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Introduction

Summary

There is increasing evidence that activation of inflammatory responses in
a variety of tissues is mediated co-operatively by the actions of more than
one cell type. In particular, the monocyte has been implicated as a poten-
tially important cell in the initiation of inflammatory responses to Toll-
like receptor (TLR)-activating signals. To determine the potential for
monocyte-regulated activation of tissue cells to underpin inflammatory
responses in the vasculature, we established cocultures of primary human
endothelial cells and monocytes and dissected the inflammatory responses
of these systems following activation with TLR agonists. We observed that
effective activation of inflammatory responses required bidirectional
signalling between the monocyte and the tissue cell. Activation of cocul-
tures was dependent on interleukin-1 (IL-1). Although monocyte-medi-
ated IL-1p production was crucial to the activation of cocultures, TLR
specificity to these responses was also provided by the endothelial cells,
which served to regulate the signalling of the monocytes. TLR4-induced
IL-1p production by monocytes was increased by TLR4-dependent endo-
thelial activation in coculture, and was associated with increased mono-
cyte CD14 expression. Activation of this inflammatory network also
supported the potential for downstream monocyte-dependent T helper
type 17 activation. These data define co-operative networks regulating
inflammatory responses to TLR agonists, identify points amenable to tar-
geting for the amelioration of vascular inflammation, and offer the poten-
tial to modify atherosclerotic plaque instability after a severe infection.
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a novel disruptor of lipid raft function® or by the target-
ing of IL-1f signalling."”* The sensitivity of tissue cells to

There is increasing evidence that effective responses to
inflammatory stimuli are generated through the actions of
cell networks. In models of airway inflammation we have
shown that tissue cells such as airway smooth muscle and
epithelial cells have marked potential to contribute to
establishment of inflammation. However, the responses of
tissue cells to Toll-like receptor (TLR) agonists are mark-
edly amplified in the presence of monocytes, whose secre-
tion of interleukin-1f (IL-18) in response to the
engagement of a range of TLRs is crucial to an effective
induction of many pro-inflammatory mediators.”* We
have shown that these networks are therapeutically target-
able through the blockade of either TLR signalling using
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IL-1-dependent signalling is also important in inflamma-
tory responses to mediators of sterile inflammation, such
as necrotic cell debris,* with the potential for the sensing
of a variety of damage-associated signals by the mono-
cyte.”

Atherosclerosis is an inflammatory condition.*” Strik-
ingly, severe respiratory tract infections are associated
with a marked but transient increase in the risk of a myo-
cardial infarction.® Levels of circulating lipopolysaccharide
(LPS) are a risk factor in atherosclerotic disease,”'® and
polymorphisms encoding an impaired TLR4 (the LPS
receptor) reduce the risk of atherosclerosis development
in humans."" ApoE™~ TLR4™'~ mice that are fed on a
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high cholesterol diet also show reduced lesional size and
lower numbers of plaque macrophages compared with
mice that are wild-type for TLR4."* Bacterial stimuli are
sensed by many pattern recognition receptors.'>'* Of
these, TLR4 and TLR2 mediate responses to LPS and bac-
terial lipoproteins, respectively,'® and in the context of
atherosclerosis are variably expressed by monocytes,'’
endothelial cells,'® vascular smooth muscle cells'” and
platelets.'® Expression of TLR2 and TLR4 is also increased
in atherosclerosis."”

Our groups have shown that IL-1 is a crucial regulator
of vascular inflammation, and that inhibition of IL-1 sig-
nalling has therapeutic benefit in murine and porcine
models of vascular disease.””*' The expression of TLRs in
the vessel wall, the amplification of TLR responses by
monocytes in models of airway inflammation in an
IL-1f-dependent fashion, and the potential for acute
infections to destabilize atherosclerotic plaques indicated
that such inflammatory networks may also be critical to
the regulation of inflammation in the vessel. To examine
these possibilities in detail, we exploited a coculture
model of primary endothelial cells in coculture with
monocytes. Here, we define a complex, TLR-specific,
co-operative relationship between endothelial cells and
monocytes in which IL-1 is pivotal to the mounting of
effective responses. Specificity of responses to the TLR
agonist was given by both the monocyte and the tissue
cell. We also demonstrate that this network is amenable
to therapeutic targeting at varying levels, with the poten-
tial to ameliorate vascular inflammation and potentially
decrease the risk of plaque instability following acute
infection.

Materials and methods

Cells and reagents

Reagents were obtained from Invitrogen (Paisley, UK)
unless otherwise stated. Purified LPS from Escherichia coli
strain R515 was purchased from Axxora (Nottingham,
UK), Pam;CSK, was from EMC Microcollections (Tiibin-
gen, Germany), hydrocortisone was from PromoCell (Hei-
delberg, Germany) and transwells (0-4-um pore size) were
from BD Biosciences (Cowley, UK). All antibodies were
from eBioscience (San Diego, CA), Annexin-V—phyco-
erythrin (PE) was from BD Biosciences and ToPro-3 was
from Invitrogen. CountBright absolute counting beads
were from Invitrogen.

Human umbilical vein endothelial cells (HUVEC) were
from umbilical cords using a protocol approved by North
Sheffield Research Ethics Committee and involving writ-
ten consent. The endothelial cells (EC) were used at pas-
sages 2-3 for all experiments and were isolated using
0-1% type IV collagenase (Sigma-Aldrich, Poole, UK),
and grown on tissue culture plates or flasks coated with
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0-2% gelatin. Cells were maintained in RPMI-1640 sup-
plemented with 2 mwm L-glutamine, 20 pg/ml endothelial
cell growth supplement (Harbour Bio-Products, Nor-
wood, MA), 95 pug/ml heparin (Sigma-Aldrich), 0-225%
sodium bicarbonate, 100 U/ml penicillin, 100 ug/ml
streptomycin, 10% fetal calf serum (FCS) and 10% new-
born calf serum.

Monocytes were prepared by negative magnetic selec-
tion. Peripheral venous blood was taken from healthy vol-
unteers with written consent using protocols approved by
the South Sheffield and King’s College Research Ethics
Committees as appropriate. In most experiments, periph-
eral blood mononuclear cells (PBMC) were prepared by
density centrifugation from plasma/Percoll gradients as
described elsewhere,”® or using OptiPrep™ (Axis-Shield,
Upton Huntingdon, UK). For OptiPrep separations, fol-
lowing dextran sedimentation to remove erythrocytes, the
leucocyte-rich plasma was resuspended in 6 ml of 20%
platelet poor plasma (PPP) in 1 X Hanks’ buffered salt
solution (HBSS) and 4 ml OptiPrep to give the cell sus-
pension a density of 1-13 g/l. OptiPrep was made up at
densities of 1.0925 and 1-078 g/l and layered over the
1-13 g/l layer, with a top layer of PPP/HBSS, before cen-
trifugation at 700 g for 30 min. The PBMC were taken
from the 1-078/PPP/HBSS interface. Enriched monocytes
[81-4 £ 14 % CDI14 positive (n = 45)] were prepared
from PBMC using the negative magnetic selection Mono-
cyte isolation kit II (Miltenyi Biotec, Bergisch Gladbach,
Germany).

For experiments investigating IL-17 production, PBMC
were isolated using density gradient centrifugation (lym-
phocyte separation media; PAA, Pasching, Austria) from
human peripheral blood of healthy donors. Purification
of the various cell subsets was performed by magnetic
antibody cell sorting (MACS) and enriched by positive
selection using the QuadroMACS separator system
(MACS; Miltenyi Biotec), according to the manufacturer’s
instructions. Purity was confirmed by flow cytometry.
CD4" cells (99% pure) were selected with anti-CD4 beads
and monocytes (> 97% pure) were isolated by positive
selection using anti-CD14 microbeads (Miltenyi Biotec).

EC/monocyte cocultures

The EC were cultured in gelatin-coated 12-well plates and
grown to 70-90% confluence. The cells were washed and
the media were replaced with low-serum media (2%
FCS). Twenty-four hours later, the cells were washed and
cultured in low-serum media, in the presence or absence
of monocytes at 20 000 cells/ml (approximately one
monocyte for every five EC). Monocultures and cocul-
tures were treated as indicated for 24 hr, after which a
cell-free supernatant was prepared and stored at —80°
until the concentrations of cytokines were determined
by enzyme-linked immunosorbent assay (ELISA). To
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determine the source of released cytokines and any solu-
ble mediators, further experiments were performed in
which media from LPS-treated cells were transferred onto
untreated cells. Cell-free media were added to the indi-
cated cell type at a one in two dilution in fresh media,
and the cells were cultured for 24 hr before preparation
of a cell-free supernatant.

In vitro stimulation of T helper type 17 cells

Induction of IL-17 production from activated T cells and
phenotyping of IL-17-producing T cells was carried out
as described previously.”> Cells were cultured in RPMI-
1640 medium supplemented with 10% heat-inactivated
FCS (Cambrex, Nottingham, UK), 1% r-glutamine, 1%
sodium pyruvate, 1% HEPES, 1% penicillin/streptomycin,
1% non-essential amino acids (PAA Laboratories, Yeovil,
Somerset, UK). One million monocytes were cultured at
a 1:1 ratio with CD4" T cells for 4 days in a 24-well
plate in a total volume of 1 ml. A further 1 ml of either
HUVEC LPS-treated or HUVEC buffer-treated super-
natant from five EC donors was added to make up a total
of 2 ml/well. Control wells had an extra 1 ml RPMI-1640
medium instead of HUVEC supernatants. Cultures were
stimulated with 100 ng/ml anti-CD3 (R&D Systems,
Abingdon, UK) and 100 ng/ml LPS (Sigma, St Louis,
MO). Cells were cultured for a total of 4 days. Super-
natants were collected on day 4 of cell culture and stored
at —20° until analysis.

Flow cytometry

The ability of media from LPS-treated EC to modulate
the expression of TLR4 and CD14 on the surface mono-
cytes was determined by flow cytometry. The EC were
seeded in 12-well plates as described and treated with
buffer or LPS (1 ng/ml) for 24 hr, before collection of a
cell-free supernatant, which was stored at —80° until
required. Monocytes were prepared as described and
seeded at 100 000 cells/ml in 12-well plates. Monocytes
were then treated for 24 hr with buffer or LPS (0-5 ng/
ml), or media from buffer or LPS-treated EC (at a one in
two dilution). Following this, non-adherent cells were col-
lected, and adherent cells were removed by gentle scrap-
ing in ice-cold PBS (without Ca*" and Mg*") containing
2% FCS and 5 mM ethylenediaminetetraacetic acid.
Adherent and suspended cells were then pooled together
and centrifuged at 2000 g for 5 min before resuspension
in 100 pl fluorescence-activated cell sorting (FACS) buffer
(comprising phosphate-buffered saline without Ca®" and
Mg**, + 0-25% bovine serum albumin + 10 mm HEPES,
pH 7-3-7-4). Non-specific antibody binding was blocked
by incubating the cells on ice in 50 ug/ml mouse
immunoglobulin G for 10 min. Cells were then labelled
with anti-TLR4, anti-CD14 or relevant isotype controls
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(all PE-labelled) at a one in 10 dilution before incubation
on ice for 30 min in the dark. One millilitre of ice-cold
FACS buffer was then added and the cells were
centrifuged at 2000 g for 5 min before resuspension in
CellFIX™ (BD Biosciences). Samples were acquired on a
BD FACScan (BD Biosciences, Mountain View, CA) and
data were analysed using FLowJo (Tree Star Inc, Ashland,
OR). Dead cells were excluded from these analyses on the
basis of their forward and side scatter characteristics,
validated by annexin V/To-Pro-3 staining (not shown).

To study monocyte viability in culture, monocytes were
seeded and treated as above. After 24 hr, both suspended
and adherent cells were pooled together as above and the
cells were resuspended in annexin binding buffer (BD
Biosciences) and labelled with PE-labelled annexin V for
20 min at room temperature in the dark. Immediately
before analysis, an aliquot of CountBright beads was
added to the sample. Viable monocytes were identified by
their forward and side scatter characteristics and lack of
staining for annexin V. Absolute numbers of viable
monocytes in these samples were quantified by reference
to the CountBright beads.

ELISA

All antibodies and detection reagents were purchased
from R&D Systems. The ELISA were carried out accord-
ing to the manufacturer’s instructions. Samples were
diluted so that the optical density fell within the optimal
portion of a log-1 standard curve. The limits of detection
for the ELISA were 78-125 pg/ml for IL-6 and tumour
necrosis factor-o  (TNF-a), 62-5 pg/ml for CXCLS,
19-5 pg/ml for IL-1f and 15 pg/ml for IL-17. If the con-
centrations of the cytokines were below the limit of detec-
tion they were assigned the above values.

The presence of IL-17 was also measured by ELISA.
Samples were added to triplicate wells and diluted 1: 2
with 1% bovine serum albumin/phosphate-buffered
saline. The plate was read on an EL800 ELISA plate
reader (BioTek Instruments Ltd., Potton, UK).

Statistics and analyses

All data were analysed using the prisM 5 program (Graph-
Pad, San Diego, CA).

Results

The importance of co-operative signalling between mono-
cytes and tissue cells in the generation of responses to
TLR stimuli is becoming increasingly evident. Endothelial
cells are poor releasers of IL-18,>* yet IL-1f is thought to
be a critical mediator of vascular inflammation.*' Accord-
ingly, we investigated the roles for monocytes in the
activation of vascular inflammation, and the mechanisms
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by which IL-1f is implicated in the response to TLR sig-
nalling. In models of monocyte/EC coculture we observed
that specificity of responses to TLR agonists was governed
by the monocyte and the EC, through the regulation of
monocyte IL-1f production and survival.

Specific patterns of cytokine production in LPS-
activated cocultures

Initial experiments used a purified, TLR4-selective LPS to
stimulate cocultures of EC and monocytes. Responses
were compared with those of EC or monocyte mono-
cultures at the same densities. Three patterns of cytokine
release were observed.

First, EC/monocyte cocultures treated with LPS released
more IL-6 and CXCLS8 than either cell type alone (Fig. 1).
The LPS-mediated IL-6 production was still markedly
enhanced in cocultures in which the EC and monocytes were
kept apart by the use of transwell filters (data not shown).

The second pattern was seen in the production of
IL-1f. In systems using airway cells, production of
monocyte-derived IL-1f is necessary for TLR4-mediated

activation of cocultures."® Interleukin-1§ was also
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released at greater levels from activated cocultures than
from the individual cell types alone, but in contrast to
the production of IL-6 and CXCL8, no IL-1f was released
by EC monocultures (Fig. 1c).

Finally, and at odds with the patterns seen for IL-6/
CXCL8 and IL-1p, less TNF-o was detected in the super-
natants from stimulated cocultures than was produced
from stimulated enriched monocytes alone (Fig. 1).

To dissect control of this system further, we blocked
IL-1 signalling in cocultures using an IL-1 receptor antag-
onist (IL-1ra). The presence of IL-1ra significantly
reduced the LPS-induced release of IL-6 and CXCL8 from
cocultures, but did not affect the release of IL-1f (Fig. 2).
Treatment of cocultures with hydrocortisone inhibited the
subsequent detection of all three cytokines. These data
identified IL-1f generation from the monocyte as an
important signal resulting in the stimulation of IL-6 and
CXCL8 generation from EC. However, the data displayed
in Fig. 1 demonstrated that EC did not release IL-1f,
implying that in activated cocultures, the increased IL-1f
production was likely to originate not from the EC but
from the monocytes. Further experiments investigated this
possibility.
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Figure 1. Differential release of cytokines from lipopolysaccharide (LPS)-treated endothelial cell (EC)/monocyte cocultures. Cocultures of EC and

monocytes were formed, stimulated with LPS for 24 hr, and their production of cytokines was measured by enzyme-linked immunosorbent assay
(ELISA). (a—c) LPS-treated EC/monocyte cocultures released more interleukin-6 (IL-6) (a), CXCL-8 (b) and interleukin-1f (IL-1f) (c) than
either cell type alone. (d) LPS-treated EC/monocyte cocultures released less tumour necrosis factor-oo (TNF-o) than LPS-treated monocytes. M

indicates monocytes, EC indicates EC and EC + M indicates EC/monocyte cocultures. Data are = SEM (n = 5), with each experiment using cells
from independent human umbilical vein EC and monocyte donors. ***P < 0-001 and *P < 0-05, analysed using two-way aNova with Bonferroni’s

post-test. LD indicates the limit of detection of the ELISA.
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Figure 2. Inhibition of coculture activation reveals differential regu-
lation of cytokine production. Cocultures of endothelial cells (EC)
and monocytes were formed, stimulated with lipopolysaccharide
(LPS; 10 ng/ml) for 24 hr, and their production of cytokines deter-
mined by enzyme-linked immunosorbent assay (ELISA). (a) Both
interleukin-1 receptor anatagonist (IL-lra) and hydrocortisone
reduced the release of IL-6 from the LPS-treated cocultures.
(b) Hydrocortisone, but not IL-1ra, reduced the release of IL-1f
from the LPS-treated cocultures. (c) Both IL-1ra and hydrocortisone
reduced the release of CXCL8 from the LPS-treated cocultures. M
indicates monocytes, EC indicates EC and EC + M indicates an EC/
monocyte coculture. HC indicates hydrocortisone. Data are + SEM
(n = 4), with each experiment using cells from independent donors.
**P < 0-01, and *P < 0-05, analysed using one-way aNova with
Tukey’s post-test. LD indicates the limit of detection of the ELISA.
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EC are not passive downstream targets of IL-1, but
regulate its production from monocytes

We subsequently determined the cellular sources of IL-1f
and IL-6 in cocultures activated with LPS. To achieve
this, media were transferred from LPS-activated mono-
cytes onto fresh EC, or from LPS-activated EC onto fresh
monocytes, and the consequences upon activation of the
recipient cell type were determined.

First, monocytes were activated with purified LPS.
Supernatants from these cells contained IL-1f and IL-6.
When these supernatants were applied at a 1:2 dilu-
tion in fresh media to EC, they caused the release of
IL-6 (Fig. 3a) but not IL-1f from EC (Fig. 3b).
Amounts of IL-6 generated from the EC were greater
than seen when EC were stimulated with LPS directly
(Fig. 3a).

In contrast, when EC were activated with LPS in the
absence of monocytes, they made IL-6 but not IL-1f
(Fig. 3¢c,d). Application of supernatants from LPS-acti-
vated EC, when applied at a 1: 2 dilution in fresh med-
ium to monocytes, caused the release of both IL-6 and
IL-18 from the monocytes (Fig. 3d). Amounts of these
cytokines generated from the monocytes were greater
than seen when monocytes were stimulated with LPS
directly (Fig. 3c,d).

Monocytes, but not EC, were also the predominant
source of TNF-a (data not shown). In addition, whereas
supernatants from LPS-stimulated EC activated mono-
cytes to produce IL-1f, they did little to enhance the
production of TNF-o (data not shown).

Activation of cocultures by a TLR2 agonist failed to
recapitulate responses seen to LPS

The data above showed the existence of bidirectional sig-
nals between monocytes and EC in the generation of
cytokines in response to TLR4 agonists. Stimulation of
monocytes was required for IL-1f production and subse-
quent activation of the EC, but activation of TLR4 on the
EC also caused release of factor(s) that served to enhance
IL-18 production from the monocyte. Because EC are
thought to express TLR4 but not TLR2,>> we compared
the responses of cocultures to Pam;CSK,, a specific ago-
nist of TLR2. When used to activate monocytes alone,
Pam;CSK, induced the production of IL-6 that reached a
similar maximum to the amount induced by LPS (Fig. 4).
In contrast, treatment of cocultures with Pam;CSK, did
not cause the marked augmentation of the release of IL-6
and IL-1f that was observed upon treatment with LPS
(Fig. 4). The data in Fig. 3 showed that activation of EC
by LPS facilitated IL-1f production from monocytes and
activation of cocultures. Pam;CSK, caused IL-6 produc-
tion from monocytes, but not activation of cocultures, so
we hypothesized that this agonist failed to activate EC. In

© 2009 Blackwell Publishing Ltd, Immunology, 128, 58-68
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Figure 3. Endothelial cells (EC) are a source of interleukin-6 (IL-6) but not IL-1f in the cocultures, whereas as monocytes are a source of both
cytokines. Monocytes or EC were cultured in isolation, at the same densities and conditions as used in cocultures. Filled bars show IL-6 and
IL-1f production after direct activation of monocytes or EC by the indicated concentrations of lipopolysaccharide (LPS). In open bars, superna-
tants from LPS-treated monocytes were transferred onto fresh EC, or vice versa. (a, b) Bar I indicates the effects of addition of supernatants
(diluted one in two in fresh media) from buffer-treated monocytes on EC. Bars II and III indicate the addition of media from monocytes treated
with 1 or 10 ng/ml LPS, respectively, similarly diluted 1 : 2 in fresh media. (a) Release of IL-6 from EC treated with media from LPS-stimulated
monocytes, and (b) media from LPS-stimulated monocytes was unable to induce the release of IL-1f from EC. (¢, d) Bar I indicates the addition
of supernatants (diluted one in two in fresh media) from buffer-treated EC onto monocytes; bars II, III and IV indicate the addition of media
from EC treated with 0-1, 1 or 10 ng/ml LPS, respectively, similarly diluted 1 : 2 in fresh media. (¢, d) Media from LPS-treated EC enhanced the
release of both IL-6 and IL-1f from monocytes. Data are = SEM (n = 4-8), each experiment using cells from independent donors. **P < 0-01
and *P < 0-05 (comparing the indicated bars with cytokine levels generated by monocytes alone). ###P < 0-001, ##P < 0-01 and #P < 0-05 (com-
paring the indicated bars with cytokine levels generated by EC alone). Data were analysed using two-way aNova with Bonferroni’s post-test. LD
indicates the limit of detection of the enzyme-linked immunosorbent assay.

keeping with this hypothesis, we found that supernatants In addition, the enhanced IL-1f release from monocytes
generated from EC treated with Pam;CSK, did not induced by supernatants taken from activated EC was not
induce the release of significant amounts of IL-18 from inhibited when the supernatants were added to the mono-
monocytes. cytes in the presence of the P2X7 antagonist, KN62

(n = 3, data not shown).

We therefore investigated the regulation of monocyte
survival and the expression of the LPS receptor complex.
Figure 5 shows that treatment of monocytes with media

EC activation causes enhanced monocyte CD14
expression and survival

We investigated the mechanism through which EC activa- from LPS-activated EC, but not from EC treated with
tion by LPS resulted in enhanced production of IL-1f by media alone, resulted in enhancement of CD14 expression
monocytes. We hypothesized that EC might release ATP without changes in TLR4 expression. Furthermore, media
and enhance monocyte IL-1f production through P2X7- from EC (cultured either in the presence or absence of
mediated activation of IL-1f secretion, but ATP levels LPS) caused an increased survival of monocytes over
were not increased in cocultures (n = 3, data not shown). 24 hr of culture (Fig. 6).

© 2009 Blackwell Publishing Ltd, Immunology, 128, 58-68 63
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ent human umbilical vein EC and monocyte donors. LD indicates the limit of detection of the ELISA.

EC activation facilitates induction of a T helper type
17 response

Recent work has shown that activation of human mono-
cytes by TLR agonists such as LPS is required for effective
induction of IL-17 secretion from T helper type 17
(Th17) cells.?®> Our data show that endothelial cells regu-
lated monocyte expression of CDI14, activation by LPS
and lifespan, so we speculated that they would also regu-
late the induction of effective Th17 responses. We there-
fore exploited a well-characterized system in which
monocyte/lymphocyte cocultures were activated with LPS,
resulting in induction of Th17 cell activation and IL-17
production.”> The data in Fig. 7 showed that supernatants
generated from non-activated EC suppressed induction
of IL-17 when added to these monocyte/lymphocyte
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cocultures. This suppression of Th17 immunity was not
seen when monocyte/lymphocyte cocultures were treated
with supernatants from LPS-activated HUVEC. The con-
centrations of LPS used to activate the EC (1 ng/ml) were
orders of magnitude lower than those already present in
the monocyte/lymphocyte coculture (100 ng/ml). Conse-
quently, the transferred supernatants were not mediating
their effects by the addition of more LPS, but through
their actions to support monocyte survival and activation
responses.

Discussion

In this study, we investigated the mechanisms by which
TLR signalling may cause vascular inflammation. The
potential importance of IL-1f as a mediator of vascular
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Figure 5. Enhancement of monocyte CDI14,
but not Toll-like receptor 4 (TLR4), surface
expression by endothelial cells (EC). The EC
were cultured in 12-well plates and treated
with buffer or lipopolysaccharide (LPS; 1 ng/
ml) for 24 hr, before collection of a cell-free
supernatant, which was stored at —80° until
required. Monocytes (cultured at 100 000 cells/
ml) were treated for 24 hr with buffer or LPS
(0-5 ng/ml), or media from EC that had been
treated with buffer or LPS (at a one in two
dilution, allowing a maximum transferred LPS
of 0-5ng/ml). Following this, expression of
CD14 and TLR4 by the monocytes was deter-
mined by flow cytometry. (a) A typical histo-
gram showing no change in surface TLR4
expression on monocytes and (b) an increase
in CDI14 expression when monocytes were
treated with media from LPS-treated EC. Mean
data are shown in (c, d). Data are + SEM
(n = 4-5) *P < 0-05 (in comparison to buffer-
treated cells) and #P < 0-05 (in comparison to
LPS-treated cells). Data were analysed using
one-way ANOvA with Tukey’s post-test.

inflammation is well established. Here, we show that the
release and function of IL-1f as induced by TLR agonists
requires a cell network that shows features of a bidirec-
tional, TLR-selective, system that is amenable to thera-
peutic targeting, and which may go on to regulate more
complex inflammatory pathways involving Th17 systems.

Cocultures of ECs and monocytes treated with a TLR4-
selective LPS, but not the TLR2 agonist Pam;CSK,,
showed marked co-operative responses and differential
regulation of cytokine production. Interleukin-6, CXCL8
and IL-1f were released in increased concentrations from
LPS-activated cocultures, but in contrast, TNF-o produc-
tion was suppressed. These data lend support to TLR4
being of major importance in sepsis and a potential ther-
apeutic target for treatment of acute and sub-acute vascu-
lar inflaimmation.”® The relevance of such responses
beyond caused by pathogens
because multiple endogenous mediators of inflammation
acting via TLR4 are also likely to be able to activate such
co-operative signalling mechanisms.*”

extends inflammation
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Having shown TLR4-selective activation of cocultures,
we investigated the control of these systems in more
detail. Amplification of IL-6 release from the LPS-stimu-
lated cocultures occurred via an IL-1-dependent mecha-
nism and was blocked by IL-1ra. These results place
IL-1f as a central mediator of vascular inflammation, in
keeping with previous observations in vitro,”>* and in
mouse and porcine models.”>*' Previous work by our
group has shown that IL-1f is necessary for, but not
generated at high enough levels to completely explain,
the induction of cytokine production in cocultures of
monocytes and airway smooth muscle cells activated
with LPS.> The levels of IL-1 generated here are consis-
tent with these previous observations, and suggest once
again that IL-1 is a critical cytokine in these systems,
activating tissue cells and contributing to the induction
of cytokine production by them, but it is likely that
other monocyte-derived mediators also contribute to the
total response observed. Endothelial cell/monocyte cocul-
tures treated with LPS were found to release lower
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Figure 6. Enhanced monocyte survival induced by endothelial cells
(EC). Cell-free supernatants from EC stimulated with buffer or lipo-
polysaccharide (LPS; 1 ng/ml) were prepared. Monocytes were
seeded at 100 000 cells/ml in 12-well plates and then treated for
24 hr with buffer or LPS (0-5 ng/ml), or the EC supernatants (at a
one in two dilution, thus allowing a maximum transferred LPS of
0-5 ng/ml). Viable monocytes were identified by flow cytometry
using forward/side scatter gating and annexin V staining, and quanti-
fied using CountBright Absolute Counting Beads. The data show
that media from EC caused enhanced monocyte survival. Data are
+ SEM (n = 5) for each condition. *P < 0-05 (in comparison to buf-
fer-treated cells) and #P < 0-05 (in comparison to LPS-treated cells),
analysed using one-way aNova with Tukey’s post-test.
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Figure 7. Regulation of interleukin-17 (IL-17) release. The ability of
cell-free supernatants from endothelial cells treated with either buffer
or lipopolysaccharide (LPS) to support IL-17 production was deter-
mined. Lymphocytes were stimulated with anti-CD3 in coculture
with monocytes and 100 ng/ml LPS, and the resulting IL-17 genera-
tion was measured by enzyme-linked immunosorbent assay. Addi-
tion of media from endothelial cells (EC) treated with buffer alone
caused suppression of IL-17 generation from this activated coculture,
whereas media from EC activated with 1 ng/ml LPS did not suppress
IL-17 production. EC media were added at a 1 : 2 dilution. Data are
+ SEM. Effects of supernatants from five EC donors, each treated
with buffer or LPS, were tested on one monocyte/lymphocyte donor.
*P < 0-05, analysed by t-test.
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concentrations of TNF-o than monocytes alone. Similar
results have been seen previously,”® indicating that the
TLR4- and IL-1-dependent activation shown here is a
highly specific pathway in the network of vascular
inflammation. Of note, therefore, are recent data show-
ing an increased circulating concentration of IL-1f§ in
patients suffering from unstable angina,”® and that tar-
geting of IL-1f results in decreased size of myocardial
infarction.”

We have recently shown that, although EC are capable
of making IL-1f in response to proinflammatory stimuli,
its release from these cells is only at very low level and is
often accompanied by IL-1ra, potentially resulting in sup-
pression rather than activation of inflammation.** In our
data here, we found that EC did not release detectable
IL-1p, but IL-1f production in cocultures was nonethe-
less regulated at two levels: direct TLR4-driven activation
of monocytes, and TLR4-driven release of an EC-derived
factor that enhances monocyte IL-1 release. Neither of
these responses was inhibited by IL-1ra. The HUVEC
express little functional TLR2* so the lack of an EC
response to TLR2 agonists with the subsequent failure to
enhance monocyte IL-1 release is likely to explain the
observed TLR selectivity of responses. The importance of
EC expression of TLR4 has also been seen in relevant
in vivo models because in the absence of TLR4 on the
endothelium responses to systemic LPS administration
are markedly impaired.*

Despite their lack of release of IL-1f, the work pre-
sented here show that EC nonetheless actively use the
IL-1 system to regulate local inflammation, but do this
indirectly. We observed two distinct effects of EC-derived
supernatants on monocytes potentially capable of result-
ing in increased IL-1 production in response to LPS in
cocultures: enhancement of monocyte survival and CD14
expression. Monocyte survival was preserved both by
supernatants from quiescent or LPS-activated EC, whereas
enhancement of monocyte CDI14 expression only
occurred when cells were treated with media from LPS-
activated EC. The TLR signalling is regulated at multiple
levels beyond the control of receptor and coreceptor
expression,”* and the mechanisms by which EC regulated
monocyte function are the subject of ongoing work in
our group. Monocytic cells release IL-1 in a mechanism
involving P2X7 signalling,”® and we postulated that LPS-
activated EC might release ATP, which would enhance
the release of IL-1 from monocytes. We found, however,
that ATP levels were not increased in activated cocultures
(data not shown), nor did a P2X7 antagonist impair the
ability of LPS-activated EC supernatants to enhance
monocyte IL-1f release (not shown). Candidate cytokines
and inflammatory mediators were also targeted, but pre-
treatment of monocytes with an anti-granulocyte—macro-
phage colony-stimulating factor receptor monoclonal
antibody did not prevent the IL-1f-releasing activity of
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LPS-activated EC supernatants, nor did addition of IL-6
at levels found in these EC-derived supernatants act to
enhance LPS-stimulated monocyte IL-1f production
(data not shown). We are currently exploring the nature
of the EC-derived monocyte activation signal through a
proteomic approach.

Recent work has shown that activation of optimal
Th17 responses in human cells requires not just T-cell
receptor signalling, but the close proximity of LPS-acti-
vated monocytes. Th17 signalling serves as a potentially
important component of the Thl-type immune
response,”® playing important roles in the handling of
some pathogens and the regulation of autoimmune
inflammation and neutrophilic responses.’®® Further-
more, Th17-type inflammatory responses are evident in
patients with acute coronary syndromes.”® We observed
that supernatants from quiescent EC suppressed the abil-
ity of LPS-activated monocytes to induce the activation
of Th17 cells, which has the potential to represent an
important control point in the regulation of vascular
inflammation and atherogenesis. In contrast, super-
natants from LPS-activated EC allowed monocytes to
activate Th17 cells. Therefore EC, when activated with
LPS, exert a range of activities, causing monocytes to
up-regulate IL-1f production, increasing their survival,
their CD14 expression, and their ability to support Th17
activation.

Our data describe an intricate network operating in a
simple coculture. The function of this network has broad
relevance in sepsis and may explain the basis of increased
risk of myocardial infarction after pneumonia, where the
release of endogenous TLR agonists, the presence of path-
ogen-related TLR4 agonists such as LPS or streptococcal
pneumolysin,®® and the generation of a microenviron-
ment that may activate monocytes in transit through the
pulmonary microvascular bed, may all cause an inflam-
matory process that can destabilize atherosclerotic pla-
ques. This requirement for a co-operative network
controlling inflammation may feasibly also be an impor-
tant mechanism to limit the spread of inflammation in
the vasculature because were EC to release IL-1 on their
own, this could result in rapid downstream activation of
further stretches of vessel. In our model, the requirement
for close proximity of monocytes (which release their
IL-1 in microvesicles likely to exert a strong local effect™)
may result in a more contained inflammatory response.

These observations suggest that neutralization of IL-1f,
specific targeting of EC-mediated TLR4 signalling, or the
factors released from these cells that are responsible for
monocyte activation, survival and enhanced IL-1 release,
represent important opportunities to intervene in vascular
inflammation. Such therapies given around the time of
major systemic inflammatory insults may act to reduce
the increased risk of myocardial infarction or stroke seen
in these settings.

© 2009 Blackwell Publishing Ltd, Immunology, 128, 58-68
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