Immunology 2004 111 173-178

doi: 10.1111/j.1365-2567.2003.01803.x

Toll-like receptor 2 (TLR2) and TLR4 are present inside human dendritic cells,
associated with microtubules and the Golgi apparatus but are not detectable on
the cell surface: integrity of microtubules is required for interleukin-12
production in response to internalized bacteria
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SUMMARY

The activation of dendritic cells (DCs) by microbes is mediated by pattern recognition
receptors including the Toll-like receptors (TLR). Bacterial lipopolysaccharide acts via TLR4
whereas peptidoglycan and lipoprotein responses are mediated by TLR2. It is generally
accepted that TLR binding to microbes occurs at the cell surface but this has not been directly
demonstrated for human DCs. We show here that TLR2 and TLR4 are expressed inside DCs
in an abundant tubulovesicular pattern with a focus of intense staining adjacent to the
nucleus. In contrast, there was no detectable expression on the cell surface. TLR2 and TLR4
were readily found both intracellularly and on the surface of monocytes. They were shown to
be closely associated with the Golgi complex and colocalized with o-tubulin, displaying a high
focal concentration at the microtubule organizing centre. Alignment of TLR2 and TLR4 with
microtubules was observed, suggesting that microtubules serve as transport tracks for TLR
vesicles. Depolymerization of the microtubule network disrupted the intracellular expression
of TLR2 and TLR4 and profoundly inhibited interleukin-12 (IL-12) production in response to
Neisseria meningitidis but did not prevent phagocytosis. These data are consistent with the
bacterial signalling through TLR2 and TLR4 required for IL-12 production occurring inside

DCs after phagocytosis.

INTRODUCTION

Dendritic cells (DCs) are highly specialized antigen-presenting
cells that form a gateway between the innate and adaptive
immune systems.' Immature DCs express surface pattern recog-
nition receptors that bind to microbes or microbial products,
which are then internalized and processed by the DCs." Whole
bacteria, yeasts, protozoa and microbial products have all been
found to induce DCs to express surface costimulatory molecules
and secrete cytokines required for initiating the T-cell immune
response.” Production of interleukin-12 (IL-12) helps to polar-
ize T helper cells towards the T helper type 1 (Th1) phenotype,
which has been shown to be critical in the effector response
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against many pathogens. Various pattern recognition receptors
that recognize pathogen-associated motifs are expressed by
immature DCs and drive the maturation process. In particular,
the mammalian Toll-like receptor (TLR) family play an impor-
tant role in pathogen recognition in the innate immune
response.® Of the 10 TLRs that have been described in humans,
TLR2 and TLR4 have been the most extensively studied. TLR4,
together with MD-2 and CD14, form a signalling complex that
responds to the lipopolysaccharide (LPS) of many Gram-nega-
tive bacteria.*> TLR2 responds to a number of bacterial pro-
ducts including components of Gram-positive bacterial cell
walls, peptidoglycan, lipoproteins and lipoteichoic acid.®™®
TLR2 also responds to yeast.’

The Gram-negative bacteria Neisseria meningitidis is a
major cause of bacterial meningitis and septicaemia. It is known
to engage both TLR2 and TLR4 and it is a potent inducer of
tumour necrosis factor (TNF), IL-12 and IL-10 production by
monocytes and DCs.'®!" We have recently shown that bacteria
must express LPS to stimulate optimal IL-12 and TNF-a
cytokine production by DCs.'? Moreover, phagocytosis of the
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bacteria depended on the expression of LPS and was required for
cytokine production, particularly that of IL-12 (Uronen-Hansson
etal.submitted forpublication). These findings suggested tous that
the signalling events required for cytokine production might not
occur on the DC surface but rather in the phagosome or lysosome
after bacterial internalization and they raised the possibility that
TLR2 and/or TLR4 interactions with the bacteria may occurinside
the cell. There have been several reports that might support this
view. Human TLR2 and TLR6 have been shown to be recruited to
macrophage phagosomes where they signal the cell to make
cytokines but do not appear to be involved in phagocytosis
itself.>'"* Similarly, CpG DNA signals through TLR9 in DC
phagosomes'* and LPS has been shown to colocalize with
TLR4 in the Golgi complex of epithelial cells.'>'®

In the present study, the expression and localization of TLR2
and TLR4 in human DCs was investigated using specific
antibodies raised against TLR peptides. TLR2 and TLR4 were
not present on the surface of DCs but were readily detected
inside the cell, associated with tubulovesicular structures close
to the Golgi complex. Colocalization of TLR2 and TLR4 with
DC microtubules was observed, suggesting that TLR vesicles
move along these structures. Depolymerization of the micro-
tubule network disrupted intracellular TLR2 and TLR4 and
inhibited IL-12 production in response to N. meningitidis but
did not prevent phagocytosis. These results suggest that the TLR
activation by N. meningitidis required for IL-12 production
occurs inside DCs and not on the cell surface.

MATERIALS AND METHODS

DC culture and activation

DCs were generated from peripheral blood mononuclear cells as
described previously.'” In brief, monocytes were prepared from
peripheral blood mononuclear cells by centrifugation over multi-
step Percoll gradients. The monocyte fraction was >95%
CD14" CD3™ CD19". To generate DCs, monocytes were incu-
bated for 5-6 days in RPMI-1640 supplemented with heat-inac-
tivated 5% fetal calf serum, 2-4 mM L-glutamine, 100 U/ml
penicillin—streptomycin (all from Gibco, Paisley UK), 100 ng/ml
human recombinant granulocyte-macrophage colony-stimulat-
ing factor and 50 ng/ml human recombinant IL-4 (Schering-
Plough, Welwyn Garden City, Herts UK). Immature DCs prepared
in this way were CD14'°%, CD83™¢, CD86'°%, CD257*. They also
expressed human leucocyte antigen (HLA) DR, HLA DQ, HLA
Class I, CD40 and CDl1a, and were negative for both CD19 and
CD3 as described previously.'?

In some experiments, DCs were cultured with N. meningi-
tidis H44/76 at a DC to bacteria ratio of 1 : 100 in RPMI-1640
supplemented with 5% heat-inactivated fetal calf serum. When
intracellular cytokines were to be measured, the protein trans-
port inhibitor Brefeldin A (Sigma, Poole, UK) was added at
10 pg/ml. To depolymerize microtubules, 100 ng/ml of colce-
mid (Gibco) was added to cultures as indicated.

Bacteria and phagocytosis assay

Group B N. meningitidis H44/76 were grown on gonococcal agar
(Difco, Basingstoke, UK) supplemented with Vitox (Oxoid Ltd,
Basingstoke, UK) in an atmosphere of 6% CO, in air at 36°. The
bacteria were used in stationary phase after culture for 18 hr.

Suspensions of bacteria were prepared in RPMI-1640 medium
withoutphenol red (Gibco), and their optical density was measured
at 540 nm. Bacteria were fixed in 0-5% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS) for 15 min and washed thor-
oughly in RPMI-1640 medium. Fluorescein isothiocyanate
(FITC) -labelled bacteria were prepared by incubation with
0-5 mg/ml FITC (Sigma) for 20 min at 37° followed by extensive
washing.

Immunostaining

DCs were stained for surface and intracellular expression of
TLR2 and TLR4 with rabbit polyclonal antibodies raised
against TLR2 and TLR4 peptides.'® For intracellular staining,
DCs were fixed in 4% PFA for 15 min and then permeabilized
in Hanks’ balanced salt solution with 0-1% saponin (Sigma). To
prevent non-specific binding, 10% human serum was added for
30 min. Surface staining was carried out on live cells on ice.
TLR antibodies and rabbit immunoglobuin G (IgG) control
antibodies (Caltag Medsystems, Silvestone, UK) were added at
a final concentration of 10 pwg/ml for 1 hr on ice, washed
carefully and detected with 1 pg/ml of FITC goat anti-rabbit
IgG F(ab), (Caltag). Mouse monoclonal antibodies to human
Golgin-97 (Molecular Probes, Cambridge Biosciences,
Cambridge, UK) were used at 10 pg/ml to stain the Golgi
complex. Microtubules were stained with mouse monoclonal
TAT-1 antibody to a-tubulin.'® Bound antibodies were detected
with Alexa 568-conjugated goat anti-mouse IgG (Molecular
Probes). Purified mouse IgGl was used at 10 pg/ml as an
isotype control (Pharmingen). To detect intracellular cytokines,
DCs were fixed with 4% PFA, washed in PBS containing 0-1%
sodium azide and 0-5% bovine serum albumin (all Sigma) and
permeabilized in 50 pl of Permeabilisation solution (Caltag
Medsystems). Cells were then incubated with phycoerythrin-
conjugated monoclonal antibodies to TNF-a (Becton Dickinson,
Oxford UK), IL-12 p40/70 (Pharmingen) or isotype-matched
controls for 30 min at room temperature in the dark. The cells
were then washed twice in PBS, fixed in CellFix (Becton
Dickinson) and analysed on a FACScalibur using CELL QUEST
software (Becton Dickinson).

Confocal microscopy

Labelled cells were air-dried on poly L-lysine-coated slides and
mounted with Citifluor (Citifluor Ltd, Leicester, UK). Confocal
images were obtained using a Leica SP2 confocal laser scanning
microscope system (Leica, Milton Keynes, UK) fitted with
appropriate filter sets. Between 15 and 20 optical sections
(0-2-0-5 m) spanning the entire DC were projected and super-
imposed with Leica confocal imaging software. All images
were acquired in sequential scan mode with a Gain typically no
more than 650 V, as recommended by Leica Microsystems, to
minimize fluorochrome emission overlap.

RESULTS

Human DCs express TLR2 and TLR4 intracellularly but
not on the cell surface

DCs were stained for surface and intracellular expression of
TLR2 and TLR4 (Fig. 1a). By fluorescence-activated cell sorter
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Figure 1. Surface and intracellular staining of TLR2 and TLR4 in DCs (a) and monocytes (b). For surface staining cells were
incubated on ice with TLR antibodies followed by FITC-conjugated F(ab), goat anti-rabbit IgG. For intracellullar staining DCs were
fixed with 4% PFA, permeabilized in Saponin buffer and then stained. Representative FACS histograms of surface and intracellular
staining and confocal images of intracellular staining from five experiments are shown. Arrows point to a highly concentrated signal in

the perinuclear region (a,b) as well as surface staining on monocytes (b).

analysis, abundant intracellular staining of both TLR2 and
TLR4 was observed but no surface staining could be detected.
Confocal microscopy confirmed the absence of TLR2 and
TLR4 on the surface but clearly showed intracellular ex-
pression of both TLRs with a tubulovesicular staining pattern
and a highly concentrated signal in the perinuclear region.
Activation of the DCs with N. meningitidis bacteria or with
LPS did not induce surface expression of either TLR (data not
shown). By comparison, strong cell surface and intracellular
expression of TLR2 and TLR4 was found in monocytes
(Fig. 1b).
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Figure 2. Association of TLR2 and TLR4 with Golgi apparatus. DCs were fixed with 4% PFA, permeabilized in Saponin buffer and
stained with Alexa-568 Golgin-97 and TLR2 (a) and TLR4 (b) antbodies. Merged images show localization of TLR and Golgin at the
centre of the Golgi apparatus. Representative images from three experiments are shown.

TLR2 and TLR4 are highly expressed in a perinuclear
region close to the Golgi complex associated with
microtubules

It was reported recently that TLR4 colocalizes with the Golgi
apparatus in epithelial cells and monocytes.'>'® Therefore the
perinuclear region in DCs that is rich in TLR2 and TLR4 was
investigated for colocalization with Golgin-97, a protein
expressed in the trans-Golgi network. Confocal images revealed
very close association of the Golgi complex with TLR2
(Fig. 2a) and TLR4 (Fig. 2b).

Merge

Merge



176 H. Uronen-Hansson et al.

FITC TLR2 Alexa 568 e-Tubulin

Ea}.-

FITC TLR4 Alexa 568 o-Tubulin

(b}

FITC TLA4 after colcernid  @-Tubulin after colcemid Mearge

{C]-.-

Figure 3. Co-localization of TLR2 and TLR4 with a-tubulin. Fixed
and permeabilized DCs were stained for TLR2 (a) or TLR4 (b) and
a-tubulin. Microtubules were depolymerized for 5 hr with 100 ng/ml
of colcemid and then stained for intracellular TLR2 and TLR4 together
with a-tubulin (c). Depolymerization of microtubules disrupted the
intracellular TLR2 and TLR4 vesicles. Representative confocal images
from three experiments are shown.

In mammalian cells, the Golgi complex is intimately asso-
ciated with the cytoskeleton.?® It is centred at the microtubule-
organizing centre (MTOC), from which microtubules emanate
and serve as tracks for intracellular vesicular transport. As the
TLR2 and TLR4 were found very close to the Golgi complex, as
well as in cytoplasmic tubulovesicular structures, DCs were
stained for a-tubulin to reveal the microtubules. As shown in
Fig. 3, the perinuclear region rich in TLR2 (Fig. 3a) and TLR4
(Fig. 3b) colocalized with tubulin, displaying a high focal
concentration at the MTOC. Co-alignment of TLR vesicles
with microtubules was observed, suggesting that microtubules
serve as transport tracks for TLR vesicles.
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To examine further the role of microtubules in the transport
of TLR vesicles, colcemid was used to depolymerize micro-
tubules in DCs. This drug binds to tubulin leaving only the
MTOC intact.?' Figure 3(c) shows a confocal image of colce-
mid-treated DCs stained for TLR4 and microtubules. As can be
seen, the microtubule network has been disrupted together with
the TLR vesicles. A focus of TLR4 that colocalizes with the
MTOC is still visible. Similar results were obtained with TLR2
(not shown).

Depolymerization of microtubules disrupts IL-12
production by DCs in response N. meningitidis

It was shown recently that internalization of the Gram-negative
bacterium N. meningitidis by DCs is required for optimal
cytokine production, particularly IL-12 (submitted for publica-
tion). To explore the role of intracellular TLR expression for DC
activation and cytokine production by these bacteria, 1L-12
production was determined after disruption of the TLR micro-
tubule association with colcemid. As shown in Fig. 4, treatment
with colcemid significantly reduced IL-12 production but had
only a marginal effect on TNF-a production. Importantly,
colcemid did not prevent phagocytosis of the bacteria (Fig. 4b).
These results show that an intact microtubule network together
with intracellular expression of TLR2 and TLR4 is required for
activation of DCs by the bacteria to produce IL-12 but not for
phagocytosis.

DISCUSSION

Bacteria and other microbes that bind to pattern recognition
receptors on DCs are internalized and processed for presenta-
tion to T cells. The activated DCs also release cytokines and
chemokines to alert other immune cells to the site of infection
and to provide a second signal to the responding T cells. As
immature DCs constantly internalize antigens from their micro-
environment, activation of the cells via pattern recognition
receptors must be tightly regulated to prevent the migration
of DCs and subsequent cytokine production in the absence of
infection. We show here that immature DCs express substantial
amounts of intracellular TLR2 and TLR4 whereas cell surface
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after colcemid

Figure 4. Depolymerization of microtubules disrupts IL-12 production in response to Neisseria meningitidis. DCs were pre-
incuabated for 5 hr in the presence or absence of 100 ng/ml colcemid and then stimulated for 14 hr with N. meningitidis bacteria
at aratio of 1 : 100 in the presence of brefeldin A. DCs producing IL-12 and TNF-a were determined by intracellular staining. Mean
and SEM of three different experiments with three different donors are shown (a). Phagocytosis after 14 hr with the bacteria is shown by

confocal imaging (b).
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expression could not be detected by either flow cytometry or
confocal microscopy. In most reports, TLR expression by DCs
has been detected by messenger RNA analysis and not direct
staining.”~>* In one study however, TLR4 was readily detected
on the surface of monocytes but its expression on immature DCs
was estimated as less than 100 molecules per cell, which did not
increase on maturation.”> Surface expression of TLR4 on
human DCs has not been described. Although the presence
of very few TLR molecules on DCs cannot be excluded by our
experiments, it is clear that expression is very much less than the
levels found on other cells such as monocytes, granulocytes and
cell lines and may be absent all together.'®*** Interestingly,
messenger RNA levels of TLR2 and TLR4 decrease markedly
during DC generation from monocytes indicating different
requirements for TLRs by these cells.”

Double staining and colocalization studies by confocal
microscopy showed that intracellular TLR2 and TLR4 in
DCs and monocytes are expressed in close association with
microtubules (Fig. 3) suggesting that microtubules may serve as
a transport network for the TLRs. TLR4 has been reported to
traffic between the Golgi apparatus and the cell surface in
TLR4-transfected epithelial cells, consistent with this sugges-
tion but in DCs they remain intracellular. Although TLR2 and
TLR4 were associated with microtubules in DCs (Fig. 3) it was
not clear whether they were indeed moving and if so in which
direction. In macrophages, TLR2 and TLR6 have been found to
localize around phagosomes containing yeast.”'® Similarly,
intracellular TLR9 has been found to form complexes with
MyD88 around macrophage lysosomes following the uptake of
CpG DNA."* Transport of bacterial LPS to the Golgi apparatus
has been shown.?®*” In epithelial cells, LPS together with TLR4
has been found to reside around the Golgi complex in a para-
nuclear location'” and rapid recycling of a TLR4/MD-2/CD14
complex between the Golgi and plasma membrane has been
described.'® In this system, monocytes and HEK293 cell lines
were used, both of which clearly express surface TLR4 and it
was concluded that the signalling events were initiated at the
cell membrane. In contrast, the absence of detectable TLR2 or
TLR4 on the DC surface may suggest that DC activation by LPS
expressed by bacteria occurs either inside the cell after phago-
cytosis or through some other receptor. Other studies have
shown that pro-inflammatory cytokine production in response
to N. meningitidis depends on TLR2 and TLR4.'® In addition,
phagocytosis of N. meningitidis requires the expression of LPS
on the bacterial outer membrane and is necessary for maximal
IL-12 production (Uronen-Hansson et al. submitted for pub-
lication). In this report we showed that that wild-type N.
meningitidis were readily and rapidly phagocytosed by the
DCs, whereas isogenic LPS-deficient mutant bacteria were
not. This mutant completely lacks LPS, whereas other surface
antigens are unaltered.”®?°*° Disruption of microtubules, and
therefore the intracellular expression of TLR2 and TLR4, was
shown in the current paper to inhibit IL-12 production, but not
phagocytosis, by DCs activated with N. meningitidis (Fig. 4).

In view of these findings, we suggest that DC binding to N.
meningitidis via LPS and the subsequent signalling for IL-12
production are two independent, but closely related, events.
Recent data from our laboratory suggest that phagocytosis of
wild-type bacteria requires LPS binding protein (LBP) and can
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occur by binding CR3 (CD11b/CD18) (Osman et al. manuscript
in preparation). This is consistent with previous findings that
CR3 binds LPS.*® Interestingly, TNF-a production by DCs was
only marginally affected after disruption of microtubules.
Experiments with cytochalasin D as well as with transwells
(Uronen-Hansson et al. submitted for publication), in which
phagocytosis of bacteria was inhibited or the bacteria were
physically separated from DCs by a porous membrane, showed
a more significant reduction in IL-12 production compared to
TNF-a. These findings suggested that production of IL-12
depends on internalization of whole bacteria whereas TNF-a
production can be more easily induced by soluble bacterial
components, such as LPS, released by the bacteria. Some
signalling from the cell surface is likely to occur as our
previously published data showed that purified meningococcal
LPS can induce some TNF-a production, but not IL-12, by DCs.
Only whole bacteria induced significant levels of IL-12 produc-
tion.'? Interestingly, TNF-a production in response to fungal
particles required recognition by Dectin-1 and TLR2, but could
occur in the absence of phagocytosis.®'*> As TLRs other than
TLR2 and TLR4, such as TLRY, are expressed intracellularly,
the possibility that they also participate in the response cannot
be excluded. It is suggested that the intracellular expression of
TLRs in DCs may ensure internalization of antigen for proces-
sing and presentation to T cells before activation and migration.
This would ensure that DCs activated by surface binding of
microbial products to pattern recognition receptors do not arrive
in the draining lymph nodes empty handed.
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