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Summary

Inhibition of the CD40–CD154 pathway controls inflammatory disorders.

Unfortunately, administration of anti-CD154 monoclonal antibodies

causes thromboembolism. Blockade of signalling downstream of CD40

may represent an approach to treat CD40-driven inflammatory disorders.

Blocking tumour necrosis factor receptor-associated factor 6 (TRAF6) sig-

nalling downstream of CD40 in MHC II+ cells diminishes inflammation.

However, CD40–TRAF6 blockade may cause immunosuppression. We

examined the role of CD40–TRAF2,3 and CD40–TRAF6 signalling in the

development of pro-inflammatory responses in human non-haematopoiet-

ic and monocytic cells. Human aortic endothelial cells, aortic smooth

muscle cells, renal proximal tubule epithelial cells, renal mesangial cells

and monocytic cells were transduced with retroviral vectors that encode

wild-type CD40, CD40 with a mutation that prevents TRAF2,3 recruit-

ment (DT2,3), TRAF6 recruitment (DT6) or both TRAF2,3 plus TRAF6

recruitment (DT2,3,6). Non-haematopoietic cells that expressed CD40

DT2,3 exhibited marked inhibition in CD154-induced up-regulation of

vascular cell adhesion molecule 1, intercellular adhesion molecule 1

(ICAM-1), monocyte chemotactic protein 1 (MCP-1), tissue factor and

matrix metalloproteinase 9. Similar results were obtained with cells that

expressed CD40 DT6. Although both mutations impaired ICAM-1 up-reg-

ulation in monocytic cells, only expression of CD40 DT6 reduced MCP-1

and tissue factor up-regulation in these cells. Treatment of endothelial

and smooth muscle cells with cell-permeable peptides that block CD40–
TRAF2,3 or CD40–TRAF6 signalling impaired pro-inflammatory

responses. In contrast, while the CD40–TRAF2,3 blocking peptide did not

reduce CD154-induced dendritic cell maturation, the CD40–TRAF6 block-

ing peptide impaired this response. Hence, preventing CD40–TRAF2,3 or

CD40–TRAF6 interaction inhibits pro-inflammatory responses in human

non-haematopoietic cells. In contrast to inhibition of CD40–TRAF6 sig-

nalling, inhibition of CD40–TRAF2,3 signalling did not impair dendritic

cell maturation. Blocking CD40–TRAF2,3 signalling may control CD40–
CD154-dependent inflammatory disorders.
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human renal mesangial cells; ICAM-1, intercellular adhesion molecule-1; IL-12, interleukin-12; MCP-1, monocyte chemoattrac-
tant protein-1; MMP, metalloproteinase; NF-jB, nuclear factor-jB; PBMC, peripheral blood mononuclear cells; TNF, tumour
necrosis factor; TRAF, tumour necrosis factor receptor associated factor; VCAM-1, vascular cell adhesion molecule 1; wt, wild-
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ª 2014 John Wiley & Sons Ltd, Immunology, 144, 21–33 21

IMMUNOLOGY OR IG INAL ART ICLE



Introduction

CD40 is a member of the tumour necrosis factor (TNF)

receptor superfamily that is constitutively or inducibly

expressed on haematopoietic cells and various non-hae-

matopoietic cells.1–4 CD154 (CD40 ligand) is expressed

primarily on activated CD4+ T cells and activated plate-

lets, although it can also be present at lower levels on

other cell types.1,2,4 CD154 also exists as a soluble protein

in plasma that appears to be biologically active.5 CD40–
CD154 interaction is central for regulation of cellular and

humoral immunity.1,2 This pathway is of clinical rele-

vance not only because it promotes resistance against var-

ious pathogens, but also because it drives inflammatory

disorders such as atherosclerosis, inflammatory bowel dis-

ease, systemic lupus erythematosus, rheumatoid arthritis,

multiple sclerosis and graft rejection.6 The pathogenic

role of CD40–CD154 in these disorders is probably

explained by pathology caused by activated T and B cells

as well as by pro-inflammatory responses triggered by

CD40 ligation in non-haematopoietic cells.

Although under basal conditions CD40 is either not

expressed or is expressed weakly in non-haematopoietic

cells, CD40 expression is increased in endothelial cells,

smooth muscle cells, intestinal epithelial cells and renal

parenchymal cells in inflammatory disorders like athero-

sclerosis, ligation-induced vascular injury, inflammatory

bowel disease, glomerulonephritis and graft rejection.7–13

Moreover, T cells and platelets present at these sites

express CD154.7,9,10,13–15 CD40 triggers cellular responses

relevant to inflammation: increased adhesion molecule

expression and chemokine production by endothelial

cells,3,16 production of chemokines and pro-inflammatory

cytokines by vascular smooth muscle cells and macro-

phages,4,17–19 enhanced expression of matrix metallopro-

teinases (MMP) and the pro-coagulant tissue factor by

vascular smooth muscle cells, endothelial cells and macro-

phages20–22 as well as increased chemokine production by

renal proximal tubule epithelial cells.23,24 Hence, the

CD40–CD154 pathway probably induces responses

involved in the initiation of various inflammatory disor-

ders and the development of complications such as pla-

que rupture and thrombus formation in atherosclerosis.

Animal studies showed that blockade of CD40–CD154
is therapeutically effective in various inflammatory disor-

ders.25–31 Unfortunately, clinical application of neutraliz-

ing anti-CD154 monoclonal antibody in humans has

been complicated by thromboembolic events.32 Moreover,

indiscriminate inhibition of the CD40–CD154 pathway is

likely to result in susceptibility to opportunistic infections

because CD40–CD154 interaction is crucial for protection

against numerous pathogens.1,2

The evidence that CD40�/� mice exhibit diminished

atherosclerosis and neointima formation after vascular

injury, decreased intestinal inflammation in a model of

inflammatory bowel disease, as well as decreased glomer-

ular inflammation in a model of crescentic glomerulone-

phritis indicates that CD40 can become a therapeutic

target for the control of various inflammatory disor-

ders.13,33–36 CD40 signals through adaptor proteins such

as TNF receptor-associated factors (TRAF) and janus

kinase 3.37,38 TRAF are major mediators of signalling

downstream of CD40.37 CD40 has a domain (PxQxT)

that directly binds TRAF2 and TRAF339 (TRAF3 inhibits

CD40 signalling), a distal domain (SVxE) that binds

TRAF2,40 and a site that binds TRAF6 (PxExxAr/Ac).39

Whereas both TRAF2,3 and TRAF6 binding sites can

induce similar cellular responses, the effects downstream

of these sites can be non-overlapping. The TRAF6 bind-

ing site promotes interleukin-12 (IL-12) production by

dendritic cells, TNF-a, IL-1b, IL-6 and nitric oxide syn-

thase 2 up-regulation in macrophages, induction of auto-

phagy-dependent anti-microbial activity in macrophages,

IL-6 production by B cells and plasma cell forma-

tion.19,41–46 In contrast, the TRAF2,3 binding site appears

to be dominant for isotype switch.47 Studies using trans-

genic mice where either wild-type (wt) CD40 or CD40

with mutations in TRAF binding sites were expressed in

MHC II+ cells, indicated that the TRAF6 binding site in

this cell population plays an important role in promoting

atherosclerosis and neointima formation after vascular

injury.35,36

CD40–TRAF signalling can be cell specific. While the

role of CD40–TRAF binding sites in haematopoietic cells

has been studied, much less is known about the role of

these sites in the induction of pro-inflammatory responses

in non-haematopoietic cells. This is important as CD40

expression in non-haematopoietic cells promotes inflam-

mation after tissue injury.13 Studies in epithelial cells

revealed that the TRAF2 binding site plays the dominant

role in nuclear factor-jB (NF-jB), p38 mitogen-activated

protein kinase and Jun N-terminal kinase activation.48 In

contrast, fibroblasts that express chimeras of extracellular

CD8 fused to the intracellular domain of wt CD40 or

CD40 that expressed either the TRAF2,3 or TRAF6 bind-

ing sites suggested that the latter site is sufficient for IL-6

and IL-8 production in response to CD8 cross-linking.49

Various studies used non-haematopoietic cells deficient in

TRAFs or that expressed a TRAF dominant negative

mutant to examine the role of TRAFs in CD40-dependent

chemokine and adhesion molecule up-regulation.13,24,50,51

Although these studies provided useful information, data

interpretation may be complicated by the fact that: (i)

TRAFs can form heterocomplexes after CD40 ligation and

hence, deficiency of a particular TRAF can affect addi-

tional TRAF signalling48,52; (ii) TRAFs can signal down-

stream of various receptors in addition to CD40; and (iii)

partial TRAF knock-down or suboptimal expression of

TRAF dominant negative mutants may result in insuffi-

cient inhibition of TRAF signalling.

ª 2014 John Wiley & Sons Ltd, Immunology, 144, 21–3322

J.-A. C. Portillo et al.



By inducing expression of either wt CD40 or CD40

with mutations in the TRAF2,3 and/or TRAF6 binding

sites that prevent recruitment of the appropriate TRAFs

or by using cell-permeable CD40–TRAF blocking pep-

tides, we dissected the role of CD40–TRAF signalling in

the induction of a broad range of cellular responses that

have been linked to the pathogenesis and complications

of inflammatory disorders. Our studies indicate that

blockade of either CD40–TRAF2,3 or CD40–TRAF6 sig-

nalling was sufficient to markedly impair various pro-

inflammatory responses in non-haematopoietic cells.

Whereas the CD40–TRAF6 binding site played the main

role in production of monocyte chemotactic protein 1

(MCP-1) and tissue factor up-regulation in human

monocytic cells, this site also appeared to play the domi-

nant role in human dendritic cell maturation. Given that

CD40–TRAF6 signalling stimulates various responses key

to cell-mediated immunity, our findings raise the possi-

bility that blockade of CD40–TRAF2 signalling may

improve CD40-induced inflammation with a potential

reduced risk of immunosuppression.

Materials and methods

Cells

Human aortic endothelial cells (HAEC) and human aortic

smooth muscle cells (HASMC) were obtained from Lonza

(Walkersville, MD); human renal proximal tubular epi-

thelial cells (HRPTEC) and human renal mesangial cells

(HRMC) were obtained from ScienCell Research Labora-

tories (Carlsbad, CA). Cells were cultured following the

manufacturers’ recommendations. MonoMac6 cells were

a gift from Rene de Waal Malefyt (DNAX Research Insti-

tute, Palo Alto, CA) and were cultured in RPMI-1640

plus 10% fetal bovine serum (Hyclone, Logan, UT).

Human monocyte-derived dendritic cells were generated

as described previously.53 Briefly, monocytes were isolated

from peripheral blood mononuclear cells using a Mono-

cyte Isolation Kit II (Miltenyi Biotec, Auburn, CA).

Monocytes were cultured in RPMI-1640 plus 10% fetal

bovine serum containing granulocyte–macrophage col-

ony-stimulating factor (1000 U/ml) plus IL-4 (500 U/ml;

both from PeproTech, Rocky Hill, NJ) for 7 days. Cyto-

kines were added every 3 days. The mouse endothelial cell

line that expresses the extracellular domain of human

CD40 and the intracellular domain of mouse CD40

(hmCD40 mHEVc) was previously described.46

In vitro stimulation

Cells were treated with or without human CD154 (3 lg/ml;

a gift from William Fanslow, Amgen, Thousand Oaks, CA

or cell-free supernatants containing multimeric CD15454

obtained from Dr Richard Kornbluth, Multimeric

Biotherapeutics Inc., La Jolla, CA) for 24 hr at 37° as

described.55 Responses induced by both preparations of

CD154 were similar. Specificity of CD154 was confirmed by

detecting > 95% neutralization in response to co-incuba-

tion with anti-human CD154 monoclonal antibody (Ancell

Corporation, Bayport, MN). Omission of CD154 or incu-

bation with a non-functional CD154 mutant (T147N;

obtained from Dr Richard Kornbluth) was used as control.

Endothelial cells were also incubated with interferon-c
(500 IU/ml; PeproTech) plus TNF-a (500 IU/ml; Pepro-

Tech) or PMA (50 ng/ml; Sigma Chemical, St Louis, MO).

Retroviral vectors and transductions

The cDNA for wt human CD40 (hCD40), hCD40D22 (a

mutant that ablates binding to TRAF2 and TRAF3; CD40

DTRAF2,3), hCD40EEAA (a mutant that prevents binding

to TRAF6; CD40 DTRAF6), and hCD40D55 (a mutant

that ablates binding to TRAF2, TRAF3 and TRAF6; CD40

DTRAF2,3,6) have been previously described.56,57 The

murine stem cell virus-based bicistronic retroviral vector

MIEG3 that encodes enhanced green fluorescence protein

(EGFP) and either cDNA for wt human CD40, CD40

DTRAF2,3, CD40 DTRAF6, or CD40 DTRAF2,3,6 were

previously described.58 Ecotropic retroviral supernatants

were generated as described58 except for the use of the

envelope plasmid RD114 (gift from Yasu Takeuchi, Uni-

versity College London, London, UK). Briefly, Phoenix-gp

cell line (gift from Gary Nolan, Stanford University, CA)

was transfected with MIEG3-based retroviral vectors and

plasmids encoding envelope and gag-pol using a calcium

phosphate transfection kit (Invitrogen Corporation, Carls-

bad, CA). Cells were incubated overnight with retrovirus

in the presence of polybrene (8 lg/ml, Sigma Chemical).

Cell-permeable peptides

Peptides that consisted of the TRAF2,3 and TRAF6 bind-

ing sites of CD40 were made cell permeable by linking

them to the TAT47–57 cell penetrating peptide. The

sequences for the CD40–TRAF2,3 and the CD40–TRAF6
blocking peptides were NH2-NTAAPVQETLHG YGRKKR

RQRRR-OH and NH2-KQEPQEIDFPDD YGRKKRRQR

RR-OH. The TAT47–57 sequence is underlined. Control

peptide consisted of either TAT47–57 or TAT47–57 linked

to a scrambled peptide. Peptides were manufactured by

Proteintech Group (San Diego, CA) and were low in

endotoxin and > 98% pure by HPLC.

Flow cytometry

Cells were stained with phycoerythrin-conjugated anti-CD40

(BD Biosciences, San Jose, CA), anti-CD80, anti-CD83,

anti-CD86, anti-HLA-DR, anti-intercellular adhesion mole-

cule 1 (ICAM-1), anti-vascular cell adhesion molecule 1
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(VCAM-1) (all from eBiosciences, San Diego, CA), anti-tis-

sue factor (American Diagnostica Inc., Stanford, CT) plus

donkey anti-mouse–phycoerythrin (eBiosciences) or isotype

control monoclonal antibodies. Cells were washed and fixed

with 1% paraformaldehyde followed by analysis using an

LSR II (BD Biosciences).

ELISA

Supernatants from cell monolayers cultured in 96-well

plates were collected at 24 hr. Supernatants were used to

measure concentrations of MCP-1 by ELISA (R&D Sys-

tems, Minneapolis, MN). MMP-9 proteolytic activity was

measured with a Biotrak Activity Assay System (GE

Healthcare, Chalfont St Giles, UK).

Luciferase assay

Peptides were tested as previously described using the

mouse endothelial cell mHEVc that express a chimera of

the extracellular domain of human CD40 and intracyto-

plasmic domain of mouse CD40 (hmCD40) with either a

mutation that prevents recruitment of TRAF2,3 (hmCD40

DT2,3) or TRAF6 (hmCD40 DT6).46 These cells were also

transfected with pGL4.32luc2P/NF-jB-RE/Hygro vector

(Promega Corporation, Madison, WI), a plasmid that

encodes an NF-jB response element that drives transcrip-

tion of the luciferase reporter gene luc2P (Photinus pyral-

is).46 Cells were pre-incubated with peptides for 3 hr

followed by stimulation with human CD154. Luciferase

activity was assessed using a Steady-Glo luciferase assay

system (Promega Corporation) and a luminometer. Bio-

luminescence signals were normalized to total protein

concentration as determined by BCA protein assay (Pierce

Protein Research Products, Rockford, IL). The effects of

peptides on cell viability were examined using a commer-

cially available alamarBlue cell viability assay (Invitrogen

Corporation).

Statistical analysis

All results were expressed as the mean � SEM. Data were

analysed by two-tailed Student’s t-test and analysis of var-

iance. Differences were considered statistically significant

at P < 0�05.

Results

Role of the CD40–TRAF2,3 and the CD40–TRAF6
binding sites in CD154-induced up-regulation of
VCAM-1, ICAM-1, MCP-1 and tissue factor in
human aortic endothelial cells

CD40 expression is increased in non-haematopoietic cells in

inflammatory diseases and contributes to pro-inflammatory

responses in these disorders.7–13 In contrast, CD40 is either

not expressed or is expressed weakly in non-haematopoietic

cells under basal conditions. To study the role of CD40–
TRAF signalling in the induction of pro-inflammatory

responses, primary human non-haematopoietic cells were

induced to express wt CD40 or CD40 with mutations that

prevent TRAF recruitment. This approach has been shown

to be well suited for studying the role of TRAF signalling

downstream of CD40.35,36,42,47,57,59 Human cells were trans-

duced with retroviral vectors that encode either wt CD40 or

CD40 with deletions or point mutations at TRAF binding

sites proven to ablate binding to TRAF2,3 (DT2,3), TRAF6
(DT6) or TRAF2,3,6 (DT2,3,6).57,59 Primary HAEC were

transduced with these vectors and the percentages of trans-

duced cells (EGFP+) as well as the corrected mean fluores-

cence intensity (cMFI) for CD40 on EGFP+ cells were

similar (Fig. 1a; P > 0�05).
We examined the role of CD40–TRAF binding sites on

VCAM-1 and ICAM-1 up-regulation in HAEC. Incuba-

tion with CD154 caused marked up-regulation of VCAM-

1 and ICAM-1 on transduced (EGFP+) HAEC that

expressed wt CD40 (Fig. 1b–d). This effect was ablated by

co-incubation with a neutralizing anti-CD154 monoclonal

antibody (> 95% inhibition; data not shown). In contrast,

HAEC transduced with the empty retroviral vector

(MIEG3) exhibited a much less pronounced up-regula-

tion of VCAM-1 (mean cMFI Ctr = 22; CD154 = 56)

and ICAM-1 (mean cMFI Ctr = 55; CD154 = 104) in

response to CD154. These findings are consistent with

previous reports on the effect of CD154 on ICAM-1/

VCAM-1 expression in HAEC and are probably explained

by the low levels of CD40 under basal conditions.16

Hence, our findings indicate that responses observed in

transduced HAEC are driven primarily by retrovirus-

induced CD40. Next, we examined the effect of mutations

in TRAF binding sites on adhesion molecule up-regula-

tion. VCAM-1 and ICAM-1 up-regulation were ablated in

cells that express CD40 that does not recruit TRAF2,3

and TRAF6 (Fig. 1c,d). Compared with wt CD40, expres-

sion of either CD40 DT2,3 or CD40 DT6 was sufficient to

markedly inhibit VCAM-1 and ICAM-1 up-regulation

(Fig. 1c,d). Moreover, the effects of mutations in TRAF

binding sites were specific because up-regulation of

VCAM-1 in response to interferon-c/TNF-a was similar

regardless of the retroviral vector used to transduce

HAEC (Fig. 1e). Hence, up-regulation of VCAM-1 and

ICAM-1 on HAEC stimulated through CD40 is TRAF

dependent, and a mutation that prevents CD40–TRAF2,3
or CD40–TRAF6 interaction is sufficient to profoundly

impair these responses.

CD154 enhanced MCP-1 production by HAEC that

expressed wt CD40 (Fig. 1f). Expression of CD40 DT2,3,6
ablated MCP-1 production (Fig. 1f). Expression of CD40

DT6 markedly inhibited MCP-1 production in response

to CD40 stimulation while expression of CD40 DT2,3
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Figure 1. Role of CD40–tumour necrosis factor (TNF) receptor-associated factor 6 (TRAF) binding sites on vascular cell adhesion molecule 1

(VCAM-1), intercellular adhesion molecule 1 (ICAM-1), monocyte chemoattractant protein 1 (MCP-1) and tissue factor up-regulation in human

aortic endothelial cells (HAEC). HAEC were transduced with MIEG3-based retroviral vectors that encode EGFP alone or EGFP and either wild-

type (wt) CD40, CD40 DT2,3, CD40 DT6 or CD40 DT2,3,6. (a) Percentages of transduced cells (EGFP+) and corrected mean fluorescence inten-

sity (cMFI) for CD40 on EGFP+ cells. (b) Expression of VCAM-1 and EGFP was analysed by flow cytometry at 24 hr post-incubation with or

without CD154. (c, d), Expression of VCAM-1 and ICAM-1 on gated EGFP+ cells expressed as cMFI. (e) HAEC were incubated with interferon-

c (IFN-c) plus TNF-a and expression of VCAM-1 was assessed by flow cytometry at 24 hr. (f) MCP-1 concentrations determined by ELISA in

the supernatants collected at 24 hr. (g, h) Tissue factor expression was assessed by flow cytometry on gated EGFP+ cells at 24 hr after incubation

with or without CD154 (g) or PMA (h). Results are shown as mean � SEM and are representative of three to six experiments. *P < 0�05;
**P < 0�01; ***P < 0�001.
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ablated this response (Fig. 1f). Hence, MCP-1 production

induced by stimulation through CD40 is TRAF dependent

and a mutation that prevents TRAF2,3 recruitment is suf-

ficient to abrogate this response.

Incubation with CD154 up-regulated tissue factor

expression on HAEC (Fig. 1g). This effect was TRAF

binding site dependent because it was ablated by

expression of CD40 DT2,3,6 (Fig. 1g). Expression of

CD40 DT2,3 or CD40 DT6 markedly impaired tissue

factor up-regulation (Fig. 1g). The effects of CD40

mutations were specific because up-regulation of tissue

factor in response to PMA was similar regardless of the

retroviral vector used (Fig. 1h). Hence, mutations in the

CD40–TRAF2,3 or CD40–TRAF6 binding sites impaired

up-regulation of tissue factor on HAEC stimulated

through CD40. Taken together, a mutation that pre-

vents CD40–TRAF2,3 or CD40–TRAF6 interaction is

sufficient to profoundly impair pro-inflammatory

responses (VCAM-1/ICAM-1 up-regulation and MCP-1

production) and tissue factor up-regulation in CD40-

stimulated HAEC.

Both CD40–TRAF2,3 and CD40–TRAF6 binding sites
are required for optimal CD154-induced
up-regulation of VCAM-1, MCP-1, tissue factor and
MMP-9 activity in human aortic smooth muscle cells

We determined whether CD40 stimulation causes VCAM-

1 up-regulation in HASMC and determined the role of

TRAF binding sites in this response as well as in CD40-

driven MCP-1 up-regulation. HASMC were transduced

with retroviral vectors. As in HAEC, the percentages of

transduced cells (EGFP+) and the cMFI for CD40 were

similar for all groups (Fig. 2a; P > 0�5). Incubation with

CD154 caused VCAM-1 up-regulation (Fig. 2b). This

response was dependent on CD40–TRAF signalling

because it was ablated in HASMC that express CD40

DT2,3,6 (Fig. 2b). Expression of CD40 DT2,3 or CD40

DT6 significantly impaired up-regulation of VCAM-1

(Fig. 2b). Hence, blockade of either the TRAF2,3 or

TRAF6 binding site is sufficient to significantly diminish

VCAM-1 up-regulation in HASMC. CD40 stimulation

increased MCP-1 production by HASMC that was TRAF
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Figure 2. Both CD40––tumour necrosis factor

(TNF) receptor-associated factor 2,3 (TRAF2,3)

and CD40–TRAF6 binding sites are required

for optimal CD154-induced up-regulation of

vascular cell adhesion molecule 1 (VCAM-1),

monocyte chemoattractant protein 1 (MCP-1),

tissue factor and matrix metalloproteinase 9

(MMP-9) activity in human aortic smooth

muscle cells (HASMC). Cells were transduced

with MIEG3-based retroviral vectors that

encode EGFP alone or EGFP and either wild-

type (wt) CD40, CD40 DT2,3, CD40 DT6 or

CD40 DT2,3,6. (a) Percentages of transduced

cells (EGFP+) and corrected mean fluorescence

intensity (cMFI) for CD40 on EGFP+ cells.

(b–e) HASMC were incubated with or without

CD154 for 24 hr. (b) Flow cytometric assess-

ment of VCAM-1 expression on gated EGFP+

cells. (c) MCP-1 concentrations were measured

by ELISA. (d) MMP-9 activity was measured

using a Biotrak Activity Assay System. (e) Flow

cytometric assessment of tissue factor expres-

sion on gated EGFP+ cells. Results are shown

as mean � SEM and are representative of

three or four experiments. *P < 0�05; **P <

0�01; ***P < 0�001.
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dependent because it was ablated in cells that expressed

CD40 DT2,3,6 (Fig. 2c). Mutations in either the TRAF2,3

or TRAF6 binding sites were sufficient to remarkably

inhibit MCP-1 up-regulation (Fig. 2c).

We examined the effect of CD40–TRAF signalling in

the up-regulation of MMP-9 activity in smooth muscle

cells. HASMC that expressed wt CD40 exhibited increased

MMP-9 activity after CD40 stimulation (Fig. 2d). This

effect was markedly inhibited by expression of CD40

DT2,3 or CD40 DT6 and ablated in cells that expressed

CD40 DT2,3,6 (Fig. 2d). Tissue factor up-regulation on

HASMC was also TRAF binding site-dependent and

expression of CD40 DT2,3 or CD40 DT6 markedly

impaired this response (Fig. 2e). Taken together, a muta-

tion that prevents CD40–TRAF2,3 or CD40–TRAF6
interaction is sufficient to profoundly impair pro-inflam-

matory responses (VCAM-1 up-regulation and MCP-1

production), MMP-9 activity and tissue factor up-regula-

tion in CD40-stimulated HASMC.

A mutation that prevents CD40–TRAF2,3 or CD40–
TRAF6 interaction is sufficient to inhibit pro-
inflammatory responses in human renal proximal
tubule epithelial cells and mesangial cells

TRAF6 knockdown studies indicated that HRPTEC secrete

MCP-1 that was dependent on TRAF6.24 However, these

studies did not address the role of other TRAFs.24 Trans-

duction of HRPTEC with retroviral vectors yielded similar

levels of CD40 (P > 0�05; Fig. 3a). In agreement with

TRAF6 knockdown studies, ablation of CD40–TRAF6

signalling markedly impaired MCP-1 production (Fig. 3b).

Importantly, blockade of CD40–TRAF2,3 interaction also

caused marked inhibition in MCP-1 production (Fig. 3b).

ICAM-1 can promote the development of glomerulone-

phritis.60,61 ICAM-1 up-regulation in cells within the glo-

merulus is probably important for the interaction with

infiltrating leucocytes and the development of glomerulo-

nephritis.62 Moreover, patients with glomerulonephritis

can exhibit ICAM-1 up-regulation in mesangial cells.63

Hence, we determined whether CD40 stimulation up-regu-

lates ICAM-1 in HRMC and ascertained the role of TRAF

signalling in such a response. CD40 stimulation up-regu-

lated ICAM-1 on HRMC (Fig. 3c). This effect was mark-

edly inhibited in cells that expressed CD40 DT2,3 or CD40

DT6 and was ablated in those that expressed CD40

DT2,3,6 (Fig. 3c). These effects were unlikely to be

explained by differences in CD40 expression as cMFI for

CD40 were similar among cells that expressed wt CD40 or

CD40 mutants (P > 0�05; Fig. 3a). Hence, blockade of

either CD40–TRAF2,3 or CD40–TRAF6 interaction is suf-

ficient to inhibit pro-inflammatory responses not only in

vascular wall cells but also in non-haematopoietic cells

from the kidney.

The CD40–TRAF6 binding site is dominant for the
induction of pro-inflammatory responses in human
monocytic cells

We examined the effect of CD40–TRAF binding sites in

various pro-inflammatory responses and tissue factor

up-regulation in human monocytic cells. The human
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Figure 3. A mutation that prevents CD40–

tumour necrosis factor receptor-associated

factor 2,3 (TRAF2,3) or CD40–TRAF6 interac-

tion is sufficient to inhibit pro-inflammatory

responses in human renal proximal tubule

epithelial cells (HRPTEC) and human renal

mesangial cells (HRMC). HRPTEC and HRMC

were transduced with MIEG3-based retroviral

vectors that encode EGFP alone or EGFP and

either wild-type (wt) CD40, CD40 DT2,3,
CD40 DT6 or CD40 DT2,3,6. (a) Corrected

mean fluorescence intensity (cMFI) for CD40

on EGFP+ cells. (b, c) Cells were incubated

with or without CD154 for 24 hr. (b) Mono-

cyte chemoattractant protein 1 (MCP-1) pro-

duction by HRPTEC. MCP-1 concentrations

were measured by ELISA. (c) Flow cytometric

assessment of intercellular adhesion molecule 1

(ICAM-1) expression on gated EGFP+ HRMC.

Results are shown as mean � SEM and are

representative of three experiments. ***P <

0�001.
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monocytic line MonoMac6 (lacks endogenous CD40) was

transduced with MIEG3-based retroviral vectors. EGFP+

cells were sorted and maintained as lines (> 95% EGFP+).

The cMFI for CD40 was similar for all MonoMac6 cells

transduced with a CD40 encoding retroviral vector

(Fig. 4a; P > 0�5). Incubation with CD154 caused up-reg-

ulation of ICAM-1, MCP-1 and tissue factor on mono-

cytic cells that expressed wt CD40 (Fig. 4b–d). Expression
of CD40 DT6 markedly inhibited these responses while

expression of CD40 DT2,3 had a more moderate inhibi-

tory effect (Fig. 4b–d). Hence, in contrast to non-haemat-

opoietic cells, the CD40–TRAF6 binding site plays the

dominant role in the induction of pro-inflammatory and

pro-thrombotic responses in human monocytic cells.

Table 1 summarizes the inhibitory effects of expression of

CD40 mutants on the various cellular responses tested.

CD40–TRAF blocking peptides inhibit pro-
inflammatory responses in human non-
haematopoietic cells

Peptides can readily block protein–protein interactions.64

CD40–TRAF signalling can be inhibited by peptides that

consist of the amino acid sequence of the TRAF2,3 and

TRAF6 binding sites of CD40 fused to a membrane trans-

duction domain to make the peptides cell-permeable.19,46

To examine the effects of pharmacological inhibition of

CD40–TRAF signalling, we used peptides that consisted of

the amino acid sequence of the TRAF2,3 or the TRAF6 bind-

ing sites of CD40 linked to TAT47–57. First, we confirmed

that peptides blocked CD40–TRAF signalling using reporter

mouse endothelial cells that express a human–mouse CD40

chimera (extracellular human CD40 and intracellular mouse

CD40) that signalled either through the TRAF2,3 binding

site (hmCD40 DT6) or the TRAF6 binding site (hmCD40
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Figure 4. The CD40–tumour necrosis factor

receptor-associated factor 6 (TRAF6) binding

site is dominant for the induction of pro-

inflammatory responses in human monocytic

cells. MonoMac6 cells transduced with MIEG3-

based retroviral vector that encode EGFP alone

or EGFP and either wild-type (wt) CD40, CD40

DT2,3, CD40 DT6, CD40 DT2,3,6. (a) Cor-

rected mean fluorescence intensity (cMFI) for

CD40 on EGFP+ cells. (b–d) Cells were incu-

bated with or without CD154 for 24 hr. (b)

Flow cytometric assessment of intercellular

adhesion molecule 1 (ICAM-1) expression on

gated EGFP+ cells. (c) Monocyte chemoattrac-

tant protein 1 (MCP-1) concentrations were

measured by ELISA. (d) Flow cytometric assess-

ment of tissue factor expression on gated

EGFP+ cells. Results are shown as mean � SEM

and are representative of three or four experi-

ments. *P < 0�05; **P < 0�01; ***P < 0�001.

Table 1. Effects of expression of CD40 with mutations in CD40–

tumour necrosis factor (TNF) receptor-associated factor (TRAF)

binding sites on up-regulation of various pro-inflammatory

responses on human aortic endothelial cells, aortic smooth muscle

cells, renal proximal tubule epithelial cells, renal mesangial cells and

human monocytic cells

DTRAF2,3 DTRAF6 DTRAF2,3,6

Aortic

endothelial

cells

VCAM-1 75�3 � 8�3 83�4 � 3�2 97�1 � 1�3
ICAM-1 74�8 � 7�1 80�2 � 3�4 97�1 � 0�6
MCP-1 93�6 � 4�6 56�3 � 6�9 95�7 � 4�3
Tissue

factor

72�6 � 9�6 76�1 � 4�0 99�0 � 0�6

Aortic smooth

muscle cells

VCAM-1 89�9 � 2�0 87�5 � 5�4 96�6 � 0�8
MCP-1 81�7 � 6�9 92�6 � 3�9 99�3 � 0�4
MMP-9 72�0 � 5�0 91�2 � 2�1 97�3 � 2�7
Tissue

factor

88�4 � 7�5 92�8 � 7�2 94 3 � 3�3

Renal epithelial

cells

MCP-1 84�2 � 1�1 96�9 � 1 95�3 � 1�1

Mesangial cells ICAM-1 65�4 � 7�2 70�0 � 3�6 98�5 � 0�8
Monocytic cells ICAM-1 71�2 � 1�1 91�2 � 5�1 97�7 � 1�8

MCP-1 10�9 � 5�1 98�2 � 1�8 99�2 � 0�8
Tissue

factor

15�0 � 7�6 93�5 � 4�2 97�7 � 2�3

Data are expressed as mean inhibition compared with cells that

expressed wt CD40. Results are averages � SEM from 3–6 experi-

ments

ICAM-1, intercellular adhesion molecule 1; MCP-1, monocyte chemo-

attractant protein 1; VCAM-1, vascular cell adhesion molecule 1.
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DT2,3).46 These cells also express an NF-jB response ele-

ment that drives a luciferase reporter gene.46 Reporter cells

were incubated with peptides followed by stimulation with

human CD154. Peptides did not affect cell viability (not

shown). The CD40–TRAF2,3 blocking peptide inhibited

NF-jB activity in cells that express CD40 that signals

through the TRAF2,3 binding site but had no significant

effect on cells that express CD40 that signals through the

TRAF6 binding site (Fig. 5a). The CD40–TRAF6 blocking

peptide had the reverse effect (Fig. 5a).

Next, we tested the effects of peptides on adhesion mole-

cule up-regulation induced by CD154. While the control

peptide did not affect VCAM-1 up-regulation, CD40–
TRAF2,3 and CD40–TRAF6 blocking peptides impaired

up-regulation of VCAM-1 in response to CD154 (Fig. 5b).

The effects were specific because CD40–TRAF blocking

peptides did not affect VCAM-1 up-regulation induced by

interferon-c/TNF-a (Fig. 5c). The CD40–TRAF2,3 and

CD40–TRAF6 blocking peptides also inhibited MCP-1

production by CD154-treated HASMC (Fig. 5d). Taken

together, a pharmacological approach that impairs either

CD40–TRAF2,3 or CD40–TRAF6 signalling inhibits pro-

inflammatory responses in vitro.

CD40–TRAF6 signalling appears to play the dominant
role in CD154-induced maturation of human
dendritic cells

Dendritic cells play a key role in antigen presentation and

production of IL-12. It is well established that CD40–
TRAF6 but not CD40–TRAF2,3 signalling mediates IL-12

production.43 Although less clear, CD40–TRAF signalling
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Figure 5. CD40–tumour necrosis factor (TNF) receptor-associated factor (TRAF) blocking peptides inhibit pro-inflammatory responses in

human non-haematopoietic cells. (a) mHEVc endothelial cells that express a nuclear factor-jB (NF-jB) response element that drives transcrip-

tion of a luciferase reporter plus either hmCD40 DT2,3 or hmCD40 DT6 were pre-incubated with CD40–TRAF2,3 blocking peptide, CD40–

TRAF6 blocking peptide or control peptide (all at 1 lM) or medium alone followed by stimulation with human CD154. Data are expressed as

fold-increase in normalized luciferase activity in cells stimulated with CD154 compared with cells treated with respective peptide in the absence

of CD154. (b, c) Human aortic endothelial cells (HAEC) were incubated with control peptide (Ctr P), CD40–TRAF2,3 blocking peptide (T2,3

BP) or CD40–TRAF6 blocking peptide (T6 BP) all at 1 lM. After 3 hr, HAEC were stimulated with CD154 (b) or interferon-c (IFN-c)/TNF-a
(c). Vascular cell adhesion molecule 1 (VCAM-1) expression was examined by flow cytometry after 24 hr. (d) Human aortic smooth muscle cells

(HASMC) transduced with the wild-type (wt) CD40 retroviral vector were incubated with peptides (10 lM) followed by stimulation with CD154

for 24 hr. MCP-1 production was examined by ELISA. Results are shown as mean � SEM and are representative of three experiments.

**P < 0�01; ***P < 0�001.
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appears to promote co-stimulatory ligand up-regulation

in mouse dendritic cells.43 We used CD40–TRAF blocking

peptides to examine the role of TRAF signalling in

maturation of human dendritic cells. Human monocyte-

derived dendritic cells incubated with CD154 up-regu-

lated CD80, CD86 and HLA-DR, as well as acquired

expression of the maturation marker CD83 (Fig. 6).

While the CD40–TRAF2,3 blocking peptide had no signif-

icant effects on up-regulation of these molecules, their

up-regulation was impaired by the CD40–TRAF6 block-

ing peptide (Fig. 6). Hence, CD40-driven maturation of

human dendritic cells appears to be mediated mainly by

CD40–TRAF6 signalling.

Discussion

The need to identify approaches to control CD40-driven

inflammatory disorders by blocking the effects of this

molecule stresses the importance of characterizing the

cascades downstream of CD40 that mediate pro-inflam-

matory responses. Little is known about the role of adap-

tor proteins required for cellular responses triggered by

CD40 in non-haematopoietic cells. We report that block-

ade of either CD40–TRAF2,3 or CD40–TRAF6 was

sufficient to markedly impair CD40-induced VCAM-1/

ICAM-1 up-regulation and MCP-1 production in

HAEC, HASMC, HRPTEC and HRMC, tissue factor up-

regulation in HAEC and HASMC, as well as increased

MMP-9 activity in HASMC. These findings suggest that

cooperation between the two pathways is required for

optimal cellular responses. Studies with human monocytic

cells also showed that TRAF signalling is needed for

ICAM-1 and tissue factor up-regulation, as well as pro-

duction of MCP-1. However, in contrast to non-haemat-

opoietic cells, the CD40–TRAF6 pathway played the more

dominant role in promoting MCP-1 and tissue factor up-

regulation. Moreover, maturation of human dendritic

cells appeared to be driven mainly by the CD40–TRAF6
pathway.

In contrast to TRAF knock-down or expression of

dominant negative TRAFs, the use of cells that express

either wt CD40 or CD40 with mutations that affect the

TRAF2,3 and/or the TRAF6 binding sites allows the selec-

tive study of TRAF signalling in cellular responses trig-

gered by CD40 ligation. Although the effectiveness of

these mutations in preventing TRAF recruitment has not

been confirmed in primary non-haematopoietic cells, the

hCD40EEAA mutant used in this study has been proven

to block recruitment of TRAF6 in 293-T cells.57 Some in

vitro and in vivo studies examined CD40–TRAF2,3 signal-

ling using CD40 with a point mutation in the proximal

TRAF2,3 binding site (PxQxA). Although this mutation

impairs TRAF2 recruitment to CD40, TRAF2 recruitment

still takes place,40,59 a process dependent on the distal

TRAF2 binding site.40 In contrast, the CD40 deletion

mutant used in this study has been shown to ablate

TRAF2 recruitment in B cells.59 The level of CD40

expression is another important aspect that has to be
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Figure 6. CD40–tumour necrosis factor (TNF)

receptor-associated factor 6 (TRAF6) signalling

appears to play the dominant role in CD154-

induced maturation of human dendritic cells.

Human monocyte-derived dendritic cells were

incubated with control peptide (Ctr P), CD40–

TRAF2,3 blocking peptide (T2,3 BP) or CD40–

TRAF6 blocking peptide (T6 BP) all at 10 lM.
After 3 hr, dendritic cells were stimulated with

CD154. Expression of CD80, CD86, HLA-DR

and CD83 was examined by flow cytometry

after 24 hr. Results are shown as mean � SEM

and are representative of three experiments.

**P < 0�01.
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taken into account in the interpretation of data obtained

in experimental systems that use wt CD40 or CD40

mutants.47 Differences in the responses induced by wt

CD40 and CD40 mutants may be the result of significant

dissimilarities in CD40 expression rather than the effects

of mutations in TRAF binding sites. To address this

potential caveat, the levels of CD40 expression were

assessed in all the experiments reported in this study and

no significant differences in CD40 expression were

detected among cells that expressed wt CD40 or CD40

mutants. The approach taken in these studies established

the critical role of CD40–TRAF signalling in a broad vari-

ety of cellular responses linked to inflammatory disorders

and show that the role of CD40–TRAF signalling can be

cell-type specific. In contrast to monocytic cells, both the

CD40–TRAF2,3 and CD40–TRAF6 binding sites are

required to optimally promote various pro-inflammatory

responses in HAEC, HASMC, HRPTEC and HRMC.

Importantly, blockade of CD40–TRAF2,3 interaction was

sufficient to markedly impair adhesion molecule up-regu-

lation, chemokine production, tissue factor and MMP-9

activity up-regulation. Of relevance, B cells have also been

shown to signal through both the CD40–TRAF2,3 and

CD40–TRAF6 binding sites.42,47,57,59

The importance of CD40–TRAF2,3 signalling in pro-

moting adhesion molecule up-regulation and MCP-1 pro-

duction is supported not only by studies that used cells

that expressed CD40 with mutations in TRAF binding

sites but also by treatment with CD40–TRAF blocking

peptides. These findings are relevant to the pathogenesis

of various inflammatory diseases including atherosclerosis,

vascular injury, inflammatory bowel disease and glomeru-

lonephritis because animal studies have revealed the piv-

otal role of VCAM-1, ICAM-1 and MCP-1 in these

disorders60,61,65–69 and CD40 expression in the vascular

wall is required for neointima formation after arterial

injury.13 Blockade of CD40–TRAF2,3 signalling also inhib-

ited increased MMP-9 activity in HASMC. MMP are

believed to play a complex role in atherosclerosis and

mechanical arterial injury that appears to include promot-

ing thinning of the fibrous cap in atheromas, plaque

destabilization and subsequent rupture.70 Finally, blockade

of CD40–TRAF2,3 signalling significantly blunted tissue

factor up-regulation in HAEC and HASMC, findings that

may have implications to thrombosis. These results raise

the possibility that the CD40–TRAF2,3 pathway at the

level of non-haematopoietic cells may play an important

role in the development of inflammatory disorders and

complications that can accompany vascular inflammation.

Studies in transgenic mice indicated that CD40–TRAF6
signalling at the level of MHC II+ cells plays an important

role in progression of atherosclerosis and neointima for-

mation after vascular injury.35,36 Our studies in human

monocytic cells indeed show that the TRAF6 binding site

of CD40 plays the dominant role in the up-regulation of

molecules that are key for the development of vascular

inflammation and probably thrombosis (MCP-1 and tis-

sue factor). Moreover, the CD40–TRAF6 pathway is

responsible for production of TNF-a, IL-1 and IL-6 in

response to CD40 stimulation in macrophages.19 Blockade

of CD40–TRAF6 signalling has been proposed as an

approach to control CD40-driven inflammation. How-

ever, this signalling pathway also controls various cellular

immune responses that are important for protection

against infections. Only the CD40–TRAF6 pathway is

responsible for the induction of macrophage antimicro-

bial activities mediated by autophagy and NOS2 up-regu-

lation.45,46,58 The TRAF6 binding site of CD40 is required

for CD40-driven production of IL-12 in dendritic cells.43

The reported role of TRAF signalling in CD40-driven up-

regulation of co-stimulatory ligands in mouse dendritic

cells is less clear. Upon incubation with CD154+ fibro-

blasts, mouse dendritic cells that express human CD40

up-regulated co-stimulatory ligands even if CD40 could

not signal through TRAFs.43 TRAF signalling appeared to

promote co-stimulatory ligand up-regulation only in the

setting of suboptimal CD40 ligation.43 Using human

monocyte-derived dendritic cells we report that only the

CD40–TRAF6 pathway appears to promote dendritic cell

maturation. Although the role of the CD40–TRAF6 path-

way in other subsets of dendritic cells remains to be stud-

ied, it is clear that multiple lines of evidence support the

notion of a crucial role of this pathway in mechanisms

for host protection.

Using CD40–TRAF2,3 and CD40–TRAF6 blocking

peptides as a model of pharmacological inhibition of

CD40–TRAF signalling, our work indicates that targeting

either of these pathways inhibits CD40-induced pro-

inflammatory responses in various non-haematopoietic

cells. A CD40–TRAF6 blocking peptide has also been

reported to inhibit production of TNF-a, IL-1b and IL-6

by human monocytes.19 However, the inhibitory effect

of CD40–TRAF6 blocking peptides on CD40-induced

dendritic cell maturation (this study) and macrophage

anti-microbial activities45,46,58 support the concern that

pharmacological inhibition of CD40–TRAF6 signalling

may cause significant immunosuppression. Blockade of

CD40–TRAF2,3 signalling may lack major effects on cell-

mediated immune responses in myeloid cells although it

could inhibit humoral responses dependent on CD40–
TRAF2,3 signalling in B cells. Given that CD40 expressed

on non-haematopoietic cells is pivotal to the develop-

ment of inflammation, our findings raise the possibility

that pharmacological inhibition of CD40–TRAF2 signal-

ling may be useful for the management of CD40-depen-

dent inflammatory disorders with a likely reduced risk

of impairing cell-mediated immunity. This could be

accomplished by administration of cell-permeable pep-

tides71 or small molecules that impair CD40–TRAF2
interaction.
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