
Lipopolysaccharide-induced expression of TRAIL promotes dendritic
cell differentiation

Introduction

Dendritic cells (DCs) are the most potent antigen-pre-

senting cells that drive the adaptive immune responses.

Sentinel or immature DCs exhibit high phagocytic activity

for antigen sampling. By contrast, mature DCs exhibit

lower phagocytic capacity, but up-regulate co-stimulatory

molecules to maximize the stimulation of lymphocytes.1

Many of the innate pattern recognition receptors (PRRs)

are potent inducers of DC functional maturation.2 The

PRRs mediate the functional maturation of DCs in part

through the production of cytokines. Several TNF family

cytokines, including CD40 ligand (CD40L), tumour

necrosis factor (TNF) and receptor activator of nuclear

factor-jB (RANKL)/TRANCE, are produced as a result of

PRR activation and are important regulators of DC func-

tions.3 Full DC activation probably involves the co-ordi-

nated action of different cytokine factors because in vitro

experiments revealed that many of these TNF-like cyto-

kines exert overlapping and distinct effects on DCs.4

The TNF-related apoptosis-inducing ligand (TRAIL)

belongs to a sub-class of TNF-like cytokines that prefer-

entially induce apoptosis. In humans, TRAIL binds to five

receptors, the membrane-anchored TRAIL-R1 (DR4),

TRAIL-R2 (DR5/Killer/Trick), TRAIL-R3 (DcR1/LIT/

TRID) and TRAIL-R4 (DcR2/TRUNDD), and the soluble

receptor osteoprotegerin (OPG) (reviewed in ref. 5).

TRAIL-R1 and TRAIL-R2 contain functional cytoplasmic

death domains that recruit apoptotic signal adaptors

upon ligation by TRAIL. Unlike the human receptors, a

single receptor, TRAIL-R2/DR5/Killer, mediates TRAIL-

induced apoptosis in mouse cells. In contrast, TRAIL-R3,

TRAIL-R4 and OPG do not contain a functional cytoplas-

mic death domain and are thought to function as ‘decoys’
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Summary

Tumour necrosis factor-related apoptosis inducing ligand (TRAIL) is a

death-inducing cytokine whose physiological function is not well under-

stood. Here, we show that TRAIL has a role in programming human den-

dritic cell (DC) differentiation. TRAIL expression was strongly induced in

DCs upon stimulation with lipopolysaccharide (LPS) or Polyinosine-poly-

cytidylic acid (poly(I:C)) stimulation. Blockade of TRAIL with neutraliz-

ing antibody partially inhibited LPS-induced up-regulation of co-

stimulatory molecules and the expression of inflammatory cytokines

including interleukin-12 (IL-12) p70. In addition, neutralization of TRAIL

in LPS-treated DCs inhibited the DC-driven differentiation of T cells into

interferon-c (IFN-c) -producing effectors. The effects of TRAIL neutraliza-

tion in poly(I:C)-treated DCs were similar, except that IL-12 production

and the differentiation of effector T cells into IFN-c producers were not

inhibited. Strikingly, TRAIL stimulation alone was sufficient to induce

morphological changes resembling DC maturation, up-regulation of co-

stimulatory molecules, and enhancement of DC-driven allogeneic T-cell

proliferation. However, TRAIL alone did not induce inflammatory cyto-

kine production. We further show that the effects of TRAIL on DC matu-

ration were not the result of the induction of apoptosis, but may involve

p38 activation. Hence, our data demonstrate that TRAIL co-operates with

other cytokines to facilitate DC functional maturation in response to

Toll-like receptor activation.

Keywords: apoptosis; dendritic cells; tumour necrosis factor; tumour

necrosis factor-related apoptosis-inducing ligand
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or ‘inhibitory receptors’ against TRAIL-induced apopto-

sis.6–8 In certain cell types, TRAIL-R4 inhibits apoptosis

through complexing with the death receptor TRAIL-R2 in

a ligand-independent manner.7,8 Studies in TRAIL)/) or

TRAIL-R2)/) mice indicate that TRAIL has an important

function in controlling tumour growth and metastasis.9–12

Interestingly, most normal untransformed cells are resis-

tant to TRAIL-induced apoptosis. Combinatorial treat-

ment with TRAIL and chemotherapeutic agents often led

to synergistic killing of cancer cells (reviewed in ref. 13).

For these reasons, there are intense interests in targeting

TRAIL in cancer therapies.

Besides controlling tumour growth and metastasis,

TRAIL is likely to play important roles in normal physiol-

ogy. For instance, TRAIL expression is highly inducible

by interferons,9–11,14–16 suggesting that TRAIL may partic-

ipate in innate immune responses against infections.

Indeed, TRAIL has been implicated in the control against

influenza virus,17,18 Dengue virus,19 respiratory syncytial

virus,20 murine cytomegalovirus 21 and human immuno-

deficiency virus 22 infections. Consistent with these obser-

vations, many immune effector cells such as DCs, natural

killer cells and T cells have been shown to use TRAIL as a

target cell killing mechanism.9,15,23,24 Further evidence of

a normal physiological role of TRAIL in immunity comes

from the observations that CD4+ T-cell-dependent mem-

ory CD8+ T-cell generation and homeostatic proliferation

of functional memory CD8+ T cells requires an intact

TRAIL signal.25–27

Consistent with a positive regulatory role for TRAIL in

immunity, TRAIL has been shown to activate nuclear fac-

tor-jB (NF-jB) and mitogen-activated protein kinases

(MAPK).28,29Here, we report that TRAIL positively pro-

motes DC differentiation in response to lipopolysaccha-

ride (LPS) or poly(I:C) stimulation. The LPS or poly(I:C)

stimulation strongly induced the expression of TRAIL by

DCs. Blockade of TRAIL partially suppressed the produc-

tion of inflammatory cytokines by LPS-stimulated DCs.

Using an allogeneic CD4+ T-cell stimulation assay, we

show that the reduction of inflammatory cytokine pro-

duction by TRAIL neutralizing antibody led to a reduced

DC-driven differentiation of allogeneic CD4+ T-cells into

interferon-c (IFN-c) -producing effectors. Strikingly,

TRAIL stimulation alone, which activated p38, was suffi-

cient to partially induce DC maturation. Our data show

that TRAIL acts in concert with other TNF-like factors to

facilitate the functional maturation of DCs.

Materials and methods

Reagents

Antibodies against the different TRAIL receptors, recom-

binant TRAIL, RANKL and CD40L were purchased from

Axxora (San Diego, CA, USA). Neutralizing TNF anti-

body was from NCI (Bethesda, MD). Recombinant

human TNF-a was purchased from Biosource (Rockville,

MD). Antibodies for flow cytometry [interleukin-4 (IL-

4), IFN-c, CD1a, CD14, CD80, CD83, CD86, human

leucocyte antigen (HLA) -ABC, HLA-DR] were pur-

chased from BD Pharmingen (San Jose, CA, USA) or

eBioscience (San Diego, CA, USA). Phenol-purified LPS

was a kind gift from Everlyn Kurt-Jones (UMMS,

Worcester, MA). Poly(I:C) was purchased from

Invivogen (San Diego, CA, USA). CD3+ or naı̈ve

CD4+ CD45RO) T-cell isolation columns were pur-

chased from R&D Systems (Minneapolis, MN, USA).

Enzyme-linked immunosorbent assay (ELISA) kits for

TRAIL, TNF-a, IL-6, IL-8 and IL-12 p70 were purchased

from Biosource/Invitrogen (San Diego, CA, USA).

Dendritic cell culture

Monocytes were isolated from peripheral blood mono-

nuclear cells from anonymous donors by negative selec-

tion using the Rosette Sep monocyte isolation reagent

from Stem Cell Technologies (Vancouver, BC, Canada).

Monocytes were cultured in the presence of 34�5 ng/ml

IL-4 (eBioscience) and 50 ng/ml granulocyte–macrophage

colony-stimulating factor (GM-CSF) (eBioscience) for

6 days according to an established protocol.4 The pheno-

types of the immature DCs (iDCs) were distinguished

by high CD1a surface expression, absence of CD14

expression and low levels of CD80, CD83 and CD86.

Maturation of DCs was induced with 0�5 lg/ml LPS,

10 lg/ml poly(I:C) (Invivogen), 10 ng/ml human TNF-a
(Biosource) or 1 lg/ml Killer TRAIL (Axxora). Anti-

TRAIL antibody (clone 2E5 from Axxora), anti-human

TNF-a antibody (NCI) or TRAIL-R2-Fc fusion protein

(R&D Systems) were used at 2 lg/ml. In some experi-

ments, ultraviolet (UV) -treated syngeneic CD3+ lym-

phocytes were used to stimulate DCs at a 1 : 1 ratio.

For confocal microscopy, cells were stained with Mito-

tracker Green, fixed, stained with anti-TRAIL-R2 anti-

body plus phycoerythrin-conjugated anti-mouse

immunoglobulin G secondary antibody (HS201; Axxora),

and counterstained with Hoeschst 33342. Images were

captured with a TCS-NT confocal microscope (Leica)

with a 63 X objective.

Allogeneic T-cell stimulation assays

CD3+ or CD4+ T cells were purified from peripheral

blood mononuclear cells using purification columns from

R&D Systems. For mixed lymphocyte reaction, 5 · 104

irradiated DCs (5000 rads) were washed twice with phos-

phate-buffered saline followed by co-culture with 2 · 105

purified allogeneic T cells in 96-well round-bottom

plates. After 5 days, cells were pulsed with 1 lCi [3H]thy-

midine for 20 hr to measure cell proliferation. For CD4+
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T-cell intracellular cytokine staining, after the initial

5 days of co-culture with DCs, the CD4+ T cells were

washed with phosphate-buffered saline and cultured in

100 units/ml of recombinant human IL-2 (NCI) for an

additional 9 days. The resulting T cells were restimulated

with 10 ng/ml phorbol 12-myristate 13-acetate and

0�5 lM ionomycin for 5 hr before intracellular staining

for IL-4 and IFN-c.

Western blots

Monocyte-derived iDCs were stimulated with TRAIL, LPS

or TNF for the indicated times and whole cell extracts

[150 mM NaCl, 10 mM Tris–Cl (pH 7�4), 1 mM NaF,

1 mM b-glycerophosphate, 1 mM Na3VO4 and 1% noni-

det-40 supplemented with complete protease inhibitors

(Roche, Indianapolis, IN, USA)] were analysed for MAPK

and NF-jB activation by Western blots. Antibodies

against phospho-p38, phospho-Jnk, phospho-Erk, total

p38 (Cell Signaling, Danvers, MA), inhibitor of NF-jB

(IjBa; Santa Cruz, CA, USA) and b-actin (BD Pharmin-

gen) were used.

Quantitative polymerase chain reaction for TRAIL
expression

Total RNA was extracted using RNeasy Kit (Qiagen, Valen-

cia, CA, USA). Expression of TRAIL was determined by

quantitative polymerase chain reaction (PCR) using the

Biorad iCycler (Hercules, CA, USA) after first-strand

complementary DNA synthesis. Primers for human TRAIL

were: 50-actgggaccagaggaagaagc-30 and 50-tgcaagttgctcag-

gaatgaa-30. Control primers for glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) were: 50-atgacatcaagaaggtggtg-30

and 50-cataccaggaaatgagcttg-30. Relative TRAIL expression

was normalized to the signal obtained from the GAPDH

controls. Quantitative PCRs were performed using the

Biorad iCycler.

Statistical analyses

Results shown are average of triplicates ± SEM unless

stated otherwise. All statistical analyses were performed

using Student’s t-test. One-way analysis of variance was

used in Figs 4d, 5e, 6c,h, 7e.

Results

LPS induced TRAIL expression and resistance to
TRAIL-induced apoptosis in DCs

Previous reports indicate that DCs employ TRAIL as an

effector mechanism to mediate target cell killing.16,24 In

this scenario, DCs are likely to be resistant to TRAIL-

induced apoptosis. To investigate the mechanism of DC

resistance to TRAIL-induced apoptosis, we examined the

expression of TRAIL in monocyte-derived DCs. Purified

monocytes (Fig. 1a, left panel) from peripheral blood

were cultured in the presence of GM-CSF and IL-4.4

Seven days later, the majority (> 95%) of cells were posi-

tive for the human DC marker CD1a (Fig. 1a, right

panel). The DCs generated using this protocol exhibited

an immature phenotype as determined by their low

expression of CD80, CD83 and CD86 (see below). These

iDCs expressed almost undetectable level of TRAIL as

determined by real-time PCR and ELISA (Fig. 1b–c).

However, within 2 hr after stimulation with the Toll-like

receptor 4 (TLR-4) agonist LPS, DCs potently up-regu-

lated the expression of TRAIL at the messenger RNA

level (Fig. 1b). LPS-induced expression of soluble TRAIL

ligand 20 hr post-stimulation was confirmed by ELISA

(Fig. 1c). In addition, poly(I:C), a TLR-3 agonist, also

strongly up-regulated TRAIL expression (Fig. 1c). Despite

the strong induction of TRAIL, viability of the LPS-stim-

ulated DCs as determined by exclusion of the propidium

iodide was not compromised (Fig. 1d). In fact, while a

low level of apoptosis could be induced by exogenous

TRAIL in iDCs (Fig. 1e, < 20%), LPS-stimulated mature

DCs were refractory to TRAIL-induced apoptosis (Fig. 1e,

< 5%). Other stimuli including TNF, CD40L and

RANKL that have been shown to induce DC maturation

did not alter the sensitivity to TRAIL-induced apoptosis

(Fig. 1e). Hence, TLR-4 stimulation induced TRAIL

expression and resistance to TRAIL-induced apoptosis

concomitantly.

TRAIL binds to both apoptosis-inducing receptors

(TRAIL-R1 and TRAIL-R2) and decoy/inhibitory recep-

tors (TRAIL-R3 and TRAIL-R4). Hence, cellular sensitiv-

ity to TRAIL-induced apoptosis could be controlled at

the level of expression of different TRAIL receptors.8

Western blot analyses reveal that monocytes expressed

only TRAIL-R2 (Fig. 2a, lane 1). As has been reported

before, differentiation of monocytes into DCs with IL-4

and GM-CSF was accompanied by an increase in

b-actin expression.30 In addition, the decoy receptors

TRAIL-R3 and TRAIL-R4, but not the death receptor

TRAIL-R1, was induced in iDCs (Fig. 2a, lane 2) and

mature DCs (Fig. 2a, lane 3). However, FACS analysis

reveals that only TRAIL-R2 was detected on the cell

surface of iDCs (Fig. 2b, top panels). This is consistent

with previous observations that TRAIL-R3 and TRAIL-

R4 could reside in intracellular compartments.31 The

LPS stimulation led to a reduction in cell surface

expression of TRAIL-R2 (Fig. 2b, bottom panels), which

corresponded with a reduction in the total cellular

TRAIL-R2 (Fig. 2a, second panel, compare lanes 2 and

3). The loss of cell surface TRAIL-R2 expression upon

LPS stimulation was confirmed by confocal microscopy

(Fig. 2c). These results show that TRAIL-R2 is the

major receptor that mediates TRAIL signalling in mono-
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Figure 1. Lipopolysaccharide (LPS) -stimulated tumour necrosis factor-related apoptosis inducing ligand (TRAIL) expression in dendritic cells

(DCs) without induction of cell death. (a) Purity of the isolated monocyte and immature DC (iDC) populations. Monocytes isolated from

human peripheral blood lymphocytes were stained for CD14 (left panel). Cells were stained for the DC marker CD1a 7 days after culture with

interleukin-4 and granulocyte–macrophage colony-stimulating factor. Shaded curves: isotype antibody control. (b) LPS-induced TRAIL expression

in DCs. Total RNA was prepared from untreated iDCs or DCs treated with LPS for the indicated times. After reverse transcription, the expres-

sion of TRAIL was quantified by real-time quantitative polymerase chain reaction. TRAIL expression was normalized to that of GAPDH (c)

Twenty hours after LPS or poly(I:C) stimulation, soluble TRAIL (mean ± SEM) in the culture supernatant was detected by enzyme-linked immu-

nosorbent assay. *P < 0�005. (d) LPS stimulation did not trigger increased cell death in monocyte-derived DCs. Day 7 iDCs were treated with

LPS or left untreated. Cell death determined by propidium iodide staining was determined 20 hr later by flow cytometry. (e) LPS stimulation

rendered DCs resistant to TRAIL-induced apoptosis. The iDCs were treated with the indicated stimuli for 20 hr. The cells were washed and trea-

ted with TRAIL for another 24 hr. TRAIL-induced apoptosis was determined by Annexin V and propidium iodide staining on flow cytometry.

Percentage cell loss was calculated as described (mean ± SEM).55 *P = 0�005.

Figure 2. Tumour necrosis factor-related apoptosis inducing ligand (TRAIL) signalling in monocyte-derived dendritic cells (DCs) is mediated by

TRAIL-R2. (a) Western blot analysis of TRAIL receptor expression in monocytes, immature DCs (iDCs) and DCs stimulated with lipopolysaccha-

ride (LPS) for 20 hr. The arrows indicate the TRAIL receptors. The asterisks indicate the glycosylated receptors.63 (b) Fluorescence-activated cell

sorting analyses of cell surface TRAIL receptor expression in day 8 iDCs or LPS-treated DCs. Tinted curves represented staining with isotype con-

trol immunoglobulin G. Percentages of cells in the positive gates are shown. (c) Confocal microscopy of TRAIL-R2 localization in untreated iDCs

and LPS-treated DCs. Red: TRAIL-R2; Green: Mitotracker Red; Blue: Hoescht 33342.
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cyte-derived DCs. Our results also implicate that the

loss of cell surface TRAIL-R2 expression likely contrib-

utes to the resistance of LPS-treated DCs to TRAIL-

induced apoptosis.

TRAIL expression upon LPS stimulation facilitates
DC maturation

Many TNF-like cytokines including TNF and CD40L are

important for functional differentiation of DCs.32,33

Although TRAIL is an effector mechanism employed by

DCs for target cell killing,24 its role in DC functional

maturation has not been examined. We explored the role

of TRAIL in DC maturation using neutralizing antibodies

against TRAIL. Under these conditions, more than 80%

of LPS-induced TRAIL was neutralized (Fig. 3a). As a

control, we compared the response to that using anti-

TNF antibody, which completely neutralized LPS-induced

TNF production (Fig. 3b). Interestingly, anti-TRAIL anti-

body also modestly reduced LPS-induced TNF produc-

tion (Fig. 3b), suggesting that any effects of TRAIL

neutralization might be attributed to reduction in TNF

production. As has been reported previously, LPS treat-

ment led to DC maturation marked by an increase in

CD80, CD83, CD86, Class I major histocompatibility

complex (MHC) and Class II MHC expression (Fig.

3c–g). Neutralization of TRAIL with TRAIL-specific anti-

body led to a modest but consistent decrease in CD80

and CD83 in LPS-treated DCs (Fig. 3c,d). The inhibition

of CD80 and CD83 expression was manifested by a

reduction in the percentages of CD80+ and CD83+ cells

and a decrease in the mean fluorescence intensities

(CD80 MFI: from 1327 to 1144; CD83 MFI from 1589 to

1032). The TNF neutralizing antibody led to a stronger

inhibition of LPS-induced expression of CD80, CD83 and

CD86 (Fig. 3c–e). Neither TNF nor TRAIL antibodies

had any effects on MHC class I and class II expression

(Fig. 3f,g). The combination of the two neutralizing

antibodies did not result in a further reduction in co-

stimulatory molecule expression compared with samples

treated with either LPS and anti-TNF or LPS and anti-

TRAIL antibody (data not shown). These results suggest

that TRAIL plays a role in DC maturation.

LPS-induced TRAIL expression facilitates cytokine
production by DCs

Consistent with the inhibition of co-stimulatory molecule

expression, neutralization of TRAIL also led to a reduc-

tion in cytokine production by LPS-treated DCs. Because

DCs derived from different donors produce cytokines at

different levels, we normalized the amount of cytokine

produced by LPS and control immunoglobulin G treat-

ment as 100% to facilitate comparison among cell prepa-

rations from different donors. Using this method, IL-12

production as determined by ELISA was reduced by 20–

30% with TRAIL neutralizing antibody or TRAIL-R2-Fc

fusion protein in LPS-treated DCs (Fig. 4a, n = 5). Signif-

icantly, the reduction in IL-12 production was similar to

that achieved by neutralizing antibody to TNF (Fig. 4a).

TRAIL neutralization also modestly inhibited IL-6

(Fig. 4b), IL-8 (Fig. 4c) and TNF (Fig. 3b) production by

LPS-treated DCs, although the inhibition in IL-8 produc-

tion was less than that achieved by TNF neutralization

(Fig. 4c).

Dendritic cells are potent inducers of T-cell prolifera-

tion and differentiation. We reasoned that the impaired

cytokine production by DCs in the presence of TRAIL

neutralization might hamper the ability of DCs to acti-

vate T cells. To test this notion, we stimulated DC matu-

ration with LPS in the presence of neutralizing antibody

to TRAIL or TNF. After 24 hr, the DCs were washed

extensively and co-cultured with allogeneic CD4+ T cells.

Five days later, the activated T cells were pulsed with

[3H]thymidine to measure DC-driven T-cell proliferation.

Consistent with previous results,34 LPS-treated DCs were

more potent than untreated iDCs in promoting allogeneic

T-cell proliferation (Fig. 4d). Neutralization of TRAIL or

TNF did not alter DC-driven allogeneic T-cell prolifera-

tion (Fig. 4d). However, when the allogeneic T cells were

tested for effector cytokine production after an additional

9 days of culture in IL-2, TRAIL neutralization during

LPS stimulation of DCs led to reduced IFN-c but

enhanced IL-4 expression (Fig. 4e). Neutralization of

TNF also led to a similar inhibition of T helper type 1

(Th1) differentiation and skewing towards a Th2 pheno-

type (Fig. 4f). Although the effects were modest, they

Figure 3. Neutralization tumour necrosis factor-related apoptosis inducing ligand (TRAIL) partially inhibited the expression of co-stimulation

markers. (a) Effect of anti-TRAIL neutralizing antibody on lipopolysaccharide (LPS) -induced TRAIL expression. Immature dendritic cells (iDCs)

were stimulated as indicated for 20 hr. Bioactive TRAIL in the culture supernatants was determined by enzyme-linked immunsorbent assay

(ELISA; mean ± SEM). The samples treated with LPS and control immunoglobulin G (IgG) were normalized as 100%. *P < 0�0001. (b) Effect of

tumour necrosis factor (TNF) neutralizing antibody on LPS-induced TNF expression. Production of TNF in culture supernatants was measured

by ELISA as in (a) (mean ± SEM). *P < 0�0001. (c–g) TRAIL neutralization moderately inhibited up-regulation of co-stimulatory molecules on

DCs. Monocyte-derived iDCs were left untreated, stimulated with LPS + control murine IgG, LPS + anti-TRAIL antibody or LPS + anti-TNF

antibody for 24 hr. The expression of (c) CD80, (d) CD83, (e) CD86, (f) HLA-ABC and (g) HLA-DR was examined by flow cytometry. The per-

centages of cells in the positive gates and the mean fluorescence intensities (in parentheses) are shown.
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nonetheless show that TRAIL signalling qualitatively alters

the functional differentiation of DCs.35

The effect of TRAIL on DC cytokine production was

not restricted to TLR-4. When iDCs were stimulated

with poly(I:C), a TLR3 agonist, neutralization of TRAIL

also led to 20–30% inhibition of IL-6, IL-8 and TNF

production (Fig. 5a–c). Surprisingly, IL-12 production

(Fig. 5d) or DC-driven allogeneic T-cell proliferation

(Fig. 5e) was unaffected by neutralization of TRAIL.

Moreover, allogeneic T-cell differentiation to IFN-c
producing Th1 effectors was not inhibited by TRAIL

neutralization (Fig. 5f). Rather, TRAIL neutralization

enhanced effector T-cell expression of both IL-4 and

IFN-c (Fig. 5f). These results show that the effects of

TRAIL on DCs are TLR-specific.

TRAIL triggered partial DC maturation

Our results so far suggest that TRAIL is one of several

TNF-like cytokines that influence DC functional differen-

tiation in response to TLR stimulation. To determine if

TRAIL alone might stimulate DC differentiation similar to

that achieved by TNF or CD40L,32,33 we treated iDCs with

recombinant TRAIL and examined the phenotypic changes

associated with DC maturation. Indeed, TRAIL induced

cell surface expression of the DC maturation markers

CD83 and CD86 (Fig. 6a,b). Although the level of CD83

and CD86 up-regulation by TRAIL was modest compared

with that achieved by LPS or TNF (Fig. 6a–b), it was con-

sistently observed in DCs derived from multiple donors

(Fig. 6c, n = 6). Moreover, TRAIL-treated DCs exhibited

Figure 4. Tumour necrosis factor-related apoptosis inducing ligand (TRAIL) neutralization impairs lipopolysaccharide (LPS) -induced cytokine

production and dendritic cell (DC) -driven T-cell differentiation into interferon-c (IFN-c) -producing effectors. TRAIL or tumour necrosis factor

(TNF) neutralization partially inhibits LPS-induced production of (a) interleukin-12 (IL-12), (b) IL-6 and (c) IL-8 by DCs. Cytokine production

was determined by enzyme-linked immunosorbent assay 24 hr after stimulation with LPS and the indicated immunoglobulin G antibodies. The

samples treated with LPS and control IgG were normalized as 100%. Results represent the average from five experiments using DCs derived from

different donors (mean ± SEM). The ranges of cytokine production from different donor cells were: IL-12 (6–32 pg/ml); TNF (349–992 pg/ml);

IL-8 (87–216 pg/ml); IL-6 (398–695 pg/ml). *P < 0�0001, **P < 0�05 and ***P = 0�256 because of one outlier that exhibited 20% increase in IL-8

production compared with LPS + mIgG control. (d) DC-induced allogeneic T-cell proliferation was not affected by TRAIL or TNF neutralization.

Five days after co-culture with DCs stimulated with the indicated treatments, T cells were pulsed with [3H]thymidine for 20 hr to measure T-cell

proliferation (mean ± SEM). (e,f) Neutralization of (e) TRAIL or (f) TNF partially inhibits the DC-driven development of IFN-c-producing effec-

tor T cells. DCs stimulated with LPS in the presence of neutralizing antibody against TRAIL, TNF or control IgG were washed and co-cultured

with allogeneic CD4+ T cells as described in the Methods. IFN-c and IL-4 production were determined by intracellular staining and fluorescence-

activated cell sorting analysis. The numbers represent the percentages of cells in the respective quadrants. Results are representative of six experi-

ments with cells derived from different donors.

510 � 2010 Blackwell Publishing Ltd, Immunology, 130, 504–515
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‘dendritic’ morphology similar to that achieved by TNF or

LPS (Fig. 6d). TRAIL was sufficient to enhance DC-driven

T-cell proliferation (Fig. 6e), although TRAIL neutraliza-

tion did not inhibit T-cell proliferation driven by LPS-

treated DCs (Fig. 4d). However, TRAIL did not fully

induce DC maturation. For instance, TRAIL failed to up-

regulate expression of class I MHC (Fig. 6f), class II MHC

(Fig. 6g), or IL-12 production (Fig. 6h). TRAIL treatment

also did not alter the DC-driven differentiation of T cells

into IL-4- or IFN-c-producing effectors (Fig. 6i). Taken

together, our results suggest that full activation of DCs

requires the action of multiple cytokines.

TRAIL promotes DC maturation independent of
apoptosis signalling

We next sought to investigate the mechanism by which

TRAIL mediates DC maturation. The release of ‘endoge-

nous adjuvants’ from dying cells stimulates DC matura-

tion.36–40 Because TRAIL is an apoptosis-inducing agent,

we asked whether pro-apoptotic signalling by TRAIL

might drive DC maturation. When iDCs were co-cultured

with UV-treated syngeneic apoptotic lymphocytes, CD83

expression was induced (Fig. 7a). However, unlike LPS or

TRAIL stimulation, which enhanced DC-driven allogeneic

T-cell proliferation, DCs stimulated with UV-treated

apoptotic cells inhibited rather than enhanced DC-driven

T-cell proliferation (Fig. 7b). The DC maturation effects

of TRAIL are therefore unlikely to be the result of

TRAIL-induced apoptosis.

In addition to apoptosis, TRAIL has been shown to

activate MAPK and NF-jB.41,42 TRAIL stimulation led to

a delayed induction of p38 phosphorylation in iDCs

(Fig. 7c, lanes 5–7). In contrast, LPS (Fig. 7d, lane 3) and

TNF (Fig. 7e, lane 2) led to a more rapid but transient

increase in p38 phosphorylation. Unlike LPS or TNF,

TRAIL did not activate NF-jB in DCs (Fig. 7c–e) or Jnk

phosphorylation (data not shown). Collectively, our

Figure 5. Tumour necrosis factor-related

apoptosis inducing ligand (TRAIL) promotes

poly(I:C)-induced inflammatory cytokine pro-

duction by dendritic cells (DCs). TRAIL neu-

tralization partially inhibits poly(I:C)-induced

production of (a) interleukin-6 (IL-6), (b) IL-8

and (c) tumour necrosis factor (TNF), but not

(d) IL-12 by DCs. Results represent the average

from three experiments using DCs derived

from different donors (mean ± SEM). The

samples treated with poly(I:C) and control

immunoglobulin G (IgG) were normalized as

100%. *P < 0�0001. **P < 0�005. (e) TRAIL

neutralization did not inhibit allogeneic T-cell

proliferation driven by poly(I:C)-treated DCs

(mean ± SEM). (f) TRAIL neutralization did

not skew allogeneic T-cell differentiation into

IL-4 or interferon-c (IFN-c) -producing effec-

tors. DCs stimulated with poly(I:C) and anti-

TRAIL or control IgG were co-cultured with

allogeneic CD4+ T cells as described in Meth-

ods. IL-4 and IFN-c production by the DC-

stimulated T cells was determined by intracel-

lular cytokine staining. The numbers represent

the percentages of cells in the quadrants.
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results suggest that TRAIL might promote DC differentia-

tion through activating the p38 pathway.

Discussion

In this report, we show that TLR3- and TLR4-induced

TRAIL expression promotes DC maturation. Lipopolysac-

charide rapidly induced expression of TRAIL in DCs.

TRAIL was required to fully activate cytokine production

and co-stimulatory molecule expression in response to

TLR-3 or TLR-4 stimulation. In addition, TRAIL promotes

DC-driven differentiation of T cells into IFN-c-producing

effectors. The DC-produced TRAIL might act directly on T

cells to promote their differentiation into Th1 effectors.

However, this is unlikely because TRAIL produced in

response to poly(I:C) stimulation did not have the same

effect on IFN-c and IL-4 production. The effects of TRAIL

neutralization were similar to those achieved by TNF neu-

tralizing antibody. Because TRAIL neutralization partially

suppressed TNF production (Fig. 3b), the DC-stimulating

effect of TRAIL during TLR stimulation might be partially

the result of promoting TNF production.

Interestingly, TRAIL stimulation alone was sufficient to

induce partial DC maturation as marked by morphologi-

cal changes, increased expression of the co-stimulatory

molecules CD83 and CD86, and enhanced the DC-driven

proliferation of allogeneic T cells. However, TRAIL alone

did not induce inflammatory cytokine production. The

lack of inflammatory cytokine explains why TRAIL-trea-

ted DCs promoted T-cell proliferation whereas TRAIL

neutralization had no effect on T-cell proliferation driven

by LPS-treated DCs. Our results are consistent with the

notion that full DC activation requires the co-ordinated

action of multiple cytokine factors.

How might TRAIL facilitate DC maturation? The

release of endogenous adjuvants such as HMGB1 or

monosodium urate crystals from dying cells stimulates

DC differentiation.43 Although iDCs were somewhat sen-

sitive to apoptosis induction by exogenous TRAIL, the

DC-stimulating effect of TRAIL was unlikely to be the

Figure 6. Tumour necrosis factor-related apoptosis inducing ligand (TRAIL) stimulates partial maturation of dendritic cells (DCs). (a,b) TRAIL

induces expression of CD83 and CD86 on DCs. Monocyte-derived immature DCs (iDCs) were treated with lipopolysaccharide (LPS), tumour

necrosis factor (TNF), recombinant TRAIL, or left untreated. Twenty-four hours later, the expression of (a) CD83 and (b) CD86 was determined

by flow cytometry. Tinted curves: isotype control. The numbers represent the percentage of cells in the positive gate. (c) TRAIL-induced up-regu-

lation of CD83 was observed in DCs derived from multiple donors. Each circle represents an individual donor (n = 6). The horizontal bars repre-

sent the mean values for each treatment group. (d) TRAIL induces morphological change associated with DC differentiation. DCs were treated

with the indicated stimuli. Cell morphologies were imaged 24 hr post-stimulation. (e) TRAIL promotes DC-driven allogeneic T-cell proliferation

(mean ± SEM). *P < 0�001. (f,g) TRAIL treatment did not up-regulate (f) Class I major histocompatibility complex (MHC) or (g) Class II MHC

expression on DCs. The tinted curves represent isotype control staining. (h) TRAIL stimulation did not induce interleukin-12 (IL-12) p70 expres-

sion in DCs. Culture supernatants of DCs treated with the indicated stimuli were measured for IL-12 production by enzyme-linked immunosor-

bent assay (mean ± SEM). (i) TRAIL did not alter the DC-driven differentiation of T cells into IL-4 or interferon-c (IFN-c) -producing effectors.

Allogeneic CD4+ T cells were co-cultured with untreated iDCs or TRAIL-treated DCs as described in Methods. Production of IL-4 and IFN-c by

the responding T cells was determined by intracellular staining and flow cytometry.
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result of induction of apoptosis. This is because DCs

rapidly down-regulated the cell surface expression of

TRAIL-R2 and became resistant to TRAIL-induced

apoptosis upon LPS treatment. Moreover, while TRAIL-

treated DCs enhanced the proliferation of the allogeneic

T cells, co-culture with UV-treated apoptotic lympho-

cytes suppressed DC-driven allogeneic T-cell prolifera-

tion. In contrast, p38 was activated in response to

TRAIL. Inhibition of p38 with pharmacological inhibitor

was inconclusive because of extensive cell death induced

by the inhibitor alone (data not shown). We conclude

that TRAIL triggers DC maturation via non-apoptotic

signalling mechanisms.

Emerging evidence reveals that death cytokines can also

mediate non-apoptotic signals. In fact, the archetype

member of the family TNF is well known to transduce

both death and non-death-inducing signals.44 TRAIL has

been reported to activate NF-jB and MAPK in certain

cell types through downstream signal adaptors such as

RIP1 and TRAF2.45–47 In DCs, the p38 pathway may play

a crucial role in DC differentiation. The effect of TRAIL

on DCs was reminiscent of that reported for another

death cytokine, Fas ligand (FasL).48–50 FasL induces

apoptosis in iDCs, while mature DCs are resistant to

FasL-induced apoptosis.51–53 Instead, FasL triggers Erk

activation, up-regulates co-stimulatory molecule expres-

sion, and induces IL-1b production.48,50 Intriguingly, the

resistance of mature DCs to FasL-induced apoptosis is

also partly attributed to a reduction in Fas expression.49

Induction of TNFR-2 expression also critically regulates

cellular sensitivity to TNF-induced apoptosis and pro-

grammed necrosis.54–56 Hence, down-regulation of death

receptor expression might be a key event in switching the

apoptotic signal to one that drives cellular differentiation.

Besides having a positive effect on DC differentiation,

TRAIL has also been implicated as a negative regulator in

certain autoinflammatory conditions. In experimental

autoimmune encephalitis,57,58 collagen-induced arthritis
59,60 and drug-induced autoimmune diabetes,60,61 TRAIL

deficiency or blockade of TRAIL with neutralizing anti-

body or soluble TRAIL receptor decoys exacerbated the

diseases. Similar to the findings reported here, the func-

tion of TRAIL in these situations appears to be indepen-

dent of apoptosis induction.57–59,62 Hence, non-apoptotic

TRAIL signalling might have additional roles in prevent-

ing autoinflammatory diseases.

The preferential cytotoxicity of TRAIL against tumour

cells has led to intense investigation into the potential

therapeutic value of targeting TRAIL–TRAIL receptor

interaction in cancers. In light of our results and the

Figure 7. Tumour necrosis factor-related apoptosis inducing ligand (TRAIL) induces dendritic cell (DC) maturation independent of apoptosis

induction. (a) Co-culture with apoptotic cells stimulates expression of CD83 on the surface of DCs. The DCs were treated with lipopolysaccha-

ride (LPS), TRAIL or ultraviolet-treated apoptotic lymphocytes from the same donor. Expression of CD83 was evaluated by flow cytometry 24 hr

later. (b) Co-culture of apoptotic cells inhibits rather than enhances DC-driven T-cell proliferation. Untreated DCs or DCs treated with the indi-

cated stimuli were used to induce allogeneic CD4+ T-cell proliferation. Five days later, T-cell proliferation was measured by [3H]thymidine incor-

poration (mean ± SEM). (c–e) Monocyte-derived DCs were stimulated with (c) TRAIL, (d) LPS or (e) tumour necrosis factor (TNF) for the

indicated times. Whole cell extracts were analysed for phospho-p38 (p-p38), total p38 and inhibitor of nuclear factor-jB (IjBa) degradation and

b-actin by Western blot. ns = non-specific band.
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emerging role of non-apoptotic TRAIL signalling in cellu-

lar differentiation, the effects of TRAIL blockade on nor-

mal immune functions should be carefully evaluated in

TRAIL targeted therapies.
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