carlos E. Rivera, Julia R. Taylor, Huoqun Gan#, Hong Zan, Dmytro Kolvaskyy§, 
Dongfang Liu*, Paolo Casali, Zhenming Xu

Department of Microbiology, Immunology and Molecular Genetics

§ Greehey Children’s Cancer Research Institute, University of Texas (UT) Long School of 
Medicine, UT Health Science Center at San Antonio, Texas 78229

* Department of Pathology, Immunology and Laboratory Medicine, New Jersey Medical School, 
Rutgers University, Newark, New Jersey 07103.

Abstract

Upon activation by CD40 or TLR signaling, B lymphocytes activate NF-κB to induce AID and, 

therefore, immunoglobulin class switch DNA recombination, as central to the maturation of the 

antibody and autoantibody responses. Here we show that NF-κB activation is boosted by co-

localization of engaged immune receptors, such as CD40, with RAB7 small GTPase on mature 

endosomes, in addition to signals emanating from the receptors localized on the plasma 

membrane, in mouse B cells. In mature endosomes, RAB7 directly interacts with TRAF6 E3 

ubiquitin ligase, which catalyzes K63 polyubiquitination for NF-κB activation. RAB7 

overexpression in Cd19+/creRosa26fl-STOP-fl-Rab7 mouse B cells upregulates K63 

polyubiquitination activity of TRAF6, enhances NF-κB activation and AID induction, and boosts 

IgG antibody and autoantibody levels. This, together with the extensive intracellular localization 

of CD40 and strong correlation of RAB7 expression with NF-κB activation in mouse lupus B 

cells, shows that RAB7 is an integral component of the B cell NF-κB activation machinery, likely 

through interaction with TRAF6 for the assembly of “intracellular membrane signalosomes”.
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Introduction

B cells are critical for host immunity by producing antibodies to infectious and tumoral 

antigens as well as by regulating other immune elements. They can be activated directly by 

complex antigens that engage both a Toll-like receptor (TLR) and the B cell receptor (BCR) 

CORRESPONDENCE : Paolo Casali: Phone: (210) 567-3925; Fax: (210) 567-6612, pcasali@uthscsa.edu., Zhenming Xu: Phone: 
(210) 567-3964; Fax: (210) 567-6612, xuz3@uthscsa.edu.
#Present address: The Third Xiangya Hospital, Central South University, Changsha, Hunan, China (R. W.); bioMerieux North Asia, 
Shanghai, China (Z.L.); The Xiangya School of Medicine, Central South University, Changsha, Hunan, China (H.G.).

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2021 March 01.

Published in final edited form as:
J Immunol. 2020 March 01; 204(5): 1146–1157. doi:10.4049/jimmunol.1901170.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or, in a T cell-dependent manner, upon CD40 engagement by CD154 (CD40 ligand) 

expressed on activated cognate T cells (1). These stimuli trigger activation of NF-κB, which 

directly binds to the Aicda gene to induce the expression of activation-induced cytidine 

deaminase (AID), as essential for class switch DNA recombination (CSR) in the 

immunoglobulin heavy chain (IgH) locus (2,3). CSR substitutes the constant Cμ region with 

Cγ, Cα or Cε to give rise to class-switched IgG, IgA or IgE antibodies, which display wide 

tissue distributions and possess diverse biological effector functions (4). CSR of autoreactive 

B cells, however, leads to production of pathogenic IgG autoantibodies that mediate tissue/

organ damages in systemic lupus (5).

An important pathway in NF-κB activation is through TRAF6, an E3 ubiquitin ligase that is 

recruited to CD40 or TLR-activated IRAK-1 and then catalyzes polyubiquitination via the 

Lys63 (K63) residue of ubiquitin (6,7). The K63 polyubiquitination of TRAF6 itself and 

other molecules would provide a “platform” for activation of TAK1 and IKKγ kinases, both 

of which can phosphorylate IKKβ in the IKKα/IKKβ complex (8), leading to IκB 

phosphorylation and subsequent IκB ubiquitination/degradation to relieve inhibition of NF-

κB, which in turn induces gene transcription. Unlike immune cell functions requiring only a 

burst of NF-κB activation (e.g., cytokine release by macrophages), induction of AID in B 

cells, as well as 14–3-3 proteins and histone modifying enzymes for the AID targeting in the 

IgH locus (9,10), would entail sustained NF-κB activation (11). In B cells, the AID/CSR 

induction by TLRs and CD40 also depends on RAB7 (12), a small GTPase that, by 

replacing RAB5 on immature endosomes through a “GTPase switch” process, mediates 

maturation of endosomes and is localized exclusively on mature endosomes (13). B cell 

expression of RAB7 is upregulated by the same NF-κB- and AID-inducing stimuli. Mice 

that are conditional knockout (KO) in Rab7 in activated B cells (IghCγ1-creRab7fl/fl) cannot 

mount IgG responses despite normal IgM production and plasma cell differentiation (12). 

Further, NF-κB activation and AID/CSR induction are impaired, albeit not abolished, in 

IghCγ1-creRab7fl/fl B cells stimulated in vitro (12) and in B cells treated with CID 1067700, 

the only known small molecule RAB7 inhibitor (14). Such impairment can be rescued by the 

enforced expression of a constitutively active mutant of IKKβ, suggesting a role of RAB7 in 

NF-κB activation (12,15). The crucial role of RAB7 in mature endosome formation also 

implies the involvement of such intracellular membrane structures in signal transduction 

from immune receptor TLRs and CD40 to transcription factors, particularly NF-κB.

Here, to address how endosomal RAB7 mediates NF-κB activation for B cell differentiation, 

we reasoned that since surface CD40 or TLR4 can be internalized upon engagement in 

several immune cells (16–18), a subset of such endocytosed receptors would traffick through 

the vesicle system to reach RAB7-marked endosomes and transduce signals from there. We 

further reasoned that the rest of endocytosed receptor molecules could remain associated 

with the plasma membrane by anchoring on lipid rafts and initiate signal transduction, as 

prompted by findings showing an important role of lipid rafts in the CD40 signaling in B 

lymphoma cells and other immune cell types (19–22) – whether CD40 is endocytosed or in 

the original surface location in those studies, however, is unclear. Finally, we reasoned that 

the lipid raft-dependent pathway would supplement or backup the endosomal RAB7-depdent 

pathway in activated primary B cells, and would mediate residual NF-κB activation and 

AID/CSR induction when the expression or activity of RAB7 is inhibited. With these 
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considerations, we aimed to explore the mechanistic basis of RAB7-dependent pathway in 

NF-κB activation by increasing the contribution of this pathway through two complementary 

strategies: by boosting RAB7 expression, i.e., through generation of mice with B cell-

specific RAB7 overexpression, and by inhibiting the lipid raft-dependent pathway, in 

wildtype B cells as well as B cells in which the RAB7 expression/activity were impaired or 

enhanced. These two strategies, as supported by our comprehensive approaches in molecule 

biology, cell biology, imaging and in silico docking in the analyses of receptor 

internalization, their co-localization with RAB7 and TRAF6, NF-κB activation in single 

cells and AID/CSR induction, have revealed an important role of RAB7-dependent 

“intracellular membrane signalosomes” in promoting TRAF6 K63 polyubiquitination and 

NF-κB activation during B cell differentiation.

Materials and Methods

Mice and immunization

Cd19+/creRosa26+/fl-STOP-fl-Rab7 (Rab7 B-Tg) mice and their “wildtype” littermate controls 

were generated by crossing Cd19+/cre mice (JAX, stock number 006785) with 

Rosa26+/fl-STOP-fl-Rab7 mice, as generated by a customized TurboKnockout® approach 

(Cyagen Biosciences). Briefly, the targeting vector contains two arms homologous to the 

first and second exon, respectively, of the Rosa26 locus. In between the arms lies the CMV 

promoter-driven Rab7 cDNA, which is preceded by a loxP site-flank “STOP” cassette 

sequence, as followed by a neomycin resistance gene (Neor) in the inverse direction (Fig. 

1A). After injection of the targeting vector into ES cells from C57 mice and screening by 

Southern Blotting, selected ES clones showing correct targeting were used for blastocyst 

microinjection to produce chimeric mice. These were bred with a C57 mouse strain that 

expressed Flipase to screen for mice with germline-transmission as founders – as Flipase 

also deleted Neor in the offspring, the entire process to generate founders on the C57 

background with no Neor took only 6 months. Among the five founders (one female and 

four male heterozygous mice), two were randomly selected for breeding with Cd19+/cre mice 

to establish independent lines. As progenies from these two lines displayed no significant 

difference in the parameters we measured, data from one line are depicted here. In Rab7 B-
Tg mice, Cre expression driven by the Cd19 promoter in the Cd19Cre allele mediated 

deletion of the STOP cassette in the Rosa26 locus, thereby allowing for the CMV promoter-

driven expression of untagged RAB7 in CD19+ B cells.

C57BL/6 and lupus-prone MRL/Lpr mice were from the Jackson Laboratory (JAX, stock 

number 000664 and 000585, respectively). All mice were maintained in a pathogen-free 

vivarium of the University of Texas Health Science Center at San Antonio (UTHSCSA) and 

were used for experiments at 8–12 weeks of age, without any apparent infection or disease. 

For immunization, mice were injected intraperitoneally (i.p.) with 100 μg of NP-CGG (in 

average 16 molecules of 4-hydroxy-3-nitrophenyl acetyl coupled to 1 molecule of chicken 

γ-globulin; Biosearch Technologies) in alum (Imject® Alum, Pierce). All protocols were in 

accordance with the rules and regulations of the Institutional Animal Care and Use 

Committee (IACUC) of UTHSCSA.
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Mouse B cell preparation and purification

Mouse immune cells were isolated from single cell suspensions prepared from spleen, 

lymph node or blood samples. Spleen cells were resuspended in ACK Lysis Buffer (Lonza) 

to lyse red blood cells. After quenching with FCS-RPMI (RPMI-1640 medium (Invitrogen) 

supplemented with FCS (10% v/v, Hyclone), penicillin-streptomycin (1% v/v, Invitrogen) 

and amphotericin B (1% v/v, Invitrogen)) and centrifugation, cells were resuspended in 

FCS-RPMI for further preparation/analysis. Whole blood samples (250 μl) were collected by 

submandibular bleeding into Eppendorf tubes containing heparin (25 μl) and then subjected 

to ACK lysis three times. Cells were resuspended in FCS-RPMI for further preparation/

analysis. To isolate B cells, spleen or lymph node cells were subjected to negative selection 

(against CD43, CD4, CD8, CD11b, CD49b, CD90.2, Gr-1 or Ter-119) using the EasySep™ 

Mouse B-Cell Isolation Kit (StemCell™ Technologies) following the manufacturer’s 

instructions, resulting in preparations of more than 98% IgM+IgDhi B cells. After pelleting, 

B cells were resuspended in FCS-RPMI for analysis or culturing.

Mouse B cell stimulation and drug treatment

For CSR induction, spleen B cells were cultured (3 × 105 cell/ml) in FCS-RPMI and 

stimulated for 96 h (or 48 h for transcript and protein analyses) by: CD154 (3 U/ml), LPS (3 

μg/ml, from E. coli, serotype 055:B5, deproteinized by chloroform extraction; Sigma-

Aldrich), TLR1/2 ligand Pam3CSK4 (100 ng/ml, Invivogen), TLR4 ligand monophosphoryl 

lipid A (lipid A, 1 μg/ml, Sigma-Aldrich; TLR7 ligand R-848 (30 ng/ml; Invivogen) or 

TLR9 ligand CpG ODN1826 with a phosphorothioate backbone (CpG, 1 μM, sequence 5’–

TCCATGACGTTCCTGACGTT–3’; Operon). Recombinant IL-4 (3 ng/ml; R&D Systems) 

was added for CSR to IgG1 and IgE, IFN-γ (50 ng/ml; R&D Systems) for CSR to IgG2a, 

and TGF-β (2 ng/ml; R&D Systems) and anti–Igδ mAb (clone 11–26c) conjugated to 

dextran (anti–δ mAb/dex; 100 ng/ml; Fina Biosolutions), which crosslinks BCR in IgD+ B 

cells, for CSR to IgA. CSR to IgG3 and IgG2b was induced by LPS.

To treat mouse B cells in vitro with the cell permeable RAB7 inhibitor, CID 1067700 (Glixx 

Laboratories) dissolved in DMSO (stock concentration 40 mM, 16 mg/ml) was further 

diluted in DMSO and added to cell cultures to a final concentration of 40 μM. To treat B 

cells with methyl-β-cyclodextrin (MβCD, Sigma Aldrich), which solubilizes lipid rafts, 

MβCD was freshly dissolved in FCS-RPMI to make a stock solution of 16 mM (21 mg/ml) 

and then further diluted with FCS-RPMI before adding to cell cultures.

To treat B cells with dynasore (Selleckchem), a cell permeable inhibitor of dynamin, the 

stock solution (10mM in DMSO) was added to the B cell culture medium to a final 

concentration of 15 μM (or different doses as indicated) when stimulation started. In CD40 

internalization assays, purified B cells were stimulated with LPS for 24 h to induce CD40 

expression, washed three times to completely remove LPS, and cultured for an additional 6 h 

to allow intracellular LPS signals to subside. B cells were then stimulated with CD154 plus 

IL-4 for 24 h and treated with DMSO (nil) or dynasore in the presence of serum-free 

medium before being harvested for flow cytometry analysis.
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Total and NP-specific antibody titers

To determine titers of total or NP-specific IgM, IgG subclasses and IgA, mouse sera were 

first diluted 1 to 100-fold with PBS (pH 7.4) plus 0.05% (v/v) Tween-20 (PBST). Two-fold 

serially diluted samples and standards for each Ig isotypes were incubated in 96-well plates 

coated with pre-adsorbed goat anti–IgM, anti–IgA or anti–IgG Abs (all 1mg/mL) in sodium 

carbonate/bicarbonate buffer (pH 9.6). After washing with PBST, captured Igs were detected 

with biotinylated anti–IgM, –IgA or –IgG isotypes Abs, followed by reaction with 

horseradish peroxidase (HRP)-labeled streptavidin (Sigma-Aldrich), development with o-

phenylenediamine, and measurement of absorbance at 492 nm. Ig concentrations were 

determined using Prism® (GraphPad Software) or Excel® (Microsoft) software. To analyze 

titers of antigen-specific antibodies (high-affinity NP-binding Abs), sera were diluted 1,000-

fold in PBST. Two-fold serially diluted samples were incubated in a 96-well plate pre-

blocked with BSA and coated with NP4-BSA (4 NP molecules on one BSA molecule). 

Captured Igs were detected with biotinylated mAbs. Data are relative values based on end-

point dilution factors.

Flow cytometry

To analyze B cells stimulated in vitro, cells were harvested, stained with fluorochrome-

conjugated mAbs in Hank’s Buffered Salt Solution plus 0.1% BSA (BSA-HBSS) for 20 m 

and analyzed by flow cytometry for Igγ3, Igγ1, Igγ2b and Igγ2a expression (CSR to IgG3, 

IgG1, IgG2b and IgG2a), CD138 (plasma cell marker) and other B cell surface molecules. 

For intracellular Igε analysis, B cells (2 × 106) were treated with 200 μl of trypsin for 2 m to 

cleave off FcεRI, followed by quenching with 1 ml FCS-RMPI. Cells were then stained with 

fixable viability dye (FVD) in HBSS-BSA. After fixing in 200 μl of formaldehyde (3.7% 

v/v) at 25°C for 10 m and quenching with 22 μl 1 M glycine (pH 7.0), cells were 

permeablized in 500 μl of 90% cold methanol on ice for 30 m and, after washing, stained 

with fluorochrome-conjugated Abs. Dead (FVD+) cells were excluded from analysis. To 

analyze B cells and other immune cells in vivo, spleen or blood cells (2 × 106) were first 

stained with fluorophore-labeled mAbs to surface markers in the presence of mAb Clone 

2.4G2, which blocks FcγIII and FcγII receptors, and FVD-506. After washing, cells were 

resuspended in HBSS for FACS or in the BD Cytofix/Cytoperm™ buffer (250 μl, BD 

Biosciences) for intracellular staining (see below) before FACS analysis. FACS data were 

analyzed by the FlowJo® software (BD).

For flow cytometry analysis of B cell proliferation in vivo, mice were injected twice i.p. with 

2 mg of bromodeoxyuridine (BrdU) in 200 μl PBS, with the first and second injection at 24 

h and 20 h prior to sacrificing, respectively. Spleen B cells were analyzed for BrdU 

incorporation (by anti–BrdU mAb staining) and DNA contents (by 7–AAD staining after 

cells were permeabilized) using an APC BrdU Flow kit® (BD Biosciences) following the 

manufacturer’s instructions. For B cell proliferation analysis in vitro, B cells were labeled 

with CellTrace™ CFSE or CellTrace™ Yellow (ThermoFisher) following the 

manufacturer’s instructions and then cultured for 96 h. Cells were analyzed by flow 

cytometry for CellTrace™ CFSE or CellTrace™ Yellow intensity, which was reduced by 

half after completion of each cell division, as CellTrace™ CFSE or CellTrace™ Yellow-

labeled cell constituents were equally distributed between daughter cells. The number of B 
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cell divisions was determined by the FlowJo® software to calculate the average cell divisions 

that B cells had completed.

Intracellular staining

Freshly isolated lymphocytes from the spleen, lymph node or blood samples, or B cells after 

stimulation were washed with BSA-HBSS and stained with fluorochrome-conjugated mAbs 

specific for surface markers in the presence of 2.4G2 and FVD. After washing, cells were 

resuspended in Cytofix/Cytoperm™ buffer (250 μl) and incubated at 4°C for 20 m. After 

washing twice with BD Perm/Wash™ buffer, cells were stained in the same buffer with 

fluorochrome-labeled mAbs.

To analyze CD40 distribution, same B cells were equally divided into two groups, with one 

group undergoing surface staining of CD40 and the other group undergoing intracellular 

staining using anti-CD40 mAb, which recognized CD40 localized both on the surface and 

inside the cell (total). The ratio of the proportion of CD40hi cells in the surface staining 

group to that in the total CD40 staining group would be inversely correlating with CD40 

internalization. To analyze active internalization of CD40, purified B cells were stimulated 

with LPS for 24 h to upregulate CD40 expression and then stimulated with CD154 for 0, 10, 

20, 30 and 60 m. Total and surface CD40 levels were analyzed as above.

Flow imaging

Cells after surface CD19 staining and intracellular CD40 staining were resuspended in BSA-

HBSS at the concentration of 2×107 cells/ml and analyzed using an ImageStream X 

multispectral imaging flow cytometer (Amnis®), with >10,000 events collected in each 

sample. Images were analyzed using IDEAS image-analysis software (Amnis®), with 

single-stained samples being used for compensation of fluorescence signals among different 

channels. CD40 distribution was assessed by the “Intracellular localization” score, which 

was defined as the ratio of the intensity “inside the cell” to the intensity of the entire cell, 

with the “inside of the cell” determined by the “erosion of a mask” function of the software. 

For each sample, at least 4,000 cells were scored, as positive for CD40 intracellular 

localization when displaying primarily internal fluorescence and negative when showing 

little intracellular localization (cells with intensive “nuclear” staining of CD40 were 

excluded from the analysis). The intracellular localization score, which would be 

independent of cell size and signal intensities of a wide range, is depicted by values within – 

3 ~ + 3 and the proportion of cells with the score >0 was quantified.

Immunofluorescence microscopy

To visualize RAB7 and CD40 expression and co-localization, B cells were spun onto cover 

slips pre-coated with poly-D-lysine (10 μg/ml, Sigma-Aldrich) and fixed with 2% 

paraformaldehyde for 10 m. After washing with HBSS and permeabilization with 0.5% 

Triton X-100 for 10 m, cells were stained with a rabbit anti–Rab7 mAb and a mouse anti–

CD40 mAb at 25°C for 1 h, followed by staining with fluorescence-labeled goat anti–rabbit 

and goat anti–mouse secondary Abs (Supplemental Table 1). After washing, cells were 

mounted using ProLong® Gold with DAPI for analysis under a Zeiss LM710 confocal 

microscope.
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Intracellular membrane fractionation

B cells (2 × 107, freshly isolated or stimulated with CD154 plus IL-4 for 48 h) were 

harvested and washed twice with cold PBS. They were lysed with 500 μl homogenization 

buffer (250 mM sucrose, 3 mM imidazole and 1 mM EDTA, pH 7.4) supplemented with the 

protease inhibitor cocktail, as above, and 10 mM cycloheximide. After microcentrifugation 

at full speed for 15 m at 4°C, the post-nuclear fraction (PNF) was layered onto a 10%−40% 

continuous sucrose gradient, as prepared in the same lysis buffer (3.5 ml), and subjected to 

ultracentrifugation at 100,000 g for 16 h at 4°C. Two bands of membrane fractions 

corresponding to the mature and immature endosomes appearing at the position of 25% and 

35% sucrose, respectively, were collected, through holes on the side wall of the ultra-

centrifugation tube punctured by a 26-gauge needle, and then analyzed by SDS-PAGE and 

immunoblotting.

Immunoblotting and Co-IP

B cells (107) were harvested by centrifugation at 500 g for 5 m, resuspended in 0.5 ml of 

lysis buffer (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1% (v/v) NP-40) 

supplemented with Halt™ Protease & Phosphatase Inhibitors Cocktail (#1861281, 

ThermoScientific). Cell lysates were separated by SDS–PAGE and transferred onto PVDF 

membranes for immunoblotting involving specific Abs. Membranes were then stripped with 

Restore™ PLUS Western Blot Stripping Buffer (#46430, ThermoScientific) for re-

immunoblotting with an anti–β-actin mAb.

For Co-IP, spleen B cells (107) stimulated with CD154 plus IL-4 for 48 h were collected and 

resuspended in lysis buffer (20 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5% 

(v/v) NP-40) supplemented with Halt™ Protease & Phosphatase Inhibitors Cocktail. After 

sonication and centrifugation, protein lysates were precleared with equilibrated Protein G-

conjugated Sepharose™ 4B beads (ThermoFisher, 50 μl) and then incubated, in 500 μl of 

lysis buffer, with anti–TRAF6 mouse mAb or a mouse IgG mAb with irrelevant specificities 

at 4°C for 4 h in the presence of Protein G/Sepharose beads. After three times of washing 

with the lysis buffer, immunoprecipitates were eluted in the SDS sample buffer and 

fractionated by SDS-PAGE for immunoblotting.

Bi-fluorescence complementation (BiFC) assay

EYFP was split into two complementary moieties: the N-terminal 154 amino acids (EYFP1–

154) and the C-terminal 84 amino acids (EYFP155–238). EYFP1–154 was fused with Flag–

tagged RAB7, RAB5A, AID or UNG, and EYFP155–238 was fused with different domains 

of TRAF6 (RING, zinc finger and C-terminal domain TRAF-C) tagged with influenza 

hemagglutinin (HA). HeLa cells (5 × 105) cultured in DMEM (Invitrogen) supplemented 

with FBS, were transfected with 1 μg of plasmid using Lipofectamine™ (Life 

Technologies). After 24 hours, cells were analyzed for cell viability (7–AAD–) and for 

EYPF intensity by flow cytometry.

Real-time qRT-PCR transcript analysis

RNA was extracted from 5 × 106 B cells using the RNeasy Mini Kit (Qiagen). First-strand 

complementary DNA was synthesized from equal amounts of total RNA (4 μg) using the 
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SuperScript III System (Invitrogen) and analyzed by the SYBR Green dye (Bio-Rad) 

incorporation in PCR reactions involving specific primers and performed in an iCycler and 

MyIQ real-time qPCR system (Bio-Rad). For qRT-PCR, the ΔΔCt method was used to 

determine levels of transcripts and data were normalized to levels of Cd79b (mouse), which 

encodes the BCR Igβ chain that is constitutively expressed in B cells.

Modeling

Modeling studies were performed using the Schrodinger 2015–3 software suite. Protein-

protein docking was performed with the Piper algorithm, using the GTP-bound Rab7 (PDB 

ID: 1yhn derived from a complex with RILP) as the ligand and the complex containing 

TRAF6 a.a. 55–160 (the RING domain and the first zinc finger, ZF1), Ubc13 and ubiquitin 

(PDB ID 5vo0) as the receptor. All the protein structures were pre-processed with a protein 

preparation routine. A number of iterations of the ligand (30,000) were analyzed, and the top 

30 poses were saved. These poses were visually analyzed and those showing binding of 

RAB7 to the TRAF6 RING dimerization interface and forming contacts with ubiquitin were 

depicted. The RAB7 structure (PDB ID: 1t91) was visualized by Swiss-PdbViewer.

Statistical analysis

Statistical analysis was performed by either GraphPad (Prism) or Excel (Microsoft) software 

to determine p values by paired student t-test or F test.

Results

B cell-specific RAB7 overexpression enhances the antibody response

In Cd19+/CreRosa26+/fl-STOP-fl-Rab7 (Rab7 B-Tg) mice, homeostatic expression of untagged 

RAB7 from the Rosa26 locus (which is in close proximity to the endogenous Rab7 locus, 

Fig. 1A) was largely restricted to lymphoid organs, resulting in increased Rab7 transcript 

levels and RAB7 overexpression in about 75% of CD19+ B cells in the spleen (Fig. 1B–E). 

The remaining B cells expressed RAB7 at levels comparable to those in the majority of B 

cells from Cd19+/creRosa26+/+ and Cd19+/+Rosa26+/fl-STOP-fl-Rab7 littermates, which were 

collectively referred to as “wildtype” mice (a proportion of B cells from wildtype mice 

expressed high RAB7 levels, likely reflecting their activated state). The smaller difference in 

RAB7 protein expression (2-fold in Rab7 B-Tg mice) than that in Rab7 transcript levels (5-

fold) likely due to post-transcriptional regulation mechanisms that would limit RAB7 

overexpression.

In Rab7 B-Tg mice, B cell-specific RAB7 overexpression did not affect B cell development 

in the bone marrow or maturation and survival in the periphery; nor did it affect the 

development of other immune cells (Fig. 1F–H). These mice displayed serum levels of IgM 

and switched IgG1, IgG2b and IgA isotypes comparable to those in their wildtype 

littermates, but higher IgG2a and IgG3 titers, with IgE undetectable (Fig. 1I). Upon 

immunization with NP-CGG in alum, they produced more high-affinity NP4-binding IgG1 

and IgG2a, the two main IgG isotypes induced by NP-CGG, with normal expression of the 

genes encoding IL-4 and IFNγ, which direct CSR to IgG1 and IgG2, respectively (Fig. 1J, 

1K). This and the previous findings showing reduced IgG responses in B cell-specific KO 
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IghCγ1-creRab7fl/fl mice provide two-sided evidence for the B cell-autonomous role of 

RAB7 in the antibody response.

RAB7 overexpression upregulates CSR in vivo and in vitro

Non-immunized Rab7 B-Tg mice had increased frequencies of IgG3+ B cells in the spleen 

(Fig. 2A). Upon immunization, they displayed enhanced B cell proliferation, but largely 

normal B cell differentiation into (GL7hiCD138–) germinal center B cells and 

(GL7loCD138+/hi) plasma cells (Fig. 2B). While (GL7loCD138–) naïve Rab7 B-Tg B cells 

remained IgG-negative despite their high RAB7 expression, germinal center B cells from the 

same mice underwent CSR to IgG1 and IgG2a, and did so at higher levels than their 

wildtype counterparts in spite of the reduced difference in RAB7 expression due to 

induction of endogenous RAB7 (Fig. 2C, 2D). Irrespective of the endogenous or exogenous 

source of RAB7, IgG1+ B cells segregated within RAB7hi cells (Fig. 2E). RAB7 

overexpression also resulted in elevated CSR in antigen-specific NP-binding B cells (Fig. 

2F) and increased levels of IgH post-recombination transcripts Iμ-Cγ1 and Iμ-Cγ2a (Fig. 

2G).

Like germinal center B cells, Rab7 B-Tg B cells stimulated in vitro by LPS, which engaged 

both TLR4 and BCR (1,23), or CD154 plus appropriate secondary stimuli showed higher 

CSR, but normal plasma cell differentiation, than their wildtype counterparts (Fig. 3A–C). 

The increase in CSR was across all cell divisions and associated with upregulation of IgH 

germline transcription and Aicda expression, but normal expression of Prdm1, which 

encodes Blimp-1 (Fig. 3D–F). Like in vivo, IgG1+ B cells generated in vitro preferentially 

segregated within RAB7hi/RAB7int cells in both Rab7 B-Tg and wildtype B cells (Fig. 3G). 

Finally, Rab7 B-Tg B cells showed higher CSR in the presence of CID 1067700, consistent 

with the specific targeting of RAB7 by CID 1067700 (Fig. 3H).

RAB7 potentiates NF-κB activation and interacts with TRAF6 to enhance TRAF6 activity

The dependency of AID/CSR induction on NF-κB prompted us to analyze NF-κB activation 

in B cells from immunized Rab7 B-Tg mice. Only B cells that expressed high levels of 

RAB7 displayed phosphorylation of the NF-κB p65 (RELA) subunit at Ser532, a hallmark 

of NF-κB activation through the canonical pathway, with Rab7 B-Tg B cells showing a 

higher degree of RAB7 expression and p65 phosphorylation than wildtype B cells (Fig. 4A, 

4B). A B cell-intrinsic role of RAB7 in NF-κB activation was further confirmed in vitro in 

highly purified Rab7 B-Tg B cells, which displayed little p65 phosphorylation when freshly 

isolated despite the high basal levels of RAB7 expression, but upregulated it upon CD154 or 

LPS stimulation (Fig. 4C). In these cells, p65 phosphorylation was restricted in RAB7hi cells 

and occurred at a level higher than that in wildtype B cells. Plasma cells generated from 

stimulated Rab7 B-Tg and wildtype B cells also showed p65 phosphorylation in RAB7hi 

cells (Fig. 4D).

RAB7 interacts with TRAF6 and enhances TRAF6 activity

The enhancement of p65 phosphorylation by overexpression of RAB7, which is the marker 

of mature endosomes, suggested the involvement of these intracellular membrane structures 

in NF-κB activation in B cells. While virtually absent in naïve B cells, immature and mature 
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endosomes formed in CD154-activated B cells (Fig. 5A). In these cells, TRAF6 was present 

mainly in (RAB7-marked) mature endosomes and co-immunoprecipitated with RAB7, 

together with its K63 polyubiquitination form and in association with RAB7 and TAK1, but 

not IKKγ (Fig. 5B–D). Likewise, TRAF6 co-immunoprecipitated with RAB7 as well as 

TLR4 receptor and signal adaptor IRAK1 in LPS-stimulated B cells (Fig. 5B, 5E). By 

contrast, TRAF6 showed only weaker association with RAB5 and much less localization in 

RAB5-marked immature endosomes or other membranes, which would include the plasma 

membrane, where CD40 and TLR4 were located prior to the engagement (Fig. 5A, 5B). The 

specific association of TRAF6 with RAB7 was consistent with its direct interaction with 

RAB7 (but not RAB5) through the N-terminal RING domain, which did not interact with 

AID or UNG, an enzyme involved in the processing of AID-generated DNA lesions (Fig. 

5F–I). Finally, consistent with the elevated NF-κB activation and AID/CSR induction in 

Rab7 B-Tg B cells, RAB7 overexpression upregulated the RAB7/TRAF6 interaction and 

TRAF6 K63 polyubiquitination (Fig. 5J).

CD40 is localized in the cytoplasm upon engagement and co-localizes with RAB7 in 
activated B cells

Engagement of CD40 and TLR4 triggers the recruitment of TRAF6 through binding of its 

C-terminal (TRAF-C) domain to CD40 and IRAK1, respectively. As TRAF6 directly 

interacted with RAB7 through its N-terminal RING domain, we reasoned that TRAF6 and 

RAB7 would form a complex with CD40 (or TLR4 together with IRAK1) in mature 

endosomes. Supporting this notion, RAB7, upon induction by CD154, readily formed multi-

molecule puncta, in contrast to LAMP-1, which showed a largely diffused pattern with a 

small proportion forming puncta (Fig. 6A). RAB7 also co-localized with CD40 in the 

cytoplasm (Fig. 6A–C), consistent with an increased proportion (e.g., 80%) of B cells 

showing higher overall CD40 expression but little surface CD40 expression (Fig. 6D, 6E), 

likely due to internalization of CD40 upon engagement (Fig. 6F, 6G). Overexpression of 

RAB7 in activated Rab7 B-Tg cells increased the number of RAB7+ puncta (Fig. 6H), but 

did not accelerate CD40 internalization (Fig. 6G). Like B cells from immunized Rab7 B-Tg 
mice, which generated anti-dsDNA IgG autoantibodies (Fig. 7A), B cells from MRL/

Faslpr/lpr lupus mice displayed high levels of RAB7 expression and NF-κB activation that 

were correlated (Fig. 7B–D). Accordingly, they showed more CD40 intracellular localization 

(Fig. 7E).

Lipid raft disruption and RAB7 inhibition synergize to abrogate NF-κB activation

Blocking receptor internalization in CD154- and LPS-stimulated B cells by dynasore (15 

μM), a small molecule inhibitor of dynamin, impaired NF-κB activation, Aicda expression 

and CSR (e.g., decreased IgG levels and Iμ-Cγ post-recombination transcripts) with 

marginal changes in B cell proliferation, survival and expression of Rab7 and Prdm1 (Fig. 

8A–D). The dynasore treatment also reduced CSR in B cells activated by TLR engagement 

and BCR crosslinking and, in the case of TLR7/8 and TLR9, even B cell proliferation, likely 

reflecting the key role of trafficking of these endosomal TLRs during their maturation (Fig. 

8D, 8E). The CSR enhancement in Rab7 B-Tg B cells was largely abrogated by the 

dynasore treatment (Fig. 8F, 8G), showing that RAB7 overexpression promoted CSR in a 

manner dependent on receptor internalization.
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In addition to trafficking into RAB7-marked mature endosomes, internalized CD40 or TLR4 

could remain associated with the plasma membrane by localizing on cholesterol-rich lipid 

rafts, from which they emanate signals. We reasoned that disruption of such lipid rafts, e.g., 

by methyl-β-cyclodextrin (MβCD) (20,24), would divert more internalized CD40 molecules 

to the RAB7-dependent endosomal pathway. Indeed, treatment of CD154-stimulated B cells 

with MβCD at selected doses did not affect CD40 internalization (i.e., loss of surface 

CD40), but increased CD40 intracellular localization and enhanced NF-κB activation and 

CSR (Fig. 9A–D), likely by augmenting the RAB7-dependent pathway. Importantly, MβCD 

combined with RAB7-specific inhibitor CID 1067700 severely impaired NF-κB and ERK 

activation and cell proliferation/survival, and virtually abolished AID/CSR induction by 

CD154 or LPS (Fig. 9A–B, E–G), showing the functional redundancy of the MβCD-

sensitive pathway and RAB7-dependent pathway.

Discussion

Here we have shown a new mechanisms of B cell NF-κB activation for AID induction, CSR 

(and likely AID-dependent SHM) and the maturation of the antibody response. Upon 

engagement, immune receptors, such as CD40, were localized in the cytoplasm, where they 

were associated with signal adaptor TRAF6 in RAB7-marked mature endosomes, as 

facilitated by direct RAB7/TRAF6 interaction, to enhance TRAF6-catalyzed K63 

polyubiquitination. Such a RAB7/mature endosome-dependent pathway could be 

strengthened by RAB7 overexpression, as occurring in Rab7 B-Tg B cells, or the MβCD 

treatment due to the diversion of CD40 or TLR4 from the lipid raft-dependent pathway. 

When both pathways were inhibited, NF-κB activation was severely impaired, providing 

strong evidence for the functional redundancy of RAB7-dependent intracellular membrane 

signalosomes and lipid raft-anchored plasma membrane signalosomes in B cell NF-κB 

activation. Extending our current study on RAB7, future identification of the linchpin factors 

in plasma membrane signalosomes would further verify the functional redundancy of the 

two pathways through genetic (e.g., double KO) or pharmacological inhibitor approaches. 

Such factors may be shared by previously reported CD40-containing signalosomes localized 

in lipid rafts in B lymphoma cells and DCs (19–22). They may also mediate the crosstalk 

with signalosomes assembled on the plasma membrane following BCR crosslinking (25) – 

BCR can also be endocytosed upon crosslinking, but, instead of transducing signals, mostly 

recycled back to the cell surface or sorted to the lysosomal degradation pathway for antigen 

processing and MHC presentation (26).

Despite the redundancy by plasma membrane signalosomes, the RAB7-nucleated 

intracellular membrane signalosomes probably play a major pathophysiological role in B 

cell NF-κB activation through the canonical pathway, as indicated by the strong correlation 

of RAB7 expression with NF-κB p65 phosphorylation in normal and lupus B cells, likely 

due to the RAB7 upregulation and its enhancement of the enzymatic activities of TRAF6, 

also consistent with the role of TRAF6 in NF-κB activation through the canonical, but not 

non-canonical, pathway. The endosomal localization of TRAF6 was unexpected, as this 

adaptor had been thought to be localized in the cytosol and, upon CD40 engagement, 

recruited to lipid rafts (21). According to our in silico modeling, RAB7 could potentially 

form a complex with the RING domain of TRAF6 in either the monomeric or trimeric form, 
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Ubc13 E2 ubiquitin ligase and ubiquitin, thereby stabilizing the TRAF6-RING/Ubc13/

ubiquitin complex (Fig. 5K), within which RAB7/TRAF6 interaction be sufficient to 

stabilize the ubiquitin binding for K63 polyubiquitination without the need for RING 

domain dimerization (27). Alternatively, RAB7 may simply stabilize the CD40/TRAF6 

interaction on endosomes. In either case, intracellular membrane signalosomes would be 

advantageous over plasma membrane signalosomes for heightened signal outputs and may 

involve different IKKβ kinases for signal transduction, as suggested by the association of 

RAB7 with TAK1, but not IKKγ. Within RAB7, the TRAF6-interacting interface was 

apparently outside the catalytic pocket (as occupied by GTP, GDP or CID 1067700) and the 

second binding site of CID 1067700 (our in silico modeling). The role of TRAF6/RAB7 

interaction in NF-κB activation could be further verified by CSR impairment when such 

interaction is disrupted by point mutations at the interaction interface or small molecules 

identified by high-throughput screening.

As a prerequisite for the generation of the RAB7/mature endosome-dependent intracellular 

membrane signalosomes, endocytosed CD40 and TLR4, as originally in microdomains of 

the plasma membrane, need to traffick through RAB5-marked immature endosomes, 

possibly assisted by JLP scaffold protein, before reaching RAB7-marked mature endosomes 

(17). Analysis of such a dynamic process, as lacking in the current studies, would be best 

performed using live cell imaging involving fluorochrome-labeled recombinant CD154 (or 

agonistic anti-CD40 mAb) and RAB7-RFP fusion protein (28). Previous cell line-based 

studies have shown that CD40 internalization or localization in lipid rafts occurred in B cells 

and other cell types (18–22,29,30) and used TRAF2 and TRAF3 (31) for signal 

transduction. By contrast, in mature endosomes, CD40 would recruit TRAF6 to form 

macromolecular complexes through multi-valent protein interactions, as CD40 and RAB7 

interacted with different TRAF6 domains. Trafficking of CD154-engaged CD40 within T 

cell:B cell synapses likely involves formation of mini-vesicles that enclose the CD154-CD40 

conjugate and could travel in both directions, to B cells and T cells (32,33) – along this line, 

a subset of CD40 may “bud out” and become circulating biomarkers. In lupus B cells, CD40 

is likely upregulated due to strong stimulation by TLR ligands or CD154 from hyper-

activated T cells, and extensively endocytosed.

RAB7 overexpression per se in naïve Rab7 B-Tg B cells failed to trigger NF-κB activation, 

as other requirements of signalosome formation (e.g., CD40/TLR internalization and 

intracellular membrane biogenesis) had not yet been met. In activated B cells, the two 

spatially distinct signalosomes would show different kinetics in their formation, with plasma 

membrane signalosomes rapidly forming and triggering the first wave of NF-κB activation. 

This would feed into the second phase by initiating the upregulation of RAB7 and 

biogenesis of intracellular membrane structures, such as endosomes (shown here), ER and 

autophagosome-like double-membrane structures, all of which could support signalosome 

formation in immune cells (34,35). Thus, the exquisite function of RAB7-dependent 

intracellular membrane signalosomes would be most relevant in B cells with lengthier 

stimulation (e.g., 24–48 hr), and was likely missed by previous studies that employed 

genetics and structure biology approaches to identify components of CD40 and TLR 

signaling pathways using B cells stimulated for short periods of time, e.g. a few minutes.
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The correlation of aberrant RAB7 expression and heightened NF-κB activation in single 

lupus B cells extends previous findings involving bulk lupus B cells (36,37). As NF-κB 

hyperactivation is also responsible for a wide range of other disease conditions, such as B 

cell lymphoma (38,39), RAB7 may be a common causative factor and, therefore, attractive 

therapeutic targets – NF-κB per se is a poor target due to the critical role of basal NF-κB 

activity in homeostasis and many combinations of NF-κB heterodimers. Disruption of 

RAB7-dependent intracellular membrane signalosomes would only block a subset of NF-κB 

signals, while leaving plasma membrane signalosomes intact to provide basal NF-κB 

activity to maintain essential functions. It can be achieved by CID 1067700 derivatives or 

compounds that interfere with the RAB7/TRAF6 interaction, particularly those with good 

PK/PD profiles and a high therapeutic index.
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Key Points

1. RAB7 small GTPase co-localizes with engaged receptors on mature 

endosomes in B cells.

2. RAB7 directly interacts with TRAF6 to transduce receptor signals in NF-κB 

activation.

3. RAB7 overexpression in normal and lupus B cells enhances NF-κB and AID 

induction.
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FIGURE 1. 
B cell-specific RAB7 overexpression enhances the antibody response. (A) Illustration of 

Cd19 and Rosa26 alleles in Cd19+/creRosa26+/fl-STOP-fl-Rab7 (Rab7 B-Tg) mice. (B) 

Immunoblotting analysis of RAB7 expression in different organs. The signal intensity of 

each band was quantified by ImageJ (NIH) and the ratio of the value of RAB7 signals to that 

of β-actin signals was depicted below. (C) Flow cytometry analysis of RAB7 expression in 

immune cells. Numbers indicate the proportion of RAB7hi cells. Representative of three 

independent experiments. (D) Proportions of RAB7hi cells (top) and mean fluorescence 

intensities (MFIs) of RAB7 (bottom) in each immune cell type in Rab7 B-Tg mice (mean 

and s.e.m., n=3). (E) Levels of Rab7 transcripts (left) in B cells isolated from non-

immunized Rab7 B-Tg mice. Data were expressed as the ratio to that of Cd79b levels (mean 

and s.d., triplicates). Also depicted were Aicda expression levels, which were low in non-

immunized mice (right). (F) Flow cytometry analysis of B cell development and 

homeostasis in the bone marrow and the periphery. Numbers indicate the proportion of 

B220+IgMhi B cells. Representative of three independent experiments. (G) Flow cytometry 

analysis of B cell survival. Numbers indicate the proportion of live (7–AAD–) B cells. 

Representative of three independent experiments. (H) Flow cytometry analysis of T cell 

subsets (CD4+CD8– and CD4–CD8+) and myeloid cell types (CD11b+CD11c– 

macrophages, CD11b–CD11c+ DCs and CD11bhiCD11c+ DCs), as indicated. Numbers 

indicate the proportions of each cell types. Representative of three independent experiments. 

(I) Titers of serum Ig isotypes in Rab7 B-Tg mice before immunization with NP-CGG and 

their wildtype littermate counterparts (normalized to the values in wildtype mice; mean and 

s.e.m., n=4). (J) Titers of NP4-binding IgM, IgG1 and IgG2a in the serum of mouse 
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littermates after immunization with NP-CGG (normalized to the values in wildtype mice; 

mean and s.e.m., n=4). (K) Levels of different transcripts, as indicated, in B cells from 

immunized mice, as in (J). Data were normalized to the values in wildtype mice (mean and 

s.d., triplicates). *, p < 0.05; ***, p < 0.005.

Yan et al. Page 18

J Immunol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
RAB7 overexpression upregulates CSR in vivo. (A) Flow cytometry analysis of surface IgD 

and IgG3 expression in B cells from the spleen in mice before NP-CGG/alum immunization 

(n=3, mean and s.e.m. in the right panel). (B) Flow cytometry analysis of spleen B cell 

proliferation (left) and differentiation into plasma cells (middle) and germinal center B cells 

(right) in mice immunized with NP-CGG in alum for 14 d (n=3, mean and s.e.m.). (C) Flow 

cytometry analysis of B cell differentiation into germinal center B cells and plasma cells 

(left), and RAB7 expression (right) in immunized mice, as in (B). Representative of three 

independent experiments. (D) IgG1 and IgG2a expression in different mouse spleen B cell 

subsets, as in (C; mean and s.e.m., n=3 in the histogram, right). (E) Surface expression of 

IgG1 and intracellular expression of RAB7 in germinal center B cells and plasmablasts in 

immunized mice, as in (C). Representative of three independent experiments. (F) Surface 

expression of NP-binding BCR in B cells (left; numbers indicate the proportions of NP-

specific B cells) and IgG1 expression within NP-specific B cells (right; numbers indicate the 

proportions of IgG1+ cells) in immunized mice, as in (B). Representative of three 

independent experiments. (G) Levels of different transcripts, as indicated, in B cells from 

immunized mice, as in (B). Data were normalized to the values in wildtype mice (mean and 

s.d., triplicates). *, p < 0.05; **, p < 0.01.
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FIGURE 3. 
RAB7 overexpression upregulates CSR in vitro. (A) Expression of class-switched Ig 

isotypes in B cells stimulated in vitro, as indicated. (B) Proportion of class-switched Ig 

isotypes in B cells stimulated in vitro by LPS plus appropriate cytokines (n=5 in IgG1, n=3 

in other IgG isotypes and IgA; mean and s.e.m.). (C) Flow cytometry analysis of plasma 

cells after B cells were stimulated with LPS or LPS plus IL-4 for 2 d. Numbers indicate the 

proportions of CD19loCD138hi plasma cells. Representative of three independent 

experiments. (D, E) Flow cytometry analysis of IgG1+ B cells after stimulation of CFSE-

labeled B cells by LPS plus IL-4 (D). Proportions of IgG1+ cells within B cells that had 

completed each cell division, as assessed by CFSE intensities, were depicted in (E). 

Representative of two independent experiments. (F) Levels of different transcripts in B cells 

stimulated with LPS plus IL-4. Data were normalized to the values in wildtype B cells 

(mean and s.d., triplicates). (G) Intracellular expression of RAB7 in B cells stimulated with 

CD154 plus IL-4 for 96 h (left) and surface expression of IgG1 in B cells with different 

levels of RAB7 expression. Representative of two independent experiments. (H) Proportions 

of IgG1+ B cells stimulated with LPS plus IL-4 in the presence of different doses of CID 

1067700 (mean and s.d., triplicates). *, p < 0.05; **, p < 0.01.
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FIGURE 4. 
RAB7 potentiates NF-κB activation. (A,B) Flow cytometry analysis of intracellular levels of 

RAB7 expression and NF-κB p65 phosphorylation in B and T cells in the spleen (A) and 

pooled lymph nodes (B) of immunized mice. Numbers indicate the proportions of B cells 

showing high RAB7 expression and p65 phosphorylation (mean and s.e.m., n=3 in the 

histograms). (C) Flow cytometry analysis of RAB7 expression and p65 phosphorylation in 

freshly isolated naïve B cells and B cells stimulated in vitro with CD154 or LPS for 48 h 

(mean and s.e.m., n=4). (D) Flow cytometry analysis of RAB7 expression and p65 

phosphorylation in plasma cells generated after in vitro B cell stimulation by LPS, as 

indicated, for 48 h (CD154 stimulation did not generate enough plasma cells for analysis). 

Representative of three independent experiments. **, p < 0.01; ***, p < 0.005.
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FIGURE 5. 
RAB7 interacts with TRAF6 and enhances TRAF6 activity. (A) Intracellular membrane 

fractionation of B cells before or after CD154 plus IL-4 stimulation for 48 h (left) and 

detection of protein molecules in different member fractions by immunoblotting (right). (B) 

Immunoblotting analysis of proteins immunoprecipitated by anti-TRAF6 or anti-RAB5A 

IgG from B cells prior to stimulation (0 hr) or stimulated as indicated for 48 h (K63 poly-

Ub, K63 polyubiquitination). Two bands denoted by “*” indicated K63 polyubiquitinated 

TRAF6. (C) Immunoblotting of proteins immunoprecipitated by anti-RAB7 IgG or by an 

irrelevant IgG from B cells stimulated with CD154 plus IL-4 for 48 h. (D) Immunoblotting 

analysis of proteins immunoprecipitated by anti-TRAF6 (left panels), anti-RAB7 (right 

panels) or an irrelevant IgG from B cells prior to stimulation (0 hr) or stimulated as indicated 

for 48 h. (E) Immunoblotting of proteins immunoprecipitated by anti-TRAF6 IgG or by an 

irrelevant IgG from B cells stimulated with LPS plus IL-4 for 48 h. (F) Illustration of the 

principle of the BiFC assay. (G) BiFC analysis of direct interaction of TRAF6-RING 

domain with RAB7, but not other proteins, as indicated. (H) Immunoblotting of expression 

of HA-tagged different TRAF6 domains. (I) BiFC analysis and quantified interaction of 

TRAF6-RING with different protein factors, as indicated (n=3, mean and s.e.m. in the 

histogram). (J) Immunoblotting analysis of total proteins (input) and proteins 

immunoprecipitated by anti-TRAF6 in stimulated B cells. (K) The interaction of RAB7 

(red) with the TRAF6-RING domain (pink) in complex with ubiquitin (blue) and Ubc13 

(orange), as modeled by docking analysis (top panel; PDB ID: RAB7 1yhn; TRAF6-RING/

Ubc13/ubiquitin: 5vo0). In general, TRAF6 needs to be dimerized to catalyze K63 

polyubiquitination, with the two RING domains in an anti-parallel conformation to stabilize 

the interaction with ubiquitin through reciprocal binding to the first zinc finger (ZF1, green; 
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bottom panel). RAB7 can substitute the RING-domain and ZF1 of one TRAF6 monomer, as 

depicted by its overlaying of a TRAF6 monomer (grey, top panel), in stabilizing the 

interaction of TRAF6-RING and ubiquitin (middle panel). A-E, H, J, representative of two 

independent experiments.
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FIGURE 6. 
CD40 intracellular localization in activated normal B cells. (A) Immunofluorescence 

staining and differential interference contrast (DIC) microscopy of RAB7, CD40 and 

LAMP-1 in B cells prior to stimulation or stimulated with LPS plus IL-4 or CD154 plus 

IL-4 for 24 h. The panel showing RAB7/CD40 co-localization in CD154-stimulated B cells 

was enlarged (right). The white arrowheads indicate co-localization of RAB7 and CD40 

(original magnification: 1,000X; scale bar, 5 μM). (B) Confocal microscopy of CD40 and 

RAB7 in two individual B cells stimulated with CD154 plus IL-4. The white arrowheads in 

the B cell indicate co-localization of CD40 with RAB7-containing puncta, as shown in 

yellow. The co-localizing areas in the first cell (left) were dense in molecules, as shown by 

DIC microscopy, and close to the plasma membrane. (C) Quantification of RAB7+ puncta in 

B cells before or after stimulation, as indicated, and co-localization of RAB7 foci with 

CD40 only in B cells stimulated with CD154 plus IL-4 (n=3, mean and s.e.m.). (D) Flow 

cytometry analysis of surface CD40 expression (dashed black lines) and total CD40 

expression (surface plus intracellular, orange shaded areas) in B cells before or after 

stimulation by CD154 plus IL-4. Numbers colored in black and orange indicate the 

proportions of B cells showing high surface and overall CD40 expression, respectively, and 

were used to calculate the ratio of cells displaying only surface CD40 expression, as the 

readout of the inverse of CD40 intracellular localization. (E) Total (orange shaded area) and 

surface (dashed black lines) CD40 expression, as in (D), in wildtype and Rab7 B-Tg B cells 

stimulated with CD154 or LPS for 24 h. The ratio of cells displaying only surface CD40 

expression, as the readout of the inverse of CD40 intracellular localization. (F,G) Surface 

and total CD40 levels in wildtype and Rab7 B-Tg B cells primed with LPS for 24 h and then 

stimulated with CD154 for different time. The numbers below gates indicated the proportion 

of B cells showing high total or surface CD40 levels (F) and were used to calculate the 

proportion of CD40 molecules on the B cell surface (G, top, n=3). The time-dependent loss 

of surface CD40 expression, e.g., about 50% within 60 min (G, bottom), reflected CD154-
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triggered CD40 internalization. (H) Immunofluorescence staining of RAB7 in wildtype and 

Rab7 B-Tg B cells stimulated with LPS plus IL-4 for 48 h. Quantification of the number of 

RAB7+ puncta in B cells was also depicted (right). D-G, representative of two independent 

experiments.
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FIGURE 7. 
CD40 intracellular localization in lupus B cells. (A) ELISA of titers of circulating anti-

dsDNA autoantibodies in Rab7 B-Tg mice and their wildtype counterparts (n=3; mean and 

s.d.). (B) Flow cytometry analysis of total (orange shaded area) and surface (dashed black 

lines) CD40 expression in B cells from PBMCs of MRL/Lpr and C57 mice (top panels). The 

ratio of cells displaying only surface CD40 expression, as the readout of the inverse of CD40 

internalization. Also depicted is flow cytometry analysis of B cells showing high RAB7 

expression and NF-κB p65 phosphorylation in such B cells (bottom panels (bottom panels). 

(C) Linear regression of intracellular RAB7 expression and levels of phosphorylated p65 in 

B cells from PBMCs of MRL/Lpr and C57 mice, as determined by MFIs in flow cytometry 
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(right; n=5; p value, F test). (D) RAB7 expression and p65 phosphorylation in B cells from 

PBMCs of MRL/Lpr and C57 mice (mean and s.d., n=5 in the histogram). (E) Flow imaging 

analysis of CD40 intracellular localization in CD19+ spleen B cells. The images of B cells 

showing CD40 intracellular localization, i.e., 1 out of 11 representative C57 B cells and 3 

out of 9 representative MRL/Lpr B cells, were duplicated beneath for the annotation by 

white concentric circles of the peripheral dark ring, which indicated the cell surface and 

resulted from lack of surface staining of CD40. Also depicted is the proportion of B cells 

showing CD40 intracellular localization score of >0 (histogram, right). B, E, representative 

of at least two independent experiments). ***, p < 0.005.
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FIGURE 8. 
CD40 internalization in activated B cells promotes NF-κB activation and CSR. (A) Flow 

cytometry analysis of CD40 internalization, intracellular RAB7 expression and levels of 

phosphorylated p65 in B cells stimulated with CD154 plus IL-4 for 24 h and treated with nil 

(DMSO) or dynasore (left two columns), and CSR to IgG1 and viability (7–AAD–) in 

CFSE-labeled B cells stimulated with CD154 plus IL-4 for 96 h and treated with nil or 

dynasore (right two columns). Representative of three independent experiments. (B) Flow 

cytometry analysis of IgG1+ cells (top), average divisions completed by B cells (middle) and 

proportion of 7–AAD– live B cells (bottom) after CFSE-labeled B cells were stimulated with 

CD154 or LPS plus IL-4 and treated with dynasore at different doses for 4 d. Representative 

of two independent experiments. (C) Levels of different transcripts in B cells stimulated 

with CD154 (top) or LPS (bottom) plus IL-4 and treated with nil (DMSO) or dynasore. Data 

were normalized to the values in nil-treated B cells (mean and s.d., triplicates). 

Representative of two independent experiments. (D, E) Flow cytometry analysis of IgG1+ B 

cells after CFSE-labeled B cells were stimulated with LPS (left) or different TLR ligands 

together with anti–IgD mAb/dex (right) plus IL-4 and treated with nil (DMSO) or dynasore 

at 15 μM (D) or different doses (E) for 4 d. Proportions of IgG1+ B cells were depicted in 

the histograms (E). Representative of two independent experiments. (F,G) Flow cytometry 

analysis of IgG1+ B cells after CellTrace Yellow-labeled wildtype and Rab7 B-Tg B cells 

were stimulated with CD154 plus IL-4 and treated with nil (DMSO) or dynasore at 15 μM 
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(F) or different doses (G) for 4 d. Representative of three independent experiments. *, p < 

0.05; **, p < 0.01.

Yan et al. Page 29

J Immunol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 9. 
Lipid raft disruption and RAB7 inhibition synergize to abrogate NF-κB activation. (A,B) 

Flow cytometry analysis of CSR to IgG1, proliferation and viability (7–AAD–) of CellTrace 

Yellow-labeled B cells stimulated with CD154 or LPS plus IL-4 for 96 h and treated with 

nil, MβCD, CID 106770 or both at different doses, as indicated. Representative of three 

independent experiments. (C) FACS analysis of surface CD40 in B cells primed with LPS 

for 24 h and then stimulated with CD154 for 0 or 60 m in the presence of nil or MβCD, as 

indicated. The numbers indicated the proportions of B cells showing high levels of surface 

CD40. (D) DIC microscopy and immunofluorescence staining of CD40 in B cells primed 

with LPS for 24 h and then stimulated with CD154 for 60 m in the presence of nil or MβCD. 

The white arrowheads indicate intracellular localization of CD40 (original magnification: 

1,000X). (E,F) Flow cytometry analysis of RAB7 expression and p65 phosphorylation (E) 

as well as of ERK phosphorylation (F) in B cells stimulated with CD154 plus IL-4 for 24 h 

and treated with nil, MβCD, CID 106770 or both. Representative of two independent 

experiments. (G) Levels of different transcripts in B cells stimulated with CD154 (top) or 

LPS (bottom) plus IL-4 and treated with nil (DMSO) or dynasore. Data were normalized to 

the values in nil-treated B cells (mean and s.d., triplicates). Representative of two 

independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.005.
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