
THE

JOURNAL • RESEARCH • www.fasebj.org

CD82 controls CpG-dependent TLR9 signaling
Nida S. Khan,*,†,‡,§ Daniel P. Lukason,* Marianela Feliu,* Rebecca A. Ward,* Allison K. Lord,*
Jennifer L. Reedy,*,§ Zaida G. Ramirez-Ortiz,§,{,k Jenny M. Tam,* Pia V. Kasperkovitz,# Paige E. Negoro,*
Tammy D. Vyas,* Shuying Xu,* Melanie M. Brinkmann,**,†† Mridu Acharaya,‡‡,§§

Katerina Artavanis-Tsakonas,{{ Eva-Maria Frickel,kk Christine E. Becker,## Zeina Dagher,* You-Me Kim,***
Eicke Latz,†††,‡‡‡,§§§ Hidde L. Ploegh,{{{ Michael K. Mansour,*,§ Cindy K. Miranti,kkk,###

Stuart M. Levitz,††† and Jatin M. Vyas*,§,1

*Division of Infectious Disease, Department of Medicine, Massachusetts General Hospital, Boston, Massachusetts, USA; †Biomedical
Engineering and Biotechnology and †††Department of Medicine, University of Massachusetts Medical School, Boston, Massachusetts, USA;
‡Biomedical Engineering and Biotechnology, University of Massachusetts Lowell, Lowell, Massachusetts, USA; §Department of Medicine,
{Center for Immunology and Inflammatory Diseases, kDivision of Rheumatology, Allergy, and Immunology, and ##Center for Computational
and Integrative Biology, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, USA; #F. Hoffmann-La Roche
Innovation Center Basel, Basel, Switzerland; **Viral Immune Modulation Research Group, Helmholtz Centre for Infection Research,
Braunschweig, Germany; ††Institute of Genetics, Technische Universität Braunschweig, Braunschweig, Germany; ‡‡Benaroya Research
Institute, Seattle, Washington, USA; §§Center for Immunity and Immunotherapy, Seattle Children’s Research Institute, Seattle, Washington,
USA; {{Department of Pathology, University of Cambridge, Cambridge, United Kingdom; kkHost-Toxoplasma Interaction Laboratory, The
Francis Crick Institute, London, United Kingdom; ***Graduate School of Medical Sciences and Engineering, Korea Advanced Institute of
Science and Technology, Daejeon, South Korea; ‡‡‡Institute of Innate Immunity, University Hospital Bonn, University of Bonn, Bonn, Germany;
§§§German Center for Neurodegenerative Diseases (DZNE), Bonn, Germany; {{{Boston Children’s Hospital, Boston, Massachusetts, USA;
kkkLaboratory of Integrin Signaling and Tumorigenesis, Van Andel Research Institute, Grand Rapids, Michigan, USA; and ###Department of
Cellular and Molecular Medicine, University of Arizona Cancer Center, Tucson, Arizona, USA

ABSTRACT:The tetraspaninCD82 is apotent suppressor of tumormetastasis and regulates several processes including
signal transduction, cell adhesion, motility, and aggregation. However, themechanisms bywhich CD82 participates
in innate immunity are unknown. We report that CD82 is a key regulator of TLR9 trafficking and signaling. TLR9
recognizes unmethylated cytosine-phosphate-guanine (CpG)motifs present in viral, bacterial, and fungal DNA.We
demonstrate that TLR9 and CD82 associate in macrophages, which occurs in the endoplasmic reticulum (ER) and
post-ER. Moreover, CD82 is essential for TLR9-dependent myddosome formation in response to CpG stimulation.
Finally, CD82 modulates TLR9-dependent NF-kB nuclear translocation, which is critical for inflammatory cytokine
production. To our knowledge, this is the first time a tetraspanin has been implicated as a key regulator of TLR
signaling. Collectively, our study demonstrates that CD82 is a specific regulator of TLR9 signaling, which may be
critical in cancer immunotherapyapproaches and coordinating the innate immune response topathogens.—Khan,N.
S., Lukason,D.P., Feliu,M.,Ward,R.A., Lord,A.K.,Reedy, J. L., Ramirez-Ortiz, Z.G., Tam, J.M.,Kasperkovitz, P.V.,
Negoro, P. E., Vyas, T. D., Xu, S., Brinkmann,M.M., Acharaya,M., Artavanis-Tsakonas, K., Frickel, E.-M., Becker, C.
E.,Dagher,Z.,Kim,Y.-M.,Latz,E.,Ploegh,H.L.,Mansour,M.K.,Miranti,C.K.,Levitz,S.M.,Vyas, J.M.CD82controls
CpG-dependent TLR9 signaling. FASEB J. 33, 12500–12514 (2019). www.fasebj.org
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Tetraspanins are a highly conserved family of proteins
expressed on the cell surface and intracellular membranes
ofmost cell types.As their namesuggests,members of this

protein family have 4 transmembrane domains, 2 extracel-
lular loops, and short intracellular amino and carboxy ter-
mini (1). Tetraspanins influence diverse biologic functions
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including cell migration, adhesion, protein trafficking, and
signal transduction. However, their primary role is to pro-
vide lateral organization to the plasmamembrane through
interactionswithmultipleproteins (1–4).Acritical featureof
tetraspanins is their ability to interact with diverse trans-
membrane and intracellular proteins, forming functional
multimeric complexes known as tetraspanin-enriched
microdomains (TEMs) (2, 5). Spatial organization of these
complexes is essential for optimal signaling (6–9). Many
tetraspanin-protein interactions are weak; thus, the com-
position and localization of TEMs are highly dynamic,
explaining their broad influence on biologic processes in-
cluding cancerprogressionand immunity.Down-regulation
of CD82 is associated with poor prognosis of several malig-
nancies, including breast, colon, lung, ovarian, and pancre-
atic cancers (10–12). In the context of immunity, CD82
expressed by macrophages and dendritic cells associates
with class II major histocompatibility complex (MHC) and
other components of the antigen-processing and pre-
sentation pathway (13–17) and has been reported to main-
tain dormancy of long-term hematopoietic stem cells (7).
CD82 selectively traffics to fungal and bacterial-containing
phagosomes in macrophages (15), suggesting that CD82
plays an important role in innate immune signaling. How-
ever, the exact role of tetraspanins during host defense to
pathogens is not completely understood.

Similar to tetraspanins, TLRs are expressed on the
plasma and endosomal membranes of immune cells (18,
19), including macrophages. Upon recognition of micro-
bial ligands, TLRs dimerize (20), leading to recruitment of
myeloid differentiation primary response 88 (MyD88), a
core adaptor protein. This interaction licenses recruitment
of interleukin-1 receptor-associated kinase (IRAK) family
kinases (i.e., IRAK-2 and IRAK-4), forming the myddo-
somecomplex (21–23).Myddosomeassembly is critical for
activating the intracellular signaling cascade that pro-
motes NF-kB nuclear translocation and proinflammatory
cytokine production (e.g., TNF-a) (23). The intracellular
localization of endosomal TLRs is critical for initiating a
potent innate immune response against pathogens, aswell
as preventing recognition of self-DNA and autoimmunity
(18, 19). The initial trafficking of endosomal TLRs from the
endoplasmic reticulum (ER) to endolysosomal compart-
ments is regulated by Unc-93 homolog B1 (UNC93B1)
(24–27).However, the specific regulators of trafficking and
signaling of individual endosomal TLRs have not been
elucidated.

TLR9 is an endosomal innate immune receptor that
binds unmethylated cytosine-phosphate-guanine (CpG)
motifs in viral, bacterial, and fungal DNA. TLR9 is trans-
lated in the ER in its full-length form and passes through
the Golgi to the endolysosomal compartments where the
N terminus is proteolytically cleaved (28, 29). TLR9 then
binds CpG motifs, which initiates myddosome assembly
and downstream signaling leading to NF-kB activation
(20, 25, 28, 30–32).Wepreviously demonstrated that TLR9
recruitment to fungal-containingphagosomes requires the
C-type lectin receptor, dectin-1 (33). Additionally, CD82
regulates dectin-1 clustering and subsequent downstream
signaling in response to Candida albicans (34). TLR9 sig-
naling bifurcates betweenNF-kBand interferon regulatory

factor 7activation depending on the type of regulators
involved (26, 27, 35). The notion that TLR9 andCD82 are
rapidly and specifically recruited to fungal phagosomes
(15, 33, 36) suggests a possible link between CD82 and
TLR9 signaling.

To date, defining the precise function of individual tet-
raspanins has proven challenging because of a high degree
of functional redundancy and lack of intrinsic receptor
or catalytic activity (12). In this study, we demonstrate a
nonredundant role for CD82 in the regulation of TLR9
signaling in response to CpG DNA. The dynamic associa-
tion between TLR9 and CD82 occurs in macrophages. We
further demonstrate that TLR9 trafficking to acidified
CpG-containing compartments requires CD82. We also
show that CD82 controls TLR9–dependent myddosome
assembly but is dispensable for myddosome formation
triggered by other TLRs. Finally, we show that CD82 reg-
ulates TLR9-dependent activation of NF-kB and TNF-a
production. Together, these findings demonstrate a critical
role of CD82 as a key regulator of TLR9 trafficking and
signaling in innate immunity. Discovery of the specific
regulators of TLR9 signalingwill provide critical insight in
the development of TLR9 agonist immune therapies in the
context of cancer, infectious diseases, and autoimmune
diseases.

MATERIALS AND METHODS

Reagents

The class B CpG phosphorothioate oligodeoxynucleotide 1826
(59-TCCATGACGTTCCTGACGTT-39) with or without Alexa
Fluor 647 conjugated to the 39 end was purchased from In-
tegrated DNA Technologies (Coralville, IA, USA). LPS, imiqui-
mod, and synthetic triacylated lipopeptide Pam3CsK4 were
purchased from InvivoGen (San Diego, CA, USA).

Mice and cell lines

C57BL/6 mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA), and CD82 knockout (KO) mice were
obtained from CindyMiranti (The University of Arizona Health
Sciences, Tucson, AZ, USA). TLR9KO mice were a gift from
Shizuo Akira (Osaka University, Osaka, Japan) and bred there-
after atMassachusettsGeneralHospital (MGH).Miceused in this
study were housed and cared for in the MGH Hospital Thier
Specific Pathogen Free barrier facility (MGH, Boston, MA, USA)
according to Institutional Animal Care and Use Committee
guidelines. The following immortalized cell lines were used for
experiments: RAW264.7 (RAW), immortalized wild-type (WT)
bone marrow–derived macrophages (BMDMs), CD82KO mac-
rophages, TLR9KO macrophages, and Unc-93 homolog B1
(UNC93B1)-KO macrophages. The mouse macrophage-like cell
line, RAW, was purchased from American Type Culture Col-
lection (Manassas, VA, USA). CD82KO immortalized macro-
phageswere generated by isolating bonemarrow fromCD82KO
mice. Themethods for immortalizing the cellswereperformedas
previously described by Halle et al. (37).

Immortalized UNC93B1-KO macrophages were created in
the laboratoryofEickeLatz. TheTLR9KOcell linewas a gift from
Douglas Golenbock (University of Massachusetts Medical
School). RAWandUNC93B1-KOmacrophageswere cultured in
DMEM complete medium containing 10% heat-inactivated fetal
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bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine
(Thermo Fisher Scientific, Waltham, MA, USA). WT, TLR9KO,
and CD82KO immortalized macrophages were cultured in
Roswell Park Memorial Institute (RPMI) 1640–GlutaMax com-
plete medium (Thermo Fisher Scientific) containing 10% heat-
inactivated fetal bovine serum, 1% penicillin/streptomycin, 1%
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer, and 2 mM 2-ME.

Viral transduction and plasmids

The retroviral pMSCV vector containing murine TLR9 fused at
theCterminus togreen fluorescentprotein (GFP) (pMSCV-TLR9-
GFP). Retroviral transduction was performed as previously de-
scribed (36). Hemagglutinin (HA) epitope was appended on
CD82 fused at theN terminus (HA-CD82). TheHA-CD82 cDNA
was placed in the pMSCV vector, and retrovirus was produced.
RAWmacrophages were infected with the HA-CD82 retrovirus.
Previously, CD82 cDNA was amplified by PCR from BALB/c
mouse spleen and fused at the C terminus to murine (m) red
fluorescent protein (RFP)1 (CD82-mRFP1) (14). This construct
was inserted into the lentiviral pHAGE vector (14). Lentivirus
generation inHEK293Tcells and transductionwereperformedas
previously described (14).

The TLR7-3xFLAG construct was a gift from Dr. Gregory
Barton’s laboratory (University of California, Berkeley, CA,
USA). TLR7-3xFLAG was generated as previously described by
Newman et al. (38). The retroviral vector pMSCV-Thy1.1
(IRES-Thy1.1) containing the murine TLR7 cDNA fused to a
3xFlag tag at its C terminus was used to generate retrovirus in
GP2-293 cells (Takara Bio, Kyoto, Japan) for subsequent trans-
duction of immortalized BMDM. In brief, GP2-293 cells were
plated in 6-well plates with a density of 0.53 106 cells per well.
The following day, they were transfected with 1.7 mg TLR7
pMSCVand0.83mgvesicular stomatitis virusG-protein (VSV-G)
using TransIT-293 transfection reagent (Mirus, Madison, WI,
USA). The next day, the cells were moved to 32°C, and immor-
talized BMDMswere seeded at 3.03 105 cells perwell of a 6-well
plate. The supernatant containing retroviral particles was har-
vested and filtered through 40-mm filters. PolyBrene was added
at a 1:1000 dilution to the virus, and the target cells were then
transduced at 32°C overnight.

TNF-a production in mice sera

The protocol for serum TNF-a production in mice was adopted
from previously described protocols in refs. 31 and 39.
Age-matchedWT,CD82KO,andTLR9KOmice (n=3/group)on
C57BL/6backgroundwere intraperitoneally injectedwith 20mg
D-galactosamine (D-GalN; CNH Technologies, Woburn, MA,
USA)+/220nmolCpG(n=3) for 1 and3h, orWTandCD82KO
mice were intraperitoneally injected with 300 mg of LPS (Milli-
poreSigma, Burlington, MA, USA) for 1.5 h. Mice were eutha-
nized, and sera were collected at indicated times. Serum TNF-a
concentrations were measured by ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s speci-
fications. Results are the means of sera samples from 3mice, and
control mice were used as baseline values.

ELISA

A total of 13 105macrophageswere plated in triplicate on tissue
culture–treated48-wellplates andstimulatedwith ligands for the
indicated times. Supernatants were collected for cytokine anal-
ysis (TNF-a) with ELISA per the manufacturer’s instructions
(R&D Systems).

Immunoprecipitation assay

Macrophages at 1 3 106 were plated on 15-cm tissue culture–
treated plates overnight. Cells were stimulatedwith TLR ligands
as indicated for 1h.Macrophages at 13106wereplatedon15-cm
tissue culture–treated plates overnight. Cells were stimulated
with TLR ligands as indicated for 1 h. Except for myddosome
experiments, the cells were then lysed in 700 ml lysis buffer con-
taining 1% Brij-58, 50 mMTris-HCl (pH 7.4), 150mMNaCl, 10%
glycerol, and protease/phosphatase inhibitors (MilliporeSigma).
Lysis buffer containing 1% Nonidet P-40 (NP-40) was used for
the myddosome immunoprecipitation Western blots. A total of
600ml of cleared lysatewas incubatedwith the 1mganti–myeloid
differentiation primary response 88 (MyD88; R&D Systems) or
anti-GFP (MilliporeSigma) with 50 ml of protein G Dynabeads
(Thermo Fisher Scientific) overnight. The beads were washed 3
times in the lysis buffer prior to overnight incubation with cell
lysate. For HA-CD82 pull-down, 600 ml of cell lysate was in-
cubated with 100 ml of the anti-HA affinity matrix beads (3F10;
Roche, Basel, Switzerland) overnight. The following day, beads
were washed 3 times with wash buffer containing 1% NP-40 or
1%Brij-58, 200mMTris-HCL(pH7.4), 600mMNaCl, and20mM
EDTA. Proteins were extracted by adding 50 ml Laemmli buffer
with reducing agent and boiled at 95°C for 5 min. The proteins
were then resolved by SDS-PAGE in 4–12% gels (Thermo Fisher
Scientific), and methanol-activated PVDF membrane (Perkin
Elmer, Waltham, MA, USA) was applied to the gel in transfer
buffer (0.025 M Tris, 0.192 M glycine, 20% methanol). All buffer
componentswerepurchased fromNationalDiagnostics (Atlanta,
GA,USA) orMilliporeSigma. Thegel andPVDFmembranewere
sandwiched between transfer sponge and blotting paper and
were subjected to electrophoretic transfer at 100 V for 1 h. For
detection of proteins, PVDF-immobilized gel transfers were
blocked with 5% milk in PBS-0.01% Tween 20 (PBS-T; Milli-
poreSigma) overnight at 4°C or 1 h at room temperature. Blots
were incubated with anti–GFP-horseradish peroxidase (HRP)
(Santa Cruz Biotechnology, Dallas, TX, USA), anti-HA-HRP
(3F10; MilliporeSigma), anti–interleukin-1 receptor-associated
kinase (IRAK)2 (ProSci, San Diego, CA, USA), or anti–vesicle
associated membrane protein 3 (VAMP3; Novus Biologicals,
Centennial, CO, USA) in 1% milk in PBS-T for 1 h at room tem-
perature. Themembraneswerewashed and visualized using the
Western Lighting Plus ECL chemiluminescent substrate (Perkin
Elmer) on Kodak BioMax XAR Film (MilliporeSigma). Films
were then scanned and cropped, and contrast was adjusted
evenly to the entire image using Adobe Photoshop CC 2015
(Adobe Systems, San Jose, CA, USA).

TLR9 immunoprecipitation

Macrophages at 2 3 107 were plated on 15-cm tissue culture–
treated plates overnight. The cells were then lysed in 1 ml lysis
buffer containing 1% NP-40, 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 10% glycerol, and protease/phosphatase inhibitors (Mil-
liporeSigma). The lysate was incubated with 100 ml of protein G
Dynabeads and 25 mg of the TLR9monoclonal (NaR9) antibody
(40) overnight. The beadswerewashed 3 times in the lysis buffer
prior to overnight incubationwith cell lysate. The following day,
beads were washed 3 times with wash buffer containing 1%
NP-40 or 1% Brij-58, 200 mM Tris-HCL (pH 7.4), 600 mMNaCl,
and 20 mM EDTA. Proteins were processed as described in the
Materials and Methods section. For detection of proteins,
PVDF-immobilized gel transfers were blocked with Block Ace
(Bio-Rad, Hercules, CA, USA) in PBS-T for 1 h at room temper-
ature. Blotswere incubatedwithTLR9pAb (41) inCanGet Signal
Reagent 1 (Toyobo, Osaka, Japan) for 1 h at room temperature.
The membranes were washed and then incubated with
anti-rabbitHRPantibody(AgilentTechnologies, SantaClara,CA,
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USA) inCanGetSignalReagent2 for1hat roomtemperature.The
membraneswerewashedandvisualizedaspreviouslydescribed.

Nuclear extraction

NE-PER Nuclear and Cytoplasmic Extraction Reagents kit
(Thermo Fisher Scientific) was used to separate and prepare
nuclear extracts from immortalized macrophages per the man-
ufacturer’s instructions.

Confocal microscopy

Macrophages were plated overnight onto 8-chambered cover-
slips (Thermo Fisher Scientific). Cells were stimulatedwithAlexa
Fluor 647–labeled CpG at 37°C for specified times. For live-cell
imaging, coverslips were mounted on a Nikon Ti-E inverted mi-
croscope equipped with CSU-X1 confocal spinning-disk head
(Yokogawa, Tokyo, Japan). An excitation light source, 4-W laser
(Coherent, SantaClara,CA,USA),wasused toproduceexcitation
wavelengths of 488, 568, and 647 nm using an acoustic optical
tunable tuner. A high-magnification, high–numerical aperture
objective (1003, 1.49 numerical aperture, oil immersion; Nikon,
Tokyo, Japan) was used to acquire high-quality fluorescence im-
ages. To acquire differential interference contrast images, a
polarizer (MEN51941;Nikon)andWollastonprisms (MBH76190;
Nikon) were used. Emission light from the sample was collected
after passage through the appropriate emission filters (Semrock,
Rochester, NY, USA). Images were acquired using an electron-
multiplying charge-coupled device camera (C9100-13; Hama-
matsu, Hamamatsu, Japan). Image acquisition was performed
using MetaMorph software (Molecular Devices, Sunnyvale, CA,
USA). Raw image data files were processed using Adobe Photo-
shop CC 2015 and assembled in Adobe Illustrator CC 2015.
Pearson correlation coefficient (PCC) analysis was performed
on;100 cells to quantify colocalization between proteins.

Cell staining and flow cytometry

Cells were harvested from bone marrow or spleen in PBS + 0.5%
bovine serum albumin + 2 mM EDTA and depleted of red cells
[ACK lysis buffer (Thermo Fisher Scientific) or red blood cell lysis
buffer (MilliporeSigma)]. The single-cell suspension was blocked
with Fc Block (1:100 dilution) (eBioscience, San Diego, CA, USA)
for 20 min at room temperature. Surface staining was performed
in the dark for 30min at 4°C in fluorescence-activated cell sorting
(FACS) buffer. Cells were then washed twice with FACS buffer
followed by fixation in 4% paraformaldehyde (Electron Micros-
copy Sciences, Hatfield, PA, USA). A list of surface markers for
these experiments (1:200dilution; eBioscience) includeB220-APC,
CD4-Qdot 655, CD8a-PE, CD45-Cy7, CD30-APC, IgM-PE, IgD-
FITC, CD21-FITC, CD23-PE, CD138-PE, CD19-APC, CD90-Pacific
Orange, and CD11b-Pacific Orange.

All experimental sampleswere acquired using anLSR II Flow
Cytometer (BD Biosciences, San Jose, CA, USA) located in the
MGH Center for Regenerative Medicine Flow Cytometry Core
Facility and analyzed using FlowJo software (Treestar, Ashland,
OR, USA). Compensation was performed using single-color
controls prepared fromBDCompBeads (BDBiosciences) for cell
surface staining and live/dead cell staining (Thermo Fisher Sci-
entific) for viability. Compensationmatriceswere calculated and
applied using BD FACS Diva software.

Real-time quantitative PCR

Total RNA was extracted using the RNeasy Kit and DNase
treated according to the manufacturer’s protocol (Qiagen,

Germantown, MD, USA), and each sample was reverse tran-
scribed using multiscribe reverse transcriptase (Applied Bio-
systems, Foster City, CA, USA). The 25-ml quantitative PCR
reaction contained 2 ml of cDNA, 12.5 ml of 23 Sybr Green
Master Mix (Applied Biosystems), and 500 nM of sense and
antisense primers. Oligonucleotide primer sequences designed
on the PrimerBank website obtained from Integrated DNA Tech-
nologies were as follows: mTLR4 forward 59-ACCTGGCTGGT-
TTACACGTC-39, reverse 59-CTGCCAGAGACATTGCAGAA-39;
mTLR7 forward 59-AATCCACAGGCTCACCCATA-39, reverse
59-AGGTACCAAGGGATGTCCT-39; and mTLR9 forward 59-A-
CTGAGCACCCCTGCTTCTA-39, reverse 59-AGATTAGTCAG-
CGGCAGGAA-39.

Emitted fluorescence for each reaction was measured 3 times
during the annealing-extension phase, and amplification plots
were measured using Roche LightCycle 96 (Roche). Data were
analyzed with MX4000 software, v.3.0 (Stratagene, San Diego,
CA, USA). The quantity of gene expression was generated by
comparison of the fluorescence generated by each sample with
standard curves of knownquantities andnormalizedbydividing
by the number of copies of the housekeeping gene b2-micro-
globulin.Normalizedvalues fromeachcell linewere thendivided
by the normalized WT value to calculate the expression ratio.

Statistics

For ELISA, PCC, and densitometry analyses, statistical calcula-
tions were performed using Prism 7 software (GraphPad Soft-
ware, La Jolla, CA, USA). Data were analyzed by a 2-tailed,
unpaired Student’s t test or 2-way ANOVA Tukey’s multiple
comparisons test and were considered significantly different
when P# 0.05.

RESULTS

TLR9 signaling is dependent on CD82

CD82 interactswithclass IIMHCmoleculesandchaperone
proteins that regulate antigen processing and presentation
(14, 16, 42). We previously demonstrated that CD82 is
specifically recruited to bacterial- and fungal-containing
phagosomes in macrophages (15). Additionally, CD82 or-
ganizes dectin-1 clustering on the phagosomes and the
signaling machinery in response to fungi (34). Based on
these findings, we hypothesized that CD82 plays a critical
role in innate immunity. To define the role of CD82 in the
innate immune system, we identified proteins associated
with CD82 in resting macrophages by mass spectrometry,
which revealed multiple TLR proteins including TLR1,
TLR2, TLR7, and TLR9.

Upon ligand recognition, TLR signaling pathways ac-
tivate NF-kB and trigger cytokine production (23). To
determine whether CD82 regulates TLR signaling, we
assessed TNF-a production in WT and CD82-knockout
(CD82KO) macrophages in response to specific TLR ago-
nists, including Pam3CsK4 (TLR1/2 agonist), LPS (TLR4
agonist), imiquimod (TLR7 agonist), and CpG (TLR9 ag-
onist). All experiments with CpG used the class B CpG. In
CD82KO macrophages stimulated with TLR1/2- and
TLR7-dependent agonists, we observed minor differences
in TNF-a secretion compared with WT (Fig. 1A, C). We
observed a comparable dose-dependent increase in TNF-a
secretion in response to TLR4 activation in both WT and
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CD82KO macrophages (Fig. 1B). In contrast, CD82KO
macrophages stimulatedwithCpGproduced significantly
less TNF-a than WT macrophages (Fig. 1D), indicating a
critical role for CD82 in TLR9 signaling. To confirm this
observation, we tested whether restoration of CD82 ex-
pression in CD82KO macrophages would enable these
cells to produceTNF-a in response toCpG.We stimulated
CD82KO macrophages expressing CD82-mRFP1 with
CpG and observed robust TNF-a production similar to
WTmacrophages (Fig. 1E). TLR9KOmacrophagesdidnot
produce TNF-a, as expected (Fig. 1E). Our results dem-
onstrate that CD82 controls TLR9-dependent TNF-a pro-
duction in macrophages.

NF-kB activation plays a pivotal role in inflammatory
and immune responses (43). Upon TLR activation, NF-kB
translocates into the nucleus for targeted gene transcrip-
tion, including TNF-a. To establish whether CD82 is in-
volved in TLR9-mediatedNF-kB activation,we compared
nuclear translocation of NF-kB in WT and CD82KOmac-
rophages stimulated with CpG or solvent control (PBS).
Proteins fromnuclear lysateswere resolvedbySDS-PAGE
and probed for the p65 subunit of NF-kB. We detected
baseline levels of NF-kB-p65 in the nuclear lysates of
unstimulated WT and CD82KO macrophages. CpG
stimulation of WT macrophages induced NF-kB–p65
translocation to the nucleus, whereas NF-kB translocation
in CpG-stimulated CD82KO macrophages was similar

to unstimulated macrophages (Fig. 1F, top blot). We
confirmed equal loading of protein by probing for
lysine-specific histone demethylase 1A, a nuclear protein
(Fig. 1F, bottom blot). This result provides additional evi-
dence that CD82 is required for NF-kB–p65 activation in
response to CpG.

Despite the involvement of CD82 in a wide variety of
biologic processes (12, 44, 45), the role ofCD82 in an in vivo
stimulation model has not been tested. To determine
whether CD82 controls TLR9 signaling in vivo,we tested a
mouse model of CpG-induced lethal shock in D-GalN–
sensitizedmice (46, 47). CD82KOmice are phenotypically
normal (9). A detailed analysis of the immune system
revealed equivalent T-cell, B-cell, neutrophil, and mono-
cyte counts in CD82KOmice compared withWT controls
(Supplemental Fig. S1). Additionally, there were compa-
rable Ig levels and subsets. Architecture and size of lymph
nodes and spleen were also similar. We injected in-
traperitoneally WT and CD82KO mice with D-GalN and
CpG and assessed serum TNF-a levels 1 and 3 h after
injection. As previously demonstrated by Hemmi et al.
(31),WTmice injected with CpG +D-GalN demonstrated
elevated levels of TNF-a in sera at 1 h, whichwas reduced
at 3 h (Fig. 1G). In sharp contrast, we did not detect TNF-a
in sera fromCD82KOmice injectedwithCpG+D-GalNat
1 h, indicating a role for CD82 in TLR9-dependent sig-
naling in vivo. Although a modest amount of TNF-a was

Figure 1. A–D) CD82 regulates TLR9 signaling in macrophages and in vivo in response to CpG. TNF-a production in WT or
CD82KO immortalized macrophages was measured by ELISA in response to increasing doses of Pam3CsK4 (A), LPS (B),
imiquimod (C), or CpG (D) for 6 h. E) WT, CD82KO, TLR9KO, or CD82KO + CD82-mRFP1 macrophages stimulated with 1 mM
CpG for 16 h and assessed for TNF-a production. F) WT and CD82KO macrophages stimulated with 1 mM CpG for 2 h or
unstimulated were assessed for NF-kB translocation in nuclear lysates by immunoblot. LSD1, lysine-specific histone demethylase
1A. G) Sera of WT, CD82KO, and TLR9KO mice (n = 3 mice/group) intraperitoneally injected with 20 nmol CpG and/or 20 mg
D-GalN and assessed for TNF-a production. ELISA results are presented as means of technical (A–E) or biologic (G) triplicates6
SD. *P # 0.05, **P # 0.01, ****P # 0.0001 (unpaired Student’s t test).
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present in sera from CD82KO mice after 3 h (Fig. 1G),
these levels were significantly less than WT mice. As
expected, TLR9KO mice did not produce TNF-a in re-
sponse to CpG + D-GalN (Fig. 1G). Mice injected with
D-GalN alone did not produce TNF-a. To determine
whether CD82 regulation of serum TNF-a was TLR9
specific, we tested response to the activation of TLR4. We
injected intraperitoneally WT and CD82KO mice with
LPS and D-GalN only and assessed serum TNF-a levels
1.5 h postinjection. WT mice injected with LPS produced
elevated serum levels of TNF-a (Supplemental Fig. S2), as
previously shown by Blanqué et al. (39). Similarly,
CD82KO mice injected with LPS produced comparable
amounts of TNF-a as theWTmice (Supplemental Fig. S2),
demonstrating that CD82 is not required for TLR4 sig-
naling in vivo. Our data indicate that CD82 controls
TLR9-induced TNF-a production in macrophages and in
vivo (Fig. 1D, G). Our data demonstrate a critical role for
CD82 in modulating TLR9 signaling.

CD82 and TLR9 associate in macrophages

Tetraspanins interact with diverse transmembrane and
intracellular proteins, including pattern recognition re-
ceptors (PRRs) that recognize pathogen-associated mo-
lecular patterns (45, 48). Our finding that CD82 regulates
TLR9 signaling ledus tohypothesize thatCD82associates
with TLR9 in macrophages. To test this hypothesis, we

stimulated RAW macrophages stably transduced with
TLR9-GFP and CD82-mRFP1 with CpG. The addition of
GFP onto TLR9 or mRFP1 onto CD82 did not alter
their function or subcellular distribution (15, 30). Using
confocal microscopy, we observed that CD82-mRFP1
and TLR9-GFP colocalized in both unstimulated and
CpG-stimulated cells (Fig. 2A, B). To quantify these find-
ings, we analyzed TLR9-GFP and CD82-mRFP1 colocali-
zation using PCC analysis. We did not observe differences
in TLR9-GFP and CD82-mRFP1 colocalization between
CpG-stimulatedandunstimulatedcells (SupplementalFig.
S3). Thus, TLR9 and CD82 associate in macrophages in-
dependent of CpG stimulation.

To confirm our microscopy results, we used a bio-
chemical approach to test the interaction between TLR9
andCD82.WTmacrophages stably expressing TLR9-GFP
and CD82 with an amino-terminal HA tag (HA-CD82)
were stimulated with CpG. Macrophages were lysed us-
ing a mild detergent (Brij-58) to preserve both weak and
strong tetraspanin-protein interactions (1). To determine
whether TLR9 enters into TEMs, TLR9-GFP immunopre-
cipitates were resolved by SDS-PAGE and probed for
HA-CD82. TLR9-GFP and HA-CD82 interacted in both
CpG-stimulated and unstimulated macrophages (Fig. 2C,
top blot). We probed the TLR9-GFP immunoprecipitates
with anti-GFP to confirm the presence of full-length
and cleaved TLR9-GFP immunoprecipitated from the
cell lysates, and no difference was observed between

Figure 2. CD82 and TLR9 associate in macrophages. A, B) Confocal imaging of RAWmacrophages expressing TLR9-GFP (green)
and CD82-mRFP1 (red). Macrophages incubated with PBS (A) or 1 mM Alexa Fluor 647–conjugated CpG (B) (blue) for 1 h.
White arrows indicate colocalization. Scale bars, 5 mm. C, D) Immunoprecipitation (IP) of TLR9-GFP or HA-CD82 in WT
macrophages stimulated with either PBS (Unst.) or 1 mM CpG. C) Western blot of lysates immunoprecipitated with anti-GFP and
probed for HA-CD82 (top blot) or TLR9-GFP (second blot). Lysates probed for HA-CD82 (third blot). Western blot of lysates
immunoprecipitated with anti-HA and probed for TLR9-GFP (top blot) or HA-CD82 (second blot) (D). Lysates probed for TLR9-
GFP (third blot). DIC, differential interference contrast.
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unstimulated and CpG-treated cells (Fig. 2C, second blot).
The overall levels of HA-CD82 in the whole-cell lysates
were comparable in the unstimulated andCpG-stimulated
macrophages (Fig. 2C, third blot). To verify that the in-
teraction between CD82 and TLR9 is specific, we per-
formed the reverse experiment; we immunoprecipitated
HA-CD82 and then immunoblotted for TLR9-GFP. We
found that both full-length and cleaved TLR9-GFP inter-
actedwithHA-CD82 inCpG-stimulated andunstimulated
macrophages (Fig. 2D, top blot). We confirmed that
HA-CD82 immunoprecipitation was equal by probing the
HA-CD82 immunoprecipitates with anti-HA (Fig. 2D,
second blot). The expression of TLR9-GFP (full length and
cleaved) was also comparable in unstimulated and
CpG-stimulated macrophages (Fig. 2D, third blot). Con-
sistent with live-cell imaging, these results indicate that
CD82 and TLR9 interact in macrophages, independent of
CpG stimulation. The use of a more stringent detergent
(NP-40) abrogated the CD82-TLR9 interaction, suggesting
that CD82 may interact indirectly with TLR9 in TEMs. To
determine whether CD82 interacts with other intracellular
TLRs, we tested the interaction between CD82 and TLR7.
We immunoprecipitated HA-CD82 from WT macro-
phages stably expressing HA-CD82 and TLR7-3xFLAG
(TLR7-FLAG) or TLR9-GFP. Immunoprecipitates were
separated by SDS-PAGE and then immunoblotted for
FLAG.We found both the full-length and cleaved fraction
of TLR7-FLAG in HA-CD82 immunoprecipitates (Sup-
plemental Fig. S4A), indicating that TLR7-FLAG and
HA-CD82 interact in macrophages. These data demon-
strate that CD82 not only associates with TLR9 but also
interacts with TLR7. As a negative control for our im-
munoprecipitation experiments, we examined Rab7, a
membrane protein in the endosome and a marker of
phagosomal maturation. Consistent with previous find-
ings by Koh et al. (49), we did not find an interaction be-
tween HA-CD82 and Rab7 (Supplemental Fig. S4B).

CD82 and TLR9 interaction occurs in the ER
and post-ER

We next sought to determine where CD82 and TLR9 in-
teraction occurs (i.e., ER or post-ER). To test this, we
stimulated WT macrophages expressing TLR9-GFP and
HA-CD82with CpG.We immunoprecipitated TLR9-GFP
and treated these immunoprecipitates with peptide-N-
glycosidase F (PNGaseF) or endoglycosidase H (EndoH),
enzymes that cleave glycans (acquired through the secre-
tory pathway). N-linked glycans are acquired in the ER,
and these glycans are further modified in the Golgi, ren-
dering them resistant to EndoH. The immunoprecipitates
are then subjected to SDS-PAGE, followedby immunoblot
forHA-CD82.We found thatCD82 recruited toTLR9-GFP
immunoprecipitates is sensitive to PNGaseF, indicated by
thedecrease in theMWofCD82, but acquired resistance to
EndoH in both unstimulated and CpG-stimulated mac-
rophages (Fig. 3A, top blot), indicating a post-ER in-
teraction. The amount of TLR9-GFP was comparable
across all conditions (unpublished results). When TLR9-
GFP was probed in the lysates, we found both full-length
and cleaved TLR9-GFP (Fig. 3A, second blot). We ob-
served that full-length TLR9-GFP is sensitive to both
PNGaseF and EndoH, as demonstrated by the decrease in
MWof full-lengthTLR9-GFPas comparedwithuntreated,
indicating that full-length TLR9-GFP resides in the ER.
However, cleavedTLR9-GFP is only sensitive toPNGaseF
and EndoH resistant, indicating that cleaved TLR9-GFP is
found post-ER (Fig. 3A, second blot). The expression of
HA-CD82 in lysates was equal across all conditions (Fig.
3A, third blot). Overall, these data demonstrate that
full-length and cleaved TLR9 interact with CD82 post-ER.

We performed the reverse immunoprecipitation (i.e.,
immunoprecipitation HA-CD82; blot TLR9-GFP) to fur-
ther elucidate the locations of CD82 interaction. We per-
formed PNGaseF and EndoH digestion on HA-CD82

Figure 3. Full-length TLR9 and CD82 interact in the ER, whereas cleaved TLR9 and CD82 interact post-ER. A, B) WT
macrophages expressing TLR9-GFP and HA-CD82 stimulated with 1 mM CpG for 1 h or unstimulated. A) Western blot of lysates
immunoprecipitated with anti-GFP and probed for HA-CD82 (top blot). Cell lysates probed for TLR9-GFP (second blot) and HA-
CD82 (third blot). B) Western blot of lysates immunoprecipitated with anti-HA and probed for TLR9-GFP (top blot). Cell lysates
probed for HA-CD82 (second blot) and TLR9-GFP (third blot). FL, full length; IP, immunoprecipitation.
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immunoprecipitates obtained from WT macrophages.
As expected, we found both full-length and cleaved
TLR9-GFP in untreated HA-CD82 immunoprecipitates
(Fig. 3B, top blot). The full-length TLR9-GFP is sensitive to
both PNGaseF and EndoH in unstimulated and CpG-
stimulated macrophages, indicated by the decrease in
full-length TLR9-GFP MW as compared with untreated
HA-CD82 immunoprecipitates (Fig. 3B, top blot). More-
over, the MW of TLR9-GFP found in HA-CD82 immu-
noprecipitates is decreased with PNGaseF but acquired
resistance to EndoH as compared with untreated (Fig. 3B,
top blot). These findings indicate that the interaction be-
tween CD82 and full-length TLR9-GFP occurs in the ER,
whereas CD82 and cleaved TLR9 interact post-ER. The
amount of HA-CD82 immunoprecipitated was compara-
ble across all conditions (unpublished results). We also
found comparable amounts of TLR9-GFP and HA-CD82
in the lysate (Fig. 3B, second and third blot). It should be
noted that a faint band of HA-CD82 was observed in the
EndoH-treated lysate (Fig. 3B secondblot), suggesting that
a small amount of EndoH-sensitive CD82 is present. Col-
lectively, full-length TLR9 and CD82 interact in the ER,
whereas the interaction between cleaved TLR9 and CD82
occurred post-ER.

CD82 controls TLR9 trafficking to acidified
CpG-containing compartments

Acidification plays a key role in receptor activation and
antigen processing. TLR9 activation requires proteolytic
cleavage of the ectodomain by cathepsin L, cathepsin S,
and insulin-regulated aminopeptidase in endolysosomal
compartments (24, 29, 32, 35, 50, 51). CD82 is present on
pathogen-containing phagosomes (15) and endolysoso-
mal tubules that deliver peptide-loaded class II MHC to
the cell surface (14), suggesting a possible role for CD82 in
the regulation of protein trafficking in the endolysosomal
pathway. Based on these findings, we hypothesized that
CD82 functions as a regulator of TLR9 trafficking to
CpG-containing acidified compartments. We pretreated
WT and CD82KO macrophages expressing TLR9-GFP
with LysoTracker to visualize intracellular acidified com-
partments, followed by stimulation of the cells with
fluorescently labeled CpG. Using confocal microscopy,
we visualized the subcellular distribution of TLR9-
GFP, LysoTracker, and Alexa Fluor 647–labeled CpG in
WT and CD82KO macrophages. In WT macrophages, we
observed that TLR9-GFP colocalized with LysoTracker-
positive and CpG-positive compartments. Addition-
ally, CpG-containing compartments overlapped with
LysoTracker-positive compartments (Fig. 4A). In contrast,
the colocalization of TLR9-GFP with LysoTracker-
positive and CpG-containing compartments in CD82KO
macrophages appeared reduced (Fig. 4B). Likewise,
colocalization between CpG-containing compartments
with LysoTracker-positive compartments was dimin-
ished compared with WT. PCC analysis revealed that
TLR9-GFP–positive compartments colocalized with CpG
compartments in WT macrophages to a greater degree
than CD82KO macrophages (Fig. 4C), indicating that

CD82 facilitates trafficking of TLR9 into CpG-positive
compartments. Furthermore, TLR9 colocalized with
LysoTracker-positive compartments toagreaterdegree in
WTmacrophages comparedwith CD82KOmacrophages
in response toCpG (Fig. 4D). Finally, less accumulation of
CpG in LysoTracker-positive compartments was ob-
served in CD82KO macrophages when compared with
WT macrophages (Fig. 4E). We did not observe differ-
ences in the overall acidification of the compartments in
WT and CD82KO macrophages. Our confocal imaging
analysis indicates that CD82 regulates TLR9 trafficking to
acidified CpG-containing compartments.

CD82 controls the interaction between TLR9
and VAMP3

Recruitment of specific proteins to the acidified compart-
ments determines the fate of downstream signaling (26).
VAMP3 is a member of the N-ethylmaleimide–sensitive
factor attachmentprotein receptor (SNARE) family,which
is involved in intracellular vesicle fusion (52) and down-
stream signaling. VAMP3 traffics to TLR9-positive com-
partments in CpG-stimulated macrophages (26). We
sought todeterminewhetherTLR9andVAMP3 interact in
macrophages. We stimulated WT macrophages stably
transduced with TLR9-GFP with CpG. The lysates were
immunoprecipitated for VAMP3, resolved by SDS-PAGE,
and probed for TLR9-GFP. We observed an interaction
between cleaved TLR9 and VAMP3 in WT macrophages,
independent of CpG stimulation (Fig. 5A, top blot), sug-
gesting this interaction occurs in the acidified compart-
ments where the proteolytic cleavage of TLR9 occurs. The
expression level ofVAMP3 in the immunoprecipitateswas
comparable in all of the conditions (Fig. 5A, second blot).
The overall amounts of TLR9-GFP andVAMP3 expressed
in thesemacrophageswere also similar (Fig. 5A, third and
fourth blots). These data demonstrate that VAMP3 spe-
cifically associates with the cleaved isoform of TLR9.

Proteolytic cleavage of TLR9 by cathepsins in the
endolysosomal compartment is required for its activation
and downstream signaling in antigen presenting cells
(APCs) (28–30). UNC93B1 is an ER resident protein that
delivers endosomal TLRs, including TLR9, to endolyso-
somal compartments for signaling (24, 50). We hypothe-
sized that UNC93B1 is required for TLR9 and VAMP3
interaction. TLR9-GFP immunoprecipitates from unsti-
mulated or CpG-stimulated WT and UNC93B-KO mac-
rophages were probed for VAMP3. We observed an
interaction between VAMP3 and TLR9-GFP in both
unstimulated and CpG-stimulatedWTmacrophages, but
this interactionwasabsent inUNC93B1-KOmacrophages,
despite robust VAMP3 expression in both cell types (Fig.
5B, top blot and third blot). In the WT macrophages, we
observed both full-length and cleaved TLR9-GFP in
the TLR9-GFP immunoprecipitates, whereas only the
full-length TLR9-GFP was found in the UNC93B1-KO
macrophages (Fig. 5B, second blot). These data indicate
thatUNC93B1 controls the trafficking of TLR9 toVAMP3-
positive compartments.

We next sought to determine whether the interaction
betweenTLR9 andVAMP3 requiresCD82.We stimulated
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WT and CD82KO macrophages stably transduced with
TLR9-GFP with CpG. The lysates were immunoprecipi-
tated for TLR9-GFP, resolved by SDS-PAGE, and probed
for endogenous VAMP3. We observed an interaction be-
tween TLR9 and VAMP3 in WT macrophages, in-
dependent of CpG stimulation (Fig. 5C, top blot). In
contrast, unstimulated CD82KO macrophages showed a
reduced TLR9-VAMP3 interaction (Fig. 5C, top blot).
Moreover, the interaction between TLR9 andVAMP3was
completely absent in CD82KO macrophages stimulated
with CpG (Fig. 5C, top blot), suggesting that CD82 is im-
portant for the interaction between TLR9 andVAMP3. To
confirm this observation, we stimulated CD82KO macro-
phages expressingHA-CD82withCpGandobserved that
TLR9 and VAMP3 interaction was restored (Fig. 5C, top
blot). Although our TLR9-GFP immunoprecipitates were
positive for both full-length and cleaved TLR9-GFP, the
expression and proteolytic cleavage of TLR9-GFP in
CD82KO- and HA-CD82–expressing macrophages were
not comparable toWTmacrophages (Fig. 5C, secondblot).
Similarly, the expression of VAMP3 in the lysates of WT
and CD82KOmacrophages was not comparable (Fig. 5C,
thirdblot). To address this issue, densitometrywasused to
quantitate the total amount of VAMP3 interacting with
TLR9-GFP by normalizing the pixel density against
VAMP3 expression levels in lysates (Fig. 5D). CD82

expression restores TLR9 and VAMP3 interaction in
unstimulated and CpG-stimulated macrophages as com-
paredwith CD82KOmacrophages (Fig. 5D). However, in
response to CpG, the amount of VAMP3 and TLR9 in-
teraction is significantly reduced in comparison to WT
(Fig. 5D). Collectively, these data indicate that CD82 is
required for delivery of TLR9 toVAMP3-positive acidified
compartments.

CD82 controls TLR9-dependent
myddosome assembly

MyD88 is a TLR adaptor protein critical for the activation
of NF-kB and cytokine production. MyD88 forms a com-
plex with IRAK4, which sequentially recruits IRAK2 and
forms a myddosome complex (21, 23). Based on our data
demonstrating that CD82 regulates TLR9-dependent NF-
kB activation (Fig. 1G), we sought to determine whether
CD82 affects TLR-dependent myddosome assembly. To
assess the role of CD82 in TLR9-induced myddosome as-
sembly, we stimulated WT, TLR9KO, CD82KO, and
CD82KO + CD82-mRFP1 macrophages with CpG and
immunoprecipitated endogenous MyD88. The proteins
from the immunoprecipitateswere resolvedbySDS-PAGE
and probed for IRAK2 and IRAK4. In unstimulated cells,

Figure 4. CD82 controls TLR9 trafficking to acidified CpG-containing compartments. Confocal imaging of WT (A) and CD82KO
(B) macrophages expressing TLR9-GFP (green) stimulated with 1 mM Alexa Fluor 647–conjugated CpG (blue) and stained with
LysoTracker (red). White arrows indicate colocalization. Scale bars, 5 mm. C–E) Grap represents mean PCC 6 SD (n ; 100
images) for colocalization between TLR9-GFP and CpG (C), TLR9-GFP and LysoTracker (D), and CpG and LysoTracker (E).
DIC, differential interference contrast. ****P # 0.0001 (unpaired Student’s t test; n = 100 macrophages).

12508 Vol. 33 November 2019 KHAN ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org


the presence of IRAK2 and IRAK4 in MyD88 immuno-
precipitates indicated baseline levels of myddosome for-
mation (Fig. 6A, top and second blots), despite robust
expression of IRAK2 and IRAK4 in the lysate controls (Fig.
6A, third and fourth blots). In CpG-stimulated WT mac-
rophages, we observed an increased interaction between

IRAK2 or IRAK4 and MyD88, indicative of myddosome
assembly (Fig. 6A, top blot). In contrast, CD82KO macro-
phages stimulated with CpG showed minimal interac-
tion between MyD88 with IRAK2 and IRAK4, similar
to unstimulated CD82KO macrophages (Fig. 6A, top
and second blots), suggesting that CD82 controls

Figure 5. TLR9 and VAMP3 interaction is mediated by CD82. A) WT macrophages expressing TLR9-GFP stimulated with 1 mM
CpG for 1 h or unstimulated. Western blot of lysates immunoprecipitated with anti-VAMP3 and blotted for TLR9-GFP (top blot)
or VAMP3 (second blot). Lysates probed for TLR9-GFP (third blot) and VAMP3 (fourth blot). Unst., unstimulated. B) WT and
UNC93B1-KO macrophages expressing TLR9-GFP stimulated with 1 mM CpG for 1 h or unstimulated. Western blot of lysates
immunoprecipitated with anti-GFP and probed for VAMP3 (top blot) or TLR9-GFP (second blot). Lysates probed for VAMP3
(third blot). C) WT and CD82KO macrophages expressing TLR9-GFP or CD82KO macrophages expressing TLR9-GFP and HA-
CD82 stimulated with 1 mM CpG for 1 h or unstimulated. Western blot of lysates immunoprecipitated with anti-GFP and probed
for VAMP3 (top blot) or TLR9-GFP (second blot). Lysates probed for VAMP3 (third blot). D) Densitometry analysis of VAMP3
found in TLR9-GFP immunoprecipitates, using the blot from panel C. FL, full length; IP, immunoprecipitation. *P # 0.05,
***P # 0.01, ****P # 0.0001 (2-way ANOVA Tukey’s multiple comparisons test).

Figure 6. CD82 promotes TLR9-induced myddosome assembly and is dispensable for TLR7- and TLR4-induced myddosome
formation. WT, TLR9KO, CD82KO, and CD82KO + CD82-mRFP1 macrophages stimulated with 1 mM CpG (A), 20 mM
imiquimod (B), or 100 ng/ml LPS (C) for 2 h. MyD88 was immunoprecipitated, resolved by SDS-PAGE, and immunoblotted for
IRAK-2 and IRAK4. Cell lysates were probed for actin as a loading control. IP, immunoprecipitation.
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TLR9-dependent myddosome formation. Expression of
CD82-mRFP1 in CD82KO macrophages restored the in-
teraction between MyD88 and IRAK2 or IRAK4 in re-
sponse to TLR9 activationwithCpG (Fig. 6A, top blot).We
confirmed comparable protein loading in all conditions
with actin (Fig. 6A, fifth blot). Additionally, we detected
TLR9 gene and protein expression in CD82KO and
CD82-mRFP1 expressing macrophages, which were com-
parable to WT macrophages (Supplemental Fig. S5A, B).
We found that overexpression of TLR9-GFP in WT or
CD82KO macrophages does not alter TNF-a production,
and the requirement of CD82 persists (Supplemental Fig.
S5C). The amount of TNF-aproduced inWTmacrophages
is similar to that of WT + TLR9-GFP macrophages. Simi-
larly, expression of TLR9-GFP in CD82KO macrophages
did not affect TNF-a production as compared with
CD82KO macrophages. These data indicate that CD82
regulates TLR9-dependent myddosome formation.

We tested whether CD82 regulates myddosome for-
mation in response to activation of other TLRs. We stim-
ulated WT, CD82KO, and CD82KO + CD82-mRFP1
macrophages with TLR7 and TLR4 agonists, imiquimod,
and LPS, respectively. Unstimulated macrophages dem-
onstrated baseline levels of interaction between MyD88
and IRAK2or IRAK4 (Fig. 6B,C, topandsecondblots).We
detected equal amounts of IRAK2 and IRAK4 in the
whole-cell lysates in all conditions (Fig. 6B, C, third and
fourth blots). The interaction betweenMyD88 and IRAK2
or IRAK4 in response to imiquimod and LPS was com-
parable, regardless of the presence or absence of CD82
(Fig. 6B, C, top and second blots). These data suggest that
CD82 is dispensable for TLR7- or TLR4-dependent myd-
dosome assembly. We confirmed comparable gene ex-
pression of endogenous TLR7 and TLR4 inWT, TLR9KO,

CD82KO, and CD82KO + CD82-mRFP1 macrophages
(Supplemental Fig. S4A). We also tested whether CD82
regulates myddosome formation in response to TLR1/2
activation by Pam3CsK4 and observed that CD82 is not
required for TLR1/2-dependent myddosome formation
(Supplemental Fig. S6). Therefore, CD82 specifically con-
trols TLR9-dependent myddosome formation and is dis-
pensable for TLR7- and TLR4-dependent myddosome
assembly.

DISCUSSION

Compartmentalization of cell surface and endosomal
membrane proteins is crucial in coordinating cellular sig-
naling. Tetraspanins play a key role in the clustering, or-
ganization, and spatial distribution of membrane proteins
inorder tooptimize signal transduction for awide rangeof
cellularprocesses. In response topathogenic ligands, TLRs
multimerize or cluster to initiate innate immune signaling
(53). However, the role of tetraspanins in the regulation of
TLR trafficking and signaling is poorly understood. In this
study, we demonstrate a nonredundant role for the tetra-
spanin CD82 in the regulation of TLR9 trafficking and
signaling in response toCpG (Fig. 7). Our results highlight
thekey role ofCD82 in innate immunityand reveal anovel
regulatory mechanism for TLR9 signaling.

Most bacterial, viral, and fungal pathogens engage
multiple PRRs, inducing a collaborative response that is
unique from an immune response generated by an indi-
vidual receptor. TEMs facilitate clustering of PRRs to in-
tegrate downstream signaling complexes. Dectin-1, a
fungal b-glucan receptor, clusters to form a phagocytic
synapse in myeloid cells that initiates the innate immune

Figure 7. Schematic representation of CD82 controls CpG-dependent TLR9 signaling. CD82 interacts with TLR9 in WT
macrophages in response to CpG. CD82 controls the assembly of TLR9-dependent myddosome assembly and subsequent NF-kB
translocation to the nucleus and TNF-a production (left). In the absence of CD82, TLR9-mediated myddosome formation is
absent, resulting in reduced TNF-a secretion (right). Illustration by Nicole Wolf, MS, ©2017. Printed with permission.
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response (54–56). We recently reported that CD82 medi-
ates dectin-1 clustering and enables robust downstream
signaling (34). The tetraspanin CD37 interacts with
dectin-1 to regulate surface expression in immune cells
(48). Similarly, the tetraspanin CD9 regulates TLR4 sig-
naling and distribution in TEMs (45). These data provide
insight on the role of tetraspanins in influencing the traf-
fickingandorganizationof cell surfacePRRs; however, the
regulation of endosomal PRRs is incompletely un-
derstood. We demonstrate for the first time a functional
interaction between the endosomal PRR, TLR9, and the
tetraspanin CD82. The interaction between CD82 and
TLR9 is preserved with a mild detergent (Brij-58); how-
ever, it is disrupted with a stringent detergent (NP-40),
suggesting thatTLR9enters intoaTEMthat requiresCD82
in order to signal properly. Although we found an in-
teraction with TLR7 and CD82, it is striking to see that
CD82 only specifically regulates TLR9-mediated signal-
ing.We also confirmed that the interaction between CD82
and TLR9 is not an artifact by demonstrating that CD82
andRab7, another endosomalprotein, donot interactwith
Brij-58,whereasTLR9andCD82 interaction ismaintained.

TLR9 activation and signaling results from the precise
coordination of TLR9 subcellular distribution and in-
tegration of signal transduction machinery. Proteolytic
cleavage of TLR9 by insulin-regulated aminopeptidase
and lysosomal cysteine proteases (cathepsin L and ca-
thepsin S) in acidified endosomes initiates the recruitment
of signal transduction machinery (24, 29, 30, 32, 35, 51). In
the absence of CD82,we observed that TLR9 trafficking to
acidifiedCpG-containing compartmentswas significantly
reduced. Our studies further revealed that CD82 interacts
with both full-length and cleaved fractions of TLR9, in-
dicating that this interaction occurs prior to the egress to
acidified endosomes. These findings are consistent with
our previous observation that CD82 traffics to bacterial
and fungal-containing phagosomes prior to acidification
(15). Herein, we provide further insight on the differential
regulation of CD82 interaction with full-length and
cleaved TLR9. Although a majority of CD82 is EndoH
resistant, the minority amount of EndoH-sensitive CD82
can interact with full-length TLR9. Thus, the interaction
between CD82 and full-length TLR9 in the ER, as well as
cleaved TLR9 interaction with CD82 post-ER, adds sig-
nificance to the role of CD82 on TLR9 signaling. Our data
demonstrate that this interaction is a tightly regulated
process. Additionally, we demonstrate that CD82 is re-
quired for the interaction between TLR9 and VAMP3 in
response to CpG. VAMP3 is found in CpG-containing
endosomal compartments and dictates the fate of in-
tracellular pathways (i.e., autophagy) (26, 52, 57). We
found that only cleaved TLR9 interacts with VAMP3,
suggesting that this interaction occurs in acidified endo-
somes. CD82 interacts with both full-length and cleaved
TLR9, supporting the notion that CD82 directs TLR9 to
VAMP3-positive acidified endosomes. Overall, these
findings signify the role ofCD82asakey regulator ofTLR9
trafficking.

Thecross-regulationof cell surfaceandendosomalTLRs
indicates a role for tetraspanins to coordinate TLR signal-
ing with specific sorting adaptor proteins. Despite distinct

subcellular localization, TLRs can activate a common sig-
nal transduction pathway via adaptor proteins [e.g.,
MyD88, Toll/interleukin-1 receptor domain-containing
adapter protein (TIRAP)] that are shared among cell sur-
face and endosomal TLRs (22). Macrophages lacking
Ly49Q, an immunoreceptor tyrosine-based inhibitory
motif–bearing inhibitory receptor, demonstrate altered
distribution of TLR9, and cells lacking Ly49Q show im-
paired cytokine production in response to CpG (27).
Therefore, it becomes critical to dissect specific regulators
of TLRs. The activation of TLR9 signaling relies on re-
cruitment of signal transduction machinery. Cell surface
and endosomal TLRs interact with MyD88, promot-
ing recruitment of IRAK-2 and IRAK-4 to form the myd-
dosome, which is essential for NF-kB activation and
proinflammatory cytokine production (21–23). Recently,
supramolecular organizing centers are described in the
context of myddosome formation, which serves as a mul-
tifunctional signaling complex (58). The purpose of these
supramolecular organizing centers is to provide diverse
effector responses that are regulated by oligomeric com-
plexes such as myddosomes (59). Here, we demonstrate
thatCD82 specifically controls TLR9-inducedmyddosome
formation but is dispensable for TLR1/2-, TLR4-, and
TLR7-dependent myddosome assembly. These findings,
coupled with our data, emphasize the importance of the
precise coordination in assembling signaling complexes,
which strongly indicates a key role of tetraspanins.

Following myddosome assembly, NF-kB translocates
to the nucleus to induce cytokine production (23). We
demonstrate that CD82 controls TLR9-mediated NF-kB
activation. In the absence of CD82, TNF-a production in
response to CpG was significantly reduced but not com-
pletely absent, suggesting that other pathways can induce
TLR9-dependent TNF-a production. In response to As-
pergillus fumigatus infection, TLR9 activates nuclear factor
of activated T cells (NFAT) translocation to the nucleus,
which collaborates with NF-kB to induce TNF-a pro-
duction in macrophages (60). NFAT activation is associ-
ated with intracellular calcium influx. Engagement of
CD82hasbeen associatedwith intracellular calcium influx
(61). Although it is tempting to speculate that upon CpG
stimulation of macrophages, CD82 induces crosstalk be-
tween NFAT and NF-kB, further studies are warranted.

The regulation of TLR signaling may have implications
in human disease. For example, TLR9 recognition of
self-DNA triggers a chronic inflammatory state that con-
tributes to the pathogenicity of autoimmunity (62). We
speculate that therapeutically targeting CD82 to tune the
inflammatory responsemay attenuate autoimmunity. Our
results demonstrate the requirement of CD82 in mice for
TNF-aproduction in response toCpG.Previous findings in
humans have identified that tetraspanin deficiencies at-
tenuate cellular immunity, resulting in immunodeficiency
and increased susceptibility to bacterial, viral, and fungal
infections. For example, deficiency of the tetraspanin CD53
inhumanshas implications inrecurrentbacterialandfungal
infections (63). In addition, the absence of CD81 in humans
has been demonstrated to result in defective B-cell receptor
signaling, which has implications in immunodeficiency
(64). Recently, we identified 3 CD82 single nucleotide
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polymorphisms in human blood associated with increased
candidemia susceptibility and cytokine changes (34), yet a
deficiency in CD82 has not been reported in humans. We
predictCD82regulationofTLR9signaling isageneralizable
mechanism of control; however, we have not formally in-
vestigated these findings in human cells. Basedon our data,
it is likely that CD82 synchronizes host innate immune re-
sponse during bacterial, fungal, and viral infections.

CpG is a promising candidate as a vaccine adjuvant
because of its immunostimulatory properties (65–67).
TLR9 activation by CpG enhances the anti-tumor activity
of cancer therapies including chemotherapy by inducing
activationofAPCsandT-helper cells that target cancer cells
(66, 67). CpG uptake and antigen presentation by immune
cells is an actin-dependent process. In cancer cells, CD82
plays a critical role in regulating actin polymerization and
attenuating cellular protrusion (68). In APCs, CD82 is
found on the endolysosomal tubules with class II MHC
that shuttle antigens to the cell surface forpresentation (17).
Here, we demonstrate that CD82 controls TLR9 trafficking
to acidified CpG-containing compartments. It is possible
that in response to CpG, CD82 facilitates TLR9 trafficking
to class II MHC–positive antigen-processing compart-
ments for enhanced cell surface presentation of tumor an-
tigens.All experimentsused classBCpG; the effects of class
A and C CpG remains unknown. In addition to the im-
portant role of CD82 in suppressing tumormetastasis (69),
our findings suggest that CD82 could have important im-
plications for tuning the TLR9-dependent response toCpG
during cancer immunotherapy.

We revealed a critical role of the tetraspanin CD82 in
innate immune signaling. Despite the existing challenges
in understanding tetraspanin biology, we define the spe-
cific role of CD82 in TLR9 signaling in macrophages. We
show a functional interaction between TLR9 and CD82,
which advances our understanding of tetraspanin inter-
actions in immune cells. Our results provide novel insights
on the role of CD82 in coordinating trafficking and orga-
nization of TLR9. We demonstrate that CD82 has speci-
ficity in forming molecular interactions with PRRs and
costimulatory molecules. Furthermore, we elucidate the
mechanismof selectiveTLR9signaling in response toCpG.
The increasing interest in the uses of TLR9 agonists in-
cluding CpG for therapeutic vaccine adjuvants has
promising potential in immunotherapies. These results
highlight the critical role of the tetraspanin CD82 in shap-
ing innate immune signaling.
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Evnouchidou, I., Vasconcellos, L. R., De Luca, M., Mauvais, F. X.,
Garfa-Traore,M., Brinkmann,M.M., Chignard,M.,Manoury, B., and
Saveanu, L. (2017) IRAP+ endosomes restrict TLR9 activation and
signaling. Nat. Immunol. 18, 509–518

36. Kasperkovitz, P. V., Cardenas, M. L., and Vyas, J. M. (2010) TLR9 is
actively recruited to Aspergillus fumigatus phagosomes and requires
the N-terminal proteolytic cleavage domain for proper intracellular
trafficking. J. Immunol. 185, 7614–7622

37. Halle, A., Hornung, V., Petzold, G. C., Stewart, C. R., Monks, B. G.,
Reinheckel,T., Fitzgerald,K.A., Latz, E.,Moore,K. J., andGolenbock,
D. T. (2008) The NALP3 inflammasome is involved in the innate
immune response to amyloid-beta. Nat. Immunol. 9, 857–865

38. Newman, Z. R., Young, J. M., Ingolia, N. T., and Barton, G. M. (2016)
Differences in codon bias andGC content contribute to the balanced
expression of TLR7 and TLR9. Proc. Natl. Acad. Sci. USA 113,
E1362–E1371
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