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Abstract

Objective To elucidate if TLR4-mediated MyD88 and

TRIF signalling by the clinically applicable Lipopolysac-

charide (LPS)-derivative monophosphoryl lipid A (MPLA)

in primary human dendritic cells requires LPS cofactors

LPS-binding protein (LBP) and CD14.

Methods Cytokine production by monocyte-derived DCs

stimulated with MPLA or LPS was determined using

ELISA. To investigate involvement of CD14 for action of

LPS or MPLA, CD14 was inhibited using blocking anti-

bodies or down-modulated using specific siRNA. To assess

involvement of LBP monocyte-derived DCs were stimu-

lated in serum-free culture medium in absence or presence

of purified LBP.

Results LBP and CD14 are not required for and do not

enhance the capacity of MPLA to induce MyD88- and

TRIF-dependent pro-inflammatory IL-6 and TNF-a. Inter-
estingly, although CD14 is required for TRIF-dependent

downstream events in mice, we show that in human CD14

is redundant for MPLA-induced TRIF-dependent chemo-

kine production.

Conclusions These findings provide novel insight in the

modes of action of MPLA in human and show that, com-

pared to LPS, MyD88 and TRIF signalling in dendritic

cells by MPLA is not mediated nor amplified by TLR4

cofactors. This gives insight why MPLA induces immune

activation without provoking toxicity in human and clari-

fies why MPLA can be used as activating compound for

clinically applicable immuno-activatory cellular products

grown in serum-free regimens.
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Abbreviations

LPS Lipopolysaccharide

MPLA Monophosphoryl lipid A

LBP LPS-binding protein

MPLAs MPLA derived from S. minnesota re595

LPSs LPS derived from S. typhimurium

MPLAe MPLA derived from E. coli r515

LPSe LPS derived from E. coli O111B4

RANTES Chemokine CCL5

Introduction

Monophosphoryl lipid A (MPLA) is a detoxified LPS-

variant that still acts as a potent Toll-like receptor 4

(TLR4) ligand to activate antigen-presenting cells. There-

fore, MPLA is a popular vaccine adjuvant and there is

increasing interest for the use of MPLA in clinical

immunostimulatory cellular products [1, 2]. Whereas

lipopolysaccharide (LPS) consists of a hydrophilic repeat-

ing polysaccharide chain (O-antigen), core oligosaccharide
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and an amphipathic biphosphorylated lipid A component,

MPLA is only comprised of a monophosphate-linked lipid

A. Compared to LPS or lipid A this structure has a low-

toxicity profile [3–5]. Both LPS and MPLA are

immunostimulatory components, capable of inducing a

Th1 response [6, 7]. The toxicity mediated by LPS prevents

its use in a clinical setting, while in several vaccines MPLA

is successfully being used as a clinical adjuvant [1, 2].

When ligated at the cell membrane TLR4 signals via the

MyD88-dependent signalling pathway, while after endo-

cytosis TLR4 signals via the TRIF-dependent pathway [8–

11]. Classically, only signalling via the MyD88-dependent

pathway has been linked to production of pro-inflammatory

cytokines [8], but TRIF-dependent signalling is equally

important for induction of pro-inflammatory cytokines [12,

13]. Signalling via the TRIF-dependent pathway has been

linked to production of type I interferons, chemokines IP-

10 and RANTES and upregulation of co-stimulatory

molecules on the cell membrane [12–14]. In human

monocyte-derived DCs (moDCs) production of chemokine

RANTES is dependent exclusively on the TRIF-dependent

pathway, while production of pro-inflammatory cytokines

is dependent on both the TRIF- and MyD88-dependent

pathways [13].

By itself LPS is a poor activator of TLR4. The

cofactors LPS-binding protein (LBP) and CD14 are

required to deliver LPS to the TLR4/MD-2 complex [15–

17] that acts as the LPS receptor [18, 19]. Because of its

hydrophobic nature, LPS is mostly present in micelles

when in an aqueous environment. LBP, present in serum

at average levels of 7.5 lg/ml, is required to extract single

molecules of LPS from bacterial membranes or micelles

and to transfer it to CD14 [20–24]. CD14, which can be

present both in soluble form and as a membrane-bound

receptor on the target cell, subsequently transfers LPS to

the TLR4/MD2 complex. There it chaperones the process

of dimerization of TLR4/MD2 complexes which is fol-

lowed by activation of intracellular signalling cascades

[19, 25–28].

During ligation, the lipid A portion of LPS partially

binds to the co-receptor MD2. Both lipid A and MD-2

show direct interaction with TLR4. Five of the six acyl

chains of lipid A are buried in the hydrophobic pocket of

MD-2, while one acyl chain is exposed on its surface. This

acyl chain is important for dimerization of the TLR4/MD2

complex. In addition, hydrophilic interactions between the

phosphate groups of lipid A and the positively charged

residues in TLR4 are important in dimerization [27, 29].

Dimerization of TLR4/MD2 complexes is required for

strong activation of MyD88 and TRIF. In addition, in mice

CD14 has been shown to be important for induction of

TLR4 endocytosis [30–32] and thereby for activation of the

TRIF-dependent pathway by LPS [30, 31, 33–36]. In this

manner CD14 promotes MyD88- and TRIF-dependent

signal transduction.

The toxic profile of LPS is linked to the induction of the

pro-inflammatory cytokines via MyD88 and TRIF. Sig-

nalling via TRIF and induction of the TRIF-dominated

cytokines is not toxic and still allows induction of adaptive

immunity in mice [31, 37, 38]. One of the two phosphate

groups present on LPS is absent on MPLA. Since these

phosphate groups interact with the dimerization interface

of TLR4, the lack of a phosphate group on MPLA may

cause decreased dimerization of TLR4 complexes [39]. In

mice this dimerization is required for MyD88-dependent

signalling, but not for TRIF-dependent signalling [36].

Still, CD14 dependency for TRIF signalling by MPLA has

been reported in mice as well [31]. We have observed that

in human MPLA, like LPS, uses both TRIF- and MyD88-

dependent signal transduction routes [13]. It remains to be

elucidated, however, whether the MyD88 and TRIF sig-

nalling cascades upon activation of TLR4 by MPLA are

under the control of the LBP/CD14 axis in human. Insight

in this question may provide a rationale for the efficacy and

safety of MPLA as a clinical adjuvant.

Materials and methods

Generation of monocyte-derived DCs

Monocytes were isolated from fresh aphaeresis material of

healthy volunteers (Sanquin Blood Supply, Amsterdam,

The Netherlands) upon informed consent using the Elu-

traTM cell separation system (Gambro, Lakewood, US), as

described previously [6, 40]. Monocytes were cultured in

Cellgro DC serum-free culture medium supplemented with

GM-CSF (1000 IU/ml), IL-4 (800 IU/ml) (Cellgenix,

Freiburg, Germany), penicillin (100 U/ml) and strepto-

mycin (100 lg/ml) (Invitrogen Breda, The Netherlands).

After 6 days of culture immature DCs (iDCs) were har-

vested for further experiments.

Maturation of DCs

iDCs were seeded at 100.000 cells/well in a 96-wells plate

(Nunc, Roskilde, Denmark) in Cellgro culture medium

(Cellgenix, Freiburg, Germany), penicillin (100 U/ml) and

streptomycin (100 lg/ml) (Invitrogen Breda, The Nether-

lands), supplemented with 1 % fetal calf serum (FCS)

(Bodinco, Alkmaar, The Netherlands) in case of LPS

stimulation. Cells were stimulated with indicated concen-

trations of LPS from S. typhimurium (LPSs) (Sigma

Aldrich, Steinheim, Germany), ultrapure LPS from E. coli

O111B4 (LPSe) (Invivogen, San Diego, US), MPLA from

S. minnesota re595 (MPLAs) (Sigma) or synthetic MPLA
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from E. coli r515 (MPLAe, contains six 14C acyl chains)

(Invivogen).

CD14 inhibition

iDCs were matured as described above in absence or

presence of monoclonal anti-CD14 blocking antibody

(mouse anti-human CD14.22 was obtained from Prof. dr.

van der Schoot, Sanquin Blood Supply) or irrelevant IgG1

control antibody directed to cat allergen FelD1 (Sanquin

Reagents, Amsterdam, The Netherlands). Culture super-

natants were harvested 24 h after addition of stimuli.

Production of IL-6 and TNF-a was determined using

PeliKine-compact ELISA kits (Sanquin Reagents). For

detection of RANTES a DuoSet ELISA kit (R&D systems,

Minneapolis, US) was used.

siRNA-mediated down-regulation of CD14, MyD88

or TRIF

Specific CD14-targeting siRNA (Thermo Scientific,

Lafayette, US) was used for down-regulation of CD14.

MyD88 or TRIF was down-regulated as described previ-

ously [13] using ON-TARGET plus SMARTpool siRNA.

Three days after monocyte isolation 5 9 106 cells were

electroporated with 3 lg siRNA/1 9 106 cells in 200 ll
Cellgro culture medium in 4 mm cuvettes (BioRad,

Carlsbad, US) using the BioRad Gene Pulser Xcell

(BioRad) (250 V, 150 lF). After electroporation DCs were

resuspended in culture supernatant and cultured for an

additional 3 days before stimulation with LPS or MPLA.

LBP assay

iDCs were seeded at 100.000 cells/well in Iscove’s modi-

fied Dulbecco’s medium (IMDM) (Bio Whittaker,

Verviers, Belgium) containing penicillin/streptomycin in a

96-wells plate. iDCs were stimulated with indicated con-

centrations of LPS and MPLA in absence or presence of

12.5 ng/ml purified human LBP (Hycult Biotech, Uden,

The Netherlands). Culture supernatants were harvested

24 h after addition of stimuli.

Signal transduction

After stimulation with 50 ng/ml LPSe ?1000 IU/ml IFNc
in presence of 1 % FCS or 2.5 lg/ml MPLAs ?1000 IU/

ml IFNc, DCs were fixated with 4 % paraformaldehyde

and subsequently permeabilized with 90 % methanol. For

determination of nuclear translocation of NFjB DCs were

stained with nuclear dye DRAQ5 (Cell Signaling Tech-

nology, Danvers, US) and rabbit anti-NFjB p65 polyclonal

antibody E498 (Cell Signaling Technology).

Approximately 20,000 cells per sample were imaged using

ImageStream X (Amnis, Seattle, US), nuclear translocation

of NFjB was quantified using Ideas software using the

nuclear localization wizard and is depicted as similarity

score (Amnis). Nuclear translocation was quantified as the

‘mean similarity’ between NFjB staining and nuclear

DRAQ5 staining, a method recommended by the manu-

facturer of the ImageStream X. A high mean similarity

(?1, ?2) indicates overlap in NFjB and nuclear staining,

or nuclear translocation of NFjB, whereas low or negative

mean similarity (-1, 0) indicates little or no overlap and

thus no NFjB nuclear translocation.

Statistical analysis

Data are shown as mean ± SEM. To compare the relative

ability of LPS to stimulate DCs in presence or absence of

monoclonal CD14-blocking antibodies, the amount of LPS

required to induce 20 % of the maximum of TNF-a or IL-6

production in control antibody-treated DCs was determined

from each dose–response curve (EC20 CTRL). This con-

centration was divided upon the LPS concentration

required to induce the same amount of cytokine production

in anti-CD14 blocking antibody-treated DCs (EC20

aCD14). A paired t test was used for statistical analysis, for

normalized cytokine production a one sample t test was

performed. Cytokine production by LPS-treated DCs in the

LBP assays was not normally distributed, as tested by

D’Agostino and Pearson omnibus normality test, therefore

a Wilcoxon signed rank test was used for statistical anal-

ysis. All statistical analyses have been performed using

PRISM 5.01 software (GraphPad, La Jolla, US).

Results

LBP is required for LPS-mediated cytokine

production, but dispensable for MPLA

Under serum-free conditions, LPS stimulation of DCs

required LBP in a concentration-dependent manner, in line

with previous publications (Fig. 1a, c–e, S1A) [22, 41]. In

contrast, LBP did not affect MPLA-mediated stimulation

of TLR4 (Fig. 1b, f–h, S1B). Addition of 12.5 ng/ml LBP

to the serum-free culture medium did not increase pro-

duction of TNF-a and IL-6 [which, in moDCs, is dependent

on both MyD88 and TRIF-dependent signalling ([13];

Fig. S2A, B)] or production of RANTES [which is exclu-

sively dependent on TRIF-dependent signalling ([13];

Fig. S2C)] by DCs matured by synthetic MPLAe (Fig. 1f–

h) or highly purified MPLAs (Fig. S1C, D).

Thus, while LBP is required for LPS-mediated stimu-

lation of TLR4, MPLA-mediated TLR4 stimulation and
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activation of the MyD88 and TRIF pathways does not

require, nor is enhanced, by LBP.

MPLA-mediated TRIF-dependent cytokine

production is CD14-independent

To investigate possible CD14 dependency of MPLA for

TLR4 stimulation, production of pro-inflammatory

cytokines TNF-a and IL-6, as well as production of TRIF-

dependent chemokine RANTES (CCL5) was analysed in

presence of CD14-blocking antibodies in human mono-

cyte-derived DCs. Blockage of CD14 significantly

decreased the potency of LPS derived from S. typhimurium

(LPSs) (Fig. 2a–d) or E. coli O111B4 (LPSe) (Fig. S3A–C)

to induce TNF-a, IL-6, or RANTES in DCs. This is in

accordance with previous studies [41, 42]. In contrast,

presence of CD14-blocking antibodies showed no inhibi-

tory effect on the potency of MPLA derived from S.

minnesota re595 (MPLAs) to induce production of pro-

inflammatory cytokines IL-6 and TNF-a, while production

A B

D EC

F
G H

Fig. 1 MPLAe can induce cytokine production in absence of LBP. a,
b TNF-a production by DCs stimulated in presence of a titration of

LBP in serum-free IMDM with a 10 ng/ml LPSe, a representative

experiment (n = 6), or b 10 lg/ml MPLAe, a representative exper-

iment (n = 7). c–e TNF-a (c), IL-6 (d) and RANTES (e) production
induced in absence or presence of 12.5 ng/ml LBP by DCs stimulated

with indicated concentrations of LPSe, n = 8. e RANTES production

is shown normalized to RANTES production at 2.5 ng/ml LPS.

RANTES production in ng/ml mean ± SEM: 0.6 ng/ml LPS

0.7 ± 0.6; 0.6 ng/ml LPS ? LBP 0.7 ± 0.9; 2.5 ng/ml LPS

1.7 ± 0.6; 2.5 ng/ml LPS ? LBP 2.5 ± 0.9; 10 ng/ml LPS

2.8 ± 1.6; 10 ng/ml LPS ? LBP 3.0 ± 1.11 f–h TNF-a (f), IL-6

(g) and RANTES (h) production in presence or absence of 12.5 ng/ml

LBP by DCs stimulated with indicated concentrations of MPLAe,

n = 7. Grey bars only medium, black bars LBP. Data are shown as

mean ? SEM. Cytokine production by unstimulated DCs: TNF-a
0.02 ± 0.01 ng/ml, IL-6 0.06 ± 0.02 ng/ml, RANTES was below

detection limit (50 ng/ml). For statistical analysis a Wilcoxon signed

rank test was performed. *p\ 0.05, **p\ 0.01
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of TRIF-dependent chemokine RANTES was even slightly

enhanced (Fig. 2e–j). Similar results were obtained when

DCs were stimulated with MPLA derived from E. coli r515

(MPLAe) (Fig. S3D–G).

Some antibodies targeting CD14 can induce endocytosis

of CD14 and TLR4 [43]. To verify that the apparent CD14

independency of MPLA activity was not caused by

increased TLR4 internalization by the anti-CD14 antibod-

ies, CD14 was also down-regulated in moDCs using siRNA

(Fig. 3a–c). This resulted in similar findings; when com-

pared to CTRL siRNA-treated DCs (Fig. 3d–f); the

potency of LPSs for induction of TNF-a or RANTES

production was decreased in CD14 siRNA-treated DCs,

whereas CD14 down-regulation showed no inhibitory

effect on MPLAs-induced TNF-a or RANTES production

(Fig. 3g–j). Thus, interestingly, while CD14 is required for

optimal LPS-mediated cytokine production, CD14 does not

contribute to MPLA-mediated MyD88- and TRIF-depen-

dent cytokine production by DCs.

Serum factors are not required for MPLA-mediated

signal transduction, but do increase speed

of signalling

The above experiments show that LBP and CD14 are

required for TLR4 stimulation by LPS, but not by MPLA.

To investigate if the differences in requirement of MPLA

and LPS for LBP and CD14 were related to the efficiency

of TLR-4-induced signal transduction, nuclear transloca-

tion of NFjB p65 in response to TLR4 stimulation by

A B C
D

GFE

H I J

Fig. 2 CD14 is dispensable for MPLAs-mediated cytokine produc-

tion. Cytokine production by DCs stimulated with LPSs (a–d) or

MPLAs (e–j) in the presence of control antibodies (CTRL) (grey

lines) or CD14-blocking antibodies (a-CD14) (black lines). LPSs

stimulated production of TNF-a (a), IL-6 (b), or RANTES (c), a
representative experiment (n = 4). d LPSs responsiveness to a-CD14
treatment is quantified as described in materials and methods, n = 4,

a paired t test was performed for statistical analysis, ***p\ 0.001.

MPLAs-stimulated production of TNF-a (e), IL-6 (f), or RANTES

(g), a representative experiment (n = 6). MPLAs-stimulated produc-

tion of TNF-a (h), IL-6 (i), or RANTES (j), as a % of CTRL

condition n = 6. A one sample t test was performed for statistical

analysis. *p\ 0.05, **p\ 0.01
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MPLA or LPS in presence of interferon gamma was

analysed. Figure 4a and b illustrate the method of quan-

tification of NFjB nuclear translocation. Presence of LBP-

containing FCS was obligatory to induce LPS-mediated

nuclear translocation of NFjB p65, while MPLA-induced

nuclear translocation of NFjB p65 did not require FCS

(Fig. 4c, d). Although serum factors did not affect optimal

production of cytokines (Figs. 1, 2, 3) or maximal activa-

tion of NFjB by MPLA (Fig. 4c), MPLA-mediated NFjB
nuclear translocation occurred faster in presence of FCS

(Fig. 4c, d). Altogether these data indicate that addition of

serum factors enhances the rate of MPLA-mediated TLR4

signalling, but that this is not necessary for optimal NFjB
activation or cytokine production.

A B C

FED

G H I J

Fig. 3 CD14 down modulation indicates that CD14 is dispensable for

MPLAs-mediated cytokine production. Three days after the start of

the differentiation, imDC were electroporated with siRNA targeting

CD14 (siCD14) or control siRNA (siCTRL). Three days after

electroporation iDCs were harvested and stimulated with LPSs or

MPLAs. a, b Expression of CD14 (a) and CD40 (b) determined by

flow cytometry upon iDC harvesting, a representative experiment,

n = 3. c Relative expression of CD14 and CD40 after siCD14

treatment, n = 3. d, e LPSs-mediated TNF-a production (d) or

RANTES production (e) in DCs treated with CTRL siRNA (grey

lines) or CD14-targeting siRNA (black lines), a representative

experiment, n = 3. f LPSs responsiveness by siCD14 treatment is

quantified as described in materials and methods, n = 3. g, hMPLAs-

mediated TNF-a production (g) or RANTES production (h) in DCs

treated with CTRL siRNA (grey lines) or CD14-targeting siRNA

(black lines) a representative experiment out of three experiments. i,
j MPLAs-stimulated production of TNF-a (i), RANTES (j), as a % of

CTRL condition, mean ? SEM, n = 3
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Discussion

Detoxified LPS-variant MPLA provides potent TLR4

activation, but has low toxicity when compared to LPS.

Recently, the induction of type I IFN by TLR4 agonists and

the subsequent autocrine effects of type I IFN have been

indicated to contribute to the bias that TLR4 exhibits for

signalling via TRIF. This bias induces an immunostimu-

latory response with decreased toxicity, while at the same

time only weakly activating the toxic MyD88-dependent

pro-inflammatory responses [44]. Here, we investigated

whether MPLA-mediated TLR4 stimulation can be

enhanced by cofactors LBP and CD14, as has been

described for LPS, and whether differences in dependence

on these cofactors may also contribute to the difference in

mediation of toxic effects between LPS and MPLA. Our

results show that MPLA-induced MyD88- and TRIF-de-

pendent pro-inflammatory cytokine and TRIF-dominated

chemokine production is not amplified by either CD14 or

LBP. A constant potency of MPLA to activate the TRIF

pathway is important for the adjuvant action of MPLA, as

this pathway is needed to confer immune responses [38].

The independency of the LBP/CD14 axis explains the

ability of MPLA to efficiently induce maturation of pro-

inflammatory DCs under serum-free conditions [6, 13, 40].

The lack of LBP/CD14-mediated amplification of the sig-

nalling pathways that induce pro-inflammatory cytokines is

in line with the nontoxic profile of MPLA, as for LPS these

pro-inflammatory cytokines were linked to its toxicity [38].

Even though TLR4 signalling is very similar in mice

and human, it is not identical. For example there are spe-

cies-dependent differences in response to TLR4 ligands,

e.g. lipid A analogue lipid IVa functions as a TLR4-an-

tagonist in human, but as a TLR4-agonist in mice [45].

These differences are probably caused by subtle differ-

ences between human and mouse TLR4 and MD2 [46].

A B

DC

Fig. 4 MPLA-induced signal transduction occurs faster in presence

of serum factors. In absence or presence of FCS DCs were stimulated

with MPLA (2.5 lg/ml) ? IFNc (1000 U/ml) or LPSe (50 ng/

ml) ? IFNc (1000 U/ml). At different time points after stimulation

DCs were fixed and stained for NFjB. Nuclear translocation of NFjB
(similarity score, a calculation of overlap between NFjB and nuclear

staining) was determined using ImageStream. a Representative

example of nuclear (top row) and NFjB staining (middle row) and

overlay of nuclear staining (red) and NFjB (green) of LPS-stimulated

cells. Representative cells displaying no nuclear translocation (mean

similarity 0), little nuclear translocation (mean similarity 0 and 1) or a

high level of nuclear translocation (mean similarity 2) are shown.

b Histogram showing NFjB nuclear translocation (similarity score)

of immature DCs stimulated with LPSe for 00, 50, 150, or 300.
c Nuclear translocation of NFjB (similarity score) after stimulation

with LPSe or MPLAs in time, n = 2. d A two-way ANOVA was used

for statistical analysis, *p\ 0.05, **p\ 0.01, ***p\ 0.001
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The essential role of LBP in LPS and lipid A stimulation of

TLR4 has been well described in human and mouse [21,

22], and LBP has recently been shown to be required for

MPLA-induced TNF-a production in mouse DCs [36]. In

contrast to these recent findings in mice, we show that,

while LBP is necessary for LPS-mediated cytokine and

chemokine production, it is dispensable for MPLA-medi-

ated cytokine and chemokine production. LBP binds

mostly to the hydrophobic portion of LPS [47, 48], which

suggests that LBP might be capable of binding to MPLA

and be as efficient in removing MPLA from micelles as it is

in removing LPS. In absence of CD14 LBP is incapable of

transferring LPS to TLR4 [28] and of enhancing LPS-

mediated stimulation of SW620 cells [15]. Since absence

or blockage of CD14 does not impair MPLA-induced

cytokine production by DCs, the inability of LBP to

improve MPLA-induced TLR4-mediated cytokine pro-

duction is probably caused by an inability of CD14 to

acquire MPLA from LBP and subsequently deliver it to

TLR4.

Confirming previous research showing that CD14 plays

an important role in presenting and orienting LPS to TLR4

[19, 26, 49], LPS-induced production of MyD88-dependent

pro-inflammatory cytokines TNF-a and IL-6 is decreased

when CD14 is blocked or down-regulated. However, sim-

ilar to research using biphosphorylated lipid A [33, 36, 41,

43, 50], MPLA-mediated stimulation of TLR4 is CD14-

independent since pro-inflammatory cytokine production is

not affected by blocking or down-regulation of CD14,

which is in line with the results of Tanimura and colleagues

[36] in mice. Gangloff and colleagues suggest that CD14

discriminates structural differences between LPS variants

such that CD14 increases responsiveness to complete LPS,

while CD14-negative cells are more responsive to lipid A

than to LPS [41, 51].

Since structural differences between MPLA and LPS

exist, it is possible that MPLA can bind with decreased

efficiency to CD14, which in turn may be a reason for the

inability of CD14 to enhance MPLA-mediated TLR4

stimulation. Several observations suggest that LPS-carbo-

hydrate chains are important for CD14 binding: CD14 has

been shown to bind to the carbohydrate chains of LPS [52]

and deacylated LPS (consisting only of carbohydrate

chains, but lacking acyl chains) is still capable of binding

to CD14 as well [53]. The crystal structure of human CD14

shows that, in addition to the hydrophobic pocket which is

instrumental in ligand binding, two other sites on CD14

might be significant for ligand binding. One of those sites is

hydrophilic and might be important for orienting or binding

LPS [49]. MPLA contains very few hydrophilic residues

which suggests that MPLA may have a decreased ability to

bind to CD14 and thereby cannot use CD14 to enhance

presentation to TLR4.

Consistent with dependency of LPS on serum-factors

CD14 and LBP for production of cytokines, we observed

minimal NFjB nuclear localization upon LPS stimulation

in absence of FCS. The significant NFjB nuclear translo-

cation induced by MPLA in absence of serum compared to

LPS confirmed that MPLA is not dependent on serum

factors to induce TLR signalling. Interestingly, even

though LBP and CD14 are not required for cytokine and

chemokine production, MPLA-induced nuclear transloca-

tion of NFjB occurs faster in presence of LBP and CD14-

containing serum. TLR4 heterotetramerization has been

described to be important for ligand-induced signalling and

decreased heterotetramerization of TLR4/MD2 and slower

activation of NFjB have been reported for TLR4 activation

in absence of CD14 or LBP [18, 28]. In this light, our data

suggest that, also for MPLA, heterotetramerization of

TLR4/MD2 is more efficient in presence of cofactors, but

that this increase in speed of translocation does not corre-

late with induction of higher cytokine production. The

latter may be more related to the total efficiency of NFjB
nuclear translocation by MPLA, a parameter that was not

affected by serum.

CD14 has been shown to play an important role in

endocytosis of TLR4 [30, 31, 33–35], a process required

for induction of TLR4-mediated TRIF signalling [37].

Therefore, membrane CD14 is considered to be even more

indispensable for TRIF-dependent signalling upon LPS

stimulation than for MyD88-dependent TLR4 signalling

[25, 35, 54]. Interestingly, we observed that in presence of

CD14-blocking antibodies MPLA could still induce

RANTES production. In previous studies we demonstrated

that MPLA-induced RANTES production by human

moDCs is TRIF dependent [13]. Since some antibodies

targeting CD14 can induce endocytosis of CD14 and TLR4

[43], such antibodies might potentially influence TRIF-

mediated cytokine production. To ensure that absence of

effect of the blocking anti-CD14 antibodies on MPLA-in-

duced RANTES in our study is not caused by an increased

TLR4 internalization, CD14 was down-regulated using

siRNA. Reassuringly this yielded results similar to the

results obtained by anti-CD14 blocking antibodies. Thus,

although data in mice are still conflicting on the require-

ment of CD14 for TLR4-mediated TRIF signalling [36,

55], our data clearly show that CD14 in human is not only

dispensable for MPLA-mediated MyD88 signalling, but

also dispensable for TRIF signalling. Watanabe and col-

leagues [55] showed that intracellular delivery of LPS by

liposomes can initiate the TRIF-dependent signalling

pathway independent of CD14. This suggests that CD14 is

necessary for internalization of LPS and consequently

needed for TLR4-mediated signalling of LPS via TRIF.

This might implicate that, in contrast to LPS, MPLA does

not require CD14 for TLR4-endocytosis. Alternatively,
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MPLA ligation of TLR4 allows signalling via TRIF from

the plasma membrane.

These data show that immunological activation of DCs

by MPLA is effective independent of the presence of the

serum cofactor LBP and the CD14 helper function. The

lack of amplification of the potential toxic pro-inflamma-

tory cytokines in a serum-proficient environment supports

the safe use of MPLA as a clinical adjuvant, while the

effective action of MPLA in absence of LBP and CD14

endorses its application to generate immuno-activatory

cellular products under serum-free conditions of Good

Manufacturing Practice.
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