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Differential production of cytokines, reactive oxygen and nitrogen by bovine
macrophages and dendritic cells stimulated with Toll-like receptor agonists
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SUMMARY

Toll-like receptors (TLR) have been described as partially sharing signalling pathways but
showing unique ligand specificity and tissue distribution. Here, the response of bovine
macrophages (M) and dendritic cells (DC), both derived from monocytes, was compared
by exposing them to the TLR-specific ligands lipopolysaccharide, poly(I:C)-double-stranded
RNA, and CpG-DNA, as well as inactivated Gram-negative and Gram-positive bacteria,
shown to bind to TLR. The production of NO, superoxide anion, interleukin-10 (IL-10), IL-12
and tumour necrosis factor (TNF) was determined. Compared to monocytes, Md expressed
more TLR2 and similar levels of TLR4 mRNA transcripts, as analysed by quantitative
polymerase chain reaction, whereas DC expressed reduced amounts. Although both DC and
M recognized the TLR ligands, dramatic differences were seen in their reaction pattern to
them. Both cell types responded with the production of TNF, but DC produced more IL-12,
whereas M¢b produced more IL-10, regardless of the TLR agonist used. Co-stimulation with
interferon-y influenced the amount of cytokine production, but did not alter the cell type-
specific response pattern. Compared to Md, DC produced > 10 times less NO upon triggering
with TLR ligands. In addition, DC produced superoxide anion to opsonized and non-
opsonized zymosan, but not to phorbol 12-myristate 13-acetate, a response pattern confirmed
for human M¢ and DC, respectively. Different protein kinase C isoforms and extracellular
signal-regulated kinase patterns were detected in cell lysates of resting and stimulated Md
and DC. Collectively, our results point to profound differences in pathogen-derived signal-
response coupling occurring commensurate with distinct functions carried out by M or DC.

INTRODUCTION

Terminal myeloid differentiation exhibits functional and pheno-
typic heterogeneity. A dynamic and complex pattern of gene
expression influenced by cytokines and cell—cell interactions
direct the differentiation along two major pathways prototypi-
cally represented by macrophages (Md¢) on the one hand and by
dendritic cells (DC) on the other. M¢ and myeloid DC may be
generated in vitro from monocytes exposed to different condi-
tions' with a common set of genes being expressed in their non-
activated stage.? Both cell types belong to the innate immune
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system and are specialized to mediate different functions, e.g.
phagocytosis and secretion of inflammatory modulators/med-
iators in the case of M, and antigen uptake, processing and
presentation to T cells in the case of DC. Whereas, extensive
studies were devoted to the question of how M¢ handle the
pathogens they harbour, much less is known about DC in this
regard.>* It is assumed that both differentiation forms of
monocytoid cells recognize pathogens non-specifically by sen-
sing pathogen-associated molecular patterns (PAMP) with pat-
tern recognition receptors (PRR).

An important family of PRR are Toll-like receptors (TLR).
Mammalian cells may express any of 10 distinct TLR thereby
allowing recognition of, and reaction to a broad range of
PAMP. TLR are constitutively as well as inducibly expressed
in different tissues, and possess a unique specificity for certain
ligands.>® Recent data suggest that the pattern of TLR
expressed by different antigen-presenting cell (APC) subsets
varies.”'® Thus, levels of messenger RNA (mRNA) transcripts
for TLR have been reported to change during the maturation of
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monocytes into M or DC*'! activating a cell-specific set of
genes upon encounter with the same pathogen.”

The differences in gene activation may be the result of either
engagement of a different set of PRR, or to different intracel-
lular signalling pathways being activated in distinct differentia-
tion stages. TLR share some common signalling pathways.
Thus, TLR engagement by means of the intracellular Toll-
interleukin-1 receptor (TIR) domain results in the activation of
NF-kB.'*'? In addition, ligation of TLR stimulates phosphati-
dylinositol 3-kinase'* and protein kinase C (PKC).'*'® Further-
more, the evolutionarily conserved signalling intermediate in
Toll pathway (ESCIT) bridges the common signalling pathway
with the mitogen-activated protein kinase (MAPK) signalling
cascade.'”'® Signalling through one of these pathways strongly
activates Md and DC to up-regulate costimulatory molecules'”
and to produce pro-inflammatory cytokines [tumour necrosis
factor (TNF), interleukin-6 (IL-6) and IL-12],2°72? nitric oxide
(NO)* and recent evidence suggests an involvement of TLR2
and TLR4 signalling in the production of reactive oxygen
intermediates (ROI).24%

Few direct functional comparisons between monocyte-
derived DC and Md exist, and none for the bovine system.
In the present study, expression of TLR2 and TLR4 transcripts
was compared between bovine monocytes, monocyte-derived
M¢ and monocyte-derived DC. In addition, M¢$ and DC were
assessed with regard to effector functions induced by prototypic
bacteria and by established TLR ligands. It is concluded

(1) that members of the TLR family are differentially expressed
by monocyte-derived Md and DC, and, of particular
interest,

(2) that TLR ligands induce distinct signals in these two forms
of terminally differentiated monocytes, leading to

(3) a different response to the same ligand.

The differences observed are consistent with M¢ primarily
responding to bacteria-derived PAMP by expressing anti-micro-
bial defence-related effector functions whereas these functions
are down-regulated in DC and possibly compensated by other
host defence mechanisms. The exact signalling pathways result-
ing in differential effector function activation remain to be
elucidated.

MATERIALS AND METHODS

Animals and cell culture

Peripheral blood was collected from Swiss Brown cattle.
Bovine peripheral blood mononuclear cells (PBMC) isolated
by an adapted Ficoll-metrizoate procedure were used either for
flow cytometry, or for the generation of monocyte-derived
Md.?® For generation of Md, PBMC were sealed in Teflon
bags (1020 ml, 4 x 10® PBMC/ml) as described previously®®
and cultured for 6-8 days at 37° in a humidified atmosphere of
5% CO,. The medium was RPMI-1640 containing 10 mM
HEPES (pH 7-4), 100 IU/ml penicillin, 100 pg/ml streptomy-
cin, 1% v/v non-essential amino acids for minimal essential
medium (MEM; Invitrogen, Basel, Switzerland), 0-4% v/v
vitamin solution for MEM (Invitrogen), 2 uM glutamine (Invi-
trogen), 40 pg/ml folic acid, 1 mM sodium pyruvate (Invitro-
gen), 2-5 uM amphotericin B (Invitrogen) and 15% heat-

inactivated fetal calf serum (FCS; Invitrogen). This medium
will be referred to as MéM. During this time, monocytes had
matured to non-activated M¢, which optimally responded to
lipopolysaccharide (LPS) and Gram-negative organisms by NO
generation and TNF production.?® From the cell mixture of
variable composition, M¢ were purified by selective adherence
to microtitre plate wells for 3 hr. After washing, the level of
T-cell contamination was estimated to be 1-2%, based on
immunocytochemical analysis (unpublished observation), with
a viability >98%.

For the generation of bovine monocyte-derived DC, PBMC
were also derived as described above, and DC were generated
from PBMC as described elsewhere®’ but with minor modi-
fications. PBMC were incubated with a monoclonal antibody
to the bovine CD14 molecule?® followed by goat anti-
mouse immunoglobulin G1 (IgG1)-coated super-paramagnetic
particles (Miltenyi-Biotech, Bergisch Gladbach, Germany),
and labelled cells were isolated from a MidiMacs column
(Miltenyi-Biotech) according to the manufacturer’s instruc-
tions. The purity of the cells was evaluated by flow cytometry
and shown in each case to be >98%. Cell viability was >98%.
Monocytes were adjusted to 1 x 10%/ml in RPMI-1640 medium
containing Glutamax-I (Invitrogen), 10% heat-inactivated FCS,
5 x 107> M 2-mercaptoethanol, penicillin (100 IU/ml), strepto-
mycin (100 pwg/ml), recombinant bovine (rbo) IL-4 (33 ng/ml
human IL-4 equivalents) expressed in Trypanosoma bruzei®®
and rbogranulocyte-macrophage colony-stimulating factor
(GM-CSF; 50 ng/ml).** After 5-7 days of culture, DC were
harvested, washed, and resuspended in RPMI-1640 medium
containing FCS (10%) and 2-mercaptoethanol. At this time, the
above cells had acquired the morphology and surface phenotype
of bovine monocyte-derived DC described previously.>” They
had down-regulated CD14, completely lacked expression of T-
cell and B-cell markers, but had a more heterogeneous expres-
sion of major histocompatibility complex class II molecules.

Human monocyte-derived DC were generated essentially as
described for bovine DC. In brief, PBMC were isolated from
human buffy coats, followed by monocyte isolation using the
above-described magnetic bead method. Culture condition and
time were as described.?’

TLR ligands and bacterial stimuli

The CpG oligode-oxynucleotide (ODN) 2059 (TCGTCGTT-
TTGTCGTTTGTCGTT; termed boCpG) and m2059 with
methylated cysteines (TQGTQGTTTTGTQGTTTGTQGTTC;
termed coCpG) were used to stimulate bovine M¢ and DC, or as
control, respectively (TIB MOLBIOL, Berlin, Germany). These
CpG ODN have been shown to induce a species-specific
activation in bovine B cells and mononuclear phagocytes®'
and were used at a final concentration of 5 pwg/ml. Poly(I:C)
double-stranded (ds) RNA (Sigma, Buchs, Switzerland) was
used at a final concentration of 100 pwg/ml. LPS (Escherichia
coli O55:B5 Sigma L.2637) was obtained from Sigma. The
bacterial strains Listeria monocytogenes (NCTC 10,527)
and Salmonella dublin (NZL 24-90) were kindly provided
by DrJ. Nicolet (Institute of Veterinary Bacteriology, University
of Berne, Switzerland). Bacteria were heat-inactivated (60°,
120 min), washed three times in phosphate-buffered saline
(PBS) and stored frozen. They were used at a final concentra-
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tion of 20 pg and 2 g wet weight per ml, respectively. All
substances except LPS and S. dublin were tested in the
concentrations used orina 1 : 10 dilution (CpG) for contamina-
tion with endotoxin, using a turbidimetric kinetic Limulus amoe-
bocyte lysate assay with a detection limit of 0-01 EU/ml. The
latter was performed by the quality control division of the
University Hospital (Inselspital) Bern, Switzerland, and none
of the reagents contained detectable amounts of endotoxin.

Stimulation of cells

TLR ligands and bacteria were added with or without rbo
interferon-y (rbolFN-v, 10 U/ml; kindly provided by Novartis,
Basel, Switzerland) and cells were cultured in a total volume of
200 wl in microtitre plates. For nitrite and cytokine determina-
tion, cells were cultured for 24 hr, and supernatants were
harvested and either analysed directly (nitrite analysis) or stored
at —20° until assayed.

Analysis of bovine cytokines

Capture enzyme-linked immunosorbent assay (ELISA) for
bovine cytokines (IL-12, IL-10 and TNF) were performed as
described mcently,3 233 using black 96-well microtitre plates
(Microplate 96-well; Porvair, Shepperton, UK) and the Super
Signal ELISA femto maximum sensitivity substrate (Pierce,
Oxnard, CA). The relative light unit values were read by an
Anthos LUCY 1-0 luminometer (Anthos Labtec, Salzburg,
Austria).

Determination of NO

NO synthesis was determined by nitrite accumulation in the
medium using the Griess reaction.>* Briefly, 50 wl of M or DC
culture supernatants was transferred to wells of new 96-well
flat-bottom plates. Fifty microlitres of 1% w/v sulphanilamide
(Sigma) and 0-1% w/v naphthylethylenediamine dihydrochlor-
ide (Sigma) in 2-5% H;PO, was added to the supernatants and
the absorbance at 540 nm was compared to a NaNO, standard
curve. Preliminary studies demonstrated that NO, measure-
ment by the Griess reaction was optimal after the cells were
cultured with the appropriate stimulus for 24 hr, and that the
majority of NO is converted into nitrite rather than nitrate under
the present culture conditions.

Measurement of superoxide anion

The oxidative burst was determined in cells using lucigenin-
enhanced chemiluminescence (LCL) as described.? Briefly,
cells were adjusted to 4 x 10% cells/ml in Hanks’ balanced salt
solution containing divalent cations (HBSS?"), and 250 wl of
this cell suspension was transferred to polystyrene tubes
(11 x 47 mm, Berthold Technologies, Wildbad, Germany)
and incubated with 50 uM lucigenin (Sigma, St Louis, MO)
at 37° for 45 min in the dark. Thereafter, LCL was measured
following the addition of the various stimuli, using a LB 950
luminometer (Berthold Technologies) at time-points up to
80 min All samples were measured at least in duplicate and
LCL is expressed as counts per minute over time. Test stimuli
consisted of TLR agonists, and 4 x 10~7 M phorbol 12-myri-
state 13-acetate (PMA) or 50 pwg/ml zymosan (both Sigma)
were used as controls. Zymosan was boiled in distilled water,
followed by opsonization with fresh undiluted bovine serum for
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30 min at 37°, or left untreated, and was fresh-frozen. All
substances were thawed immediately prior to use and diluted
when necessary in HBSS>*. The specificity of the LCL reaction
for superoxide anion was verified by adding superoxide dis-
mutase (SOD, Sigma) at a concentration of 100 U/ml.

Western blot analysis of PKC and extracellular
signal-regulated kinase (ERK) in whole cell lysate

Whole cell lysates from M and DC were incubated for 30 min
with or without PMA (5 x 1077 M) or zymosan (50 pg/ml).
Cells were harvested, counted, and washed once with ice cold
PBS (300 g, 10 min, 4°), transferred to an Eppendorf tube and
pelleted (2000 g, 10 min, 4°). Cell pellets (5 x 10°) were lysed
in 100 pl of lysis buffer (M-PERM Mammalian Protein Extrac-
tion Reagent from Pierce, Oxnard, CA) supplemented with
50 mM sodium fluoride, 1 mM sodium vanadate, 0-5 mM phe-
nylmethylsulphonyl fluoride, 10 pg/ml aprotinin and 10 pg/ml
leupeptin (all reagents from Roche Diagnostics, Rotkreuz,
Switzerland). The cell material was sonicated for 15 seconds
on ice, allowed to sit for 20 min, and then centrifuged at
15 000 g for 10 min The supernatant was removed and boiled
for 3 min with 5x Laemmli buffer. After measuring the protein
content, 20 pg of each sample was loaded onto a 10% sodium
dodecyl sulphate—polyacrylamide gel for electrophoresis, and
run at 100 V for 1-5 hr in a MiniProtean chamber (Bio-Rad,
Reinach, Switzerland). Cell proteins were blotted onto nitro-
cellulose (enhanced chemiluminescence; Amersham, Arlington
Heights, IL) at 40 V for 4 hr. The nitrocellulose was blocked
with 5% milk powder in PBS with 0-05% Tween-20 (TPBS)
overnight, washed, and incubated for 2 hr at room temperature
with the primary antibody. These included rabbit antibodies to
PKC isoforms «, B, v, 9, €, M, & (Panvera, Madison, IL; diluted
1 : 100 in TPBS), rabbit antibody to phosphorylated PKC
(Sigma; diluted 1 : 2000 in TPBS), monoclonal antibodies to
ERK1, ERK2 (Santa Cruz Biotechnology, Heidelberg, Ger-
many, diluted 1:500 in TPBS), phosphorylated-ERK (p-
ERK; Sigma; diluted 1: 10000 in TPBS), and to [-actin
(Sigma, diluted 1 : 3000 in TPBS). Blots were washed five
times with TPBS and incubated for 1 hr with horseradish
peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG anti-
body, respectively (Amersham, diluted 1 : 3000 in TPBS).
Immunoreactive bands were developed using a chemilumines-
cent substrate (ECL; Amersham). Antibody specificity was
verified by running recombinant PKC isoform proteins (Oxford
Biomedical Research, Michigan, IL) on each gel.

Reverse transcription-polymerase chain reaction (RT-PCR)
and real-time PCR for bovine TLR

Plasmids encoding the full-length products for boTLR2,
boTLR4, boTLR9 and the partial sequence for boTLR3, either
recently cloned by our group or available in GenBank (Accession
numbers AF368419, AY124007, AF310952 and AJ509825,
respectively), were used as positive controls. The relative
amount of TLR transcribed by M¢ and DC was assessed using
the TagMan™ real-time PCR technology as described
recently.® Briefly, total RNA was extracted from lysed cells
using the RNeasy mini kit (Qiagen) and treated with RNase-free
DNase I (Amersham Pharmacia Biotech, Uppsala, Sweden)
to remove contaminating genomic DNA. The cDNA was
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Table 1. Primers for RT-PCR

TLR2: forward: ggcteteecttetgaatge
reverse: ctaggaccttattgcagctctc
TLR3: forward: ctccccaatggaggaagaag
reverse: cctettcgcaaacagagtge
TLR4: forward: gcecagacagcatttcacte
reverse: gecaccecaggaataaagtc
TLRO: forward: tccaagtgetecgacctgagt
reverse: caggttgttccgtgacaggt

synthesized using a first-strand cDNA synthesis kit from Pro-
mega (Wallisellen, Switzerland) in a reaction volume of 30 wl
on a Gene AMP PCR System 9600 Thermal Cycler (Applied
Biosystems, Foster City, CA). The primers and TagMan probes
were designed as described®” using the PRIMER EXPRESS soft-
ware (Applied Biosystems). TagMan PCR for the 18s ribosomal
RNA control (Applied Biosystems) and bovine TLR were run as
multiplex PCR in the same well and calculated using the
comparative Ct method (User Manual 2, Applied Biosystems).
The PCR reactions contained 300 nM of each primer, 200 nM of
the TagMan probe and commercially available PCR mastermix
(TagMan Universal PCR Mastermix, Applied Biosystems),
1-25 wl of the 18s control, and 2-5 pl of the diluted cDNA
sample in a total volume of 25 wl. The samples were placed
in 96-well plates and amplified in an automated fluorimeter
(ABI Prism 7700 Sequence Detection System, Applied Bio-
systems). Amplification conditions were 2 min at 50°, 10 min
at 95°, 40 cycles of 15 s at 95°, and 60 s at 60°. The primer
pairs finally used for RT-PCR and TagMan PCR are listed in
Tables 1 and 2.
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Table 2. Primers for quantitative PCR (probes labelled 5’ FAM,

3’ TAMRA)

TLR2: forward: acgacgccttcgtgtectac
reverse: getectggaccatgaggttte
probe: cgagcgggattcetactgggteg

TLR4: forward: tggaggacatgccagtgct
reverse: caccgacacactgatgatcgt
probe: agtttcaggaacgccacttgtcagetg

Statistical analysis

All experiments were performed at least three times, and
duplicate or triplicate samples were analysed in each experi-
ment. Data are expressed as mean £SD and are presented either
as means obtained from three to five animals, or as results of a
representative experiment.

RESULTS

Differential expression of TLR2 and TLR4 mRNA by
bovine M¢ and DC

The presence of transcripts of TLR2, TLR3, TLR4, and TLR9
was determined by RT-PCR and real-time PCR in bovine
monocytes, M and DC. Highly purified or homogeneous cell
populations were used for this purpose. Transcripts for TLR2
and TLR4, but not TLR3 and TLR9Y, could be detected in Mdb
and DC (Fig. 1a), and this expression was not influenced by the
presence of rbolFN-y. However, the amount of transcript varied
between the three cell types tested. Using freshly isolated

(b} . Mih
- mL
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01 1 10 100
n-fold differences in TLR2 mRNA expression

01 1 10
n-fold differences in TLR4 mANA expression

Figure 1. TLR2 and TLR4 mRNA expression in bovine M and DC. The mRNA was extracted from 10° cells, and TLR expression
was determined. (a) RT-PCR using primers specific for TLR2 and TLR4 in the absence (w/o) or presence (w) of rbolFN-vy;
representative data from one animal are shown. (b) Real-time RT-PCR using primers and probes specific for TLR2 and TLR4 (n-fold
differences as compared to freshly isolated monocytes, normalized to 18 seconds). Data from experiments with cells from five different

individual donor animals are summarized.
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Figure 2. Production of nitric oxide by M¢ and DC exposed to TLR
ligands. Purified bovine M¢ or DC were exposed to various TLR ligands
or whole bacteria, either alone or with 100 U of rbolFN-y per ml
(pattern bars). Cells treated with medium served as negative controls.
NO, ™ levels were determined by the Griess assay. The results are
presented as the mean NO concentrations for triplicate cultures and
1 SD, and show representative data from one animal. S.d. = S. dublin;
L.m. = L. monocytogenes.

monocytes as reference values, M¢ expressed eight times more
TLR2 (Fig. 1b) and 1-5 times more TLR4 transcripts (Fig. 1c)
on average than monocytes. In contrast, DC expressed lower
amounts of TLR2 and TLR4 transcripts than monocytes
(Fig. 1b,c).

DC differ from M in their ability to produce NO

It has been shown for murine M¢ that TLR triggering results in
NF-kB activation, which in combination with IFN-vy led to
induction/up-regulation of inducible nitric oxide synthase
(iNOS), the major NO-generating enzyme of Md.>® Important
differences were noted between human and murine mononuc-
lear phagocytes. For example, resting murine M¢ or M-like
cell lines produce more NO than maximally activated human
counterparts.>”*® In addition, varying results on murine DC
exist’”*® and bovine M and DC were previously analysed by
PCR only.*! Bovine M and DC were exposed to various TLR
agonists and to control stimuli with or without costimulation by
rbolFN-v, and their ability to mount a NO response was
determined, using the Griess assay 24 hr later. M¢ reacted to
most stimuli used with the generation of NO as evidenced by
nitrite accumulation in the medium (Fig. 2), and this response
was up-regulated by priming M¢ with rbolFN-y when LPS, L.
monocytogenes and the CpG motif were used as stimuli (Fig. 2).
In contrast, stimulation of DC did not lead to the production of
nitrite exceeding 3 wM, regardless of the stimuli and the pre-
sence or absence of rbolFN-vy (Fig. 2, insert). Even when using
the strongest trigger combination for M¢, a combination of
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heat-killed L. monocytogenes and rbolFN-y, DC produced, on
average, as little as 2 M nitrite.

Differential cytokine induction in M¢ and DC

To compare whether bovine DC respond to the TLR ligands
used with the release of cytokines, IL-10, IL-12 and TNF were
measured in supernatants of bovine M¢ and DC stimulated with
a variety of TLR ligands. M¢ and DC were incubated with TLR
ligands in the absence or presence of rbolFN-vy as described for
the NO assay. After 24 hr incubation, supernatants were har-
vested and analysed for cytokine content by ELISA. As shown
in Fig. 3(a), M, and to a lesser extent, DC, released IL-10 into
the supernatant in response to LPS, L. monocytogenes, S. dublin
and poly(I:C). In contrast, the CpG motif did not induce the
release of IL-10 from either cell type. In all instances, the
addition of rbolFN-vy to the cultures diminished the release of
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Figure 3. Cytokine production by M¢ and DC exposed to TLR ligands.
Purified bovine M or DC were exposed to various TLR ligands or
whole bacteria for 24 hr, either alone or with 100 U of rboIFN-y per ml
(pattern bars). IL-10, IL-12 and TNF were measured in the supernatant
by ELISA. Samples were analysed in triplicates, and mean values of
three different experiments are shown (means + SD). S.d. = S. dublin;
L.m. = L. monocytogenes.
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IL-10, regardless of the stimuli or the cell-type used. DC
released measurable amounts of IL-12 into the supernatant.
Similarly stimulated M produced little, if any, IL-12. M¢ that
had been costimulated with rbolFN-y showed a significant
amount of IL-12 (Fig. 3b), and costimulation of DC with
IFN-vy also up-regulated IL-12 production (Fig. 3b). All TLR
ligands induced a TNF response in DC (Fig. 3c); likewise, all
TLR ligands induced a TNF response in M, with the possible
exception of bovine CpG-stimulated cells. This response was
consistently higher in rbolFN-vy costimulated cells (Fig. 3c).

DC differ from Md in their ability to produce
superoxide anion

Triggering of an oxidative burst by bacterial lipopeptide and
LPS is mediated by TLR2 and TLR4, respectively, in other
species.”>*? As TLR ligands or whole bacteria have not been
used to determine an oxidative burst in the bovine system,
bovine M¢ and DC were exposed to LPS, non-opsonized and
opsonized zymosan, and PMA, and the resulting superoxide
generation was analysed by LCL. Typically, the LCL response
rapidly increased within the first 10 min (for LPS) or 30 min
after the addition of PMA and zymosan in M, and declined
thereafter to little more than baseline levels about 60 min after
stimulation (Fig. 4a). However, M¢ did not respond with a LCL
response to L. monocytogenes and S. dublin (data not shown). In
contrast, bovine DC reacted with a LCL response to opsonized
zymosan and non-opsonized zymosan (data not shown) exclu-
sively, and failed to react to LPS or PMA, the latter being one of
the strongest LCL inducers in many cell types including mono-
cytes and M (Fig. 4b,c). To confirm that LCL reactions seen in
both zymosan-exposed M and DC monitored for superoxide
anion generation, both cell types were stimulated with opso-
nized zymosan, and LCL was measured in the presence or
absence of the superoxide anion scavenger, superoxide dismu-
tase (SOD). In both cases, SOD completely abolished zymosan-
induced LCL (Fig. 4a,b).

As it is suggested that murine DC are able to elicit an
oxidative burst* the ability of human Md¢ and DC to react
by a LCL signal to the same stimuli was determined. Our
findings paralleled those made with bovine cells, i.e. human
DC strongly reacted to opsonized zymosan, but failed to react to
PMA (Fig. 5b), whereas human M reacted to both (Fig. 5a).

Mdo and DC differentially express PKC isoforms

Several reports showed that PKC is not only involved in
activation of gene transcription after TLR ligation'>'® but also

Figure 4. Generation of superoxide anion by bovine M¢ and DC
exposed to PMA, zymosan and LPS. Lucigenin-enhanced chemilumi-
nescence (LCL) activity of M¢ (a) and DC (b) was analysed by
incubating cells with 50 wM lucigenin in the dark before adding
5 x 107" M PMA, 50 pg/ml non-opsonized zymosan or zymosan
opsonized with bovine serum, or LPS. (c) (E. coli O55:B5 1 pg/ml).
All samples were measured in duplicate and LCL is expressed as counts
per minute (c.p.m.) over time. The specificity of the LCL reaction was
tested by adding superoxide dismutase (SOD; 100 U/ml). Representa-
tive data obtained from the same donor are shown in (a) and (b).
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Figure 5. Generation of superoxide anion by human M¢ and DC
exposed to PMA and zymosan. Lucigenin-enhanced chemilumines-
cence (LCL) activity of M (a) and DC (b) analysed by incubating
cells with 50 wM lucigenin in the dark before adding 5 x 107 MPMA,
50 pg/ml opsonized zymosan. All samples were measured in duplicates
and LCL is expressed as counts per minute (c.p.m.) over time. Speci-
ficity of LCL reaction was tested by adding superoxide dismutase
(100 U/ml).

plays an important part in the induction of an oxidative burst by
PMA and zymosan.** Our previous results pointed to differ-
ences in the signalling cascade leading to activation of
NAD(P)H-dependent oxidase. As a first step, the presence or
absence of different PKC isoforms was analysed by immuno-
blotting using cellular extracts of M¢ and DC stimulated with
PMA (LCL inducer in M only) and zymosan (LCL inducer in
both cell types tested). To determine the relative amounts of
PKC isoforms in M and DC, both cell types were isolated from
the same donors and analysed for the presence of various PKC
isoforms. Initially, the Ca>™-dependent isoforms PKCa, -B1,
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-B2 and -y were assessed. PKCa was present in DC and could
not be detected in cellular extracts of M (Fig. 6a). PKCB1, -B2
and -y were not detected in either M¢ or DC although the
antibodies used reacted strongly, at least in the case of PKC1
and -y, with the recombinant protein. Subsequently, the Ca>*-
independent isoforms (novel and atypical) PKCS9, -¢, -1 and -{
were determined. PKC8 was detected in cellular extracts of
stimulated DC, but not in extracts of unstimulated DC or M.
PKCe, -1 and -{ were present in M¢ and DC, with a tendency of
PKCn to be present at a greater amount in cellular extracts of
stimulated M. As stimulation of PKC isoforms might subse-
quently lead to the stimulation of the MAPK pathway, we
analysed whether stimulation of M¢ and DC exposed to either
PMA or zymosan may lead to differences in ERK1 and ERK2
activation. Both kinases were detected in cellular extracts of M¢
and DC, regardless of whether cells had been stimulated or left
untreated. However, cellular extracts of M¢ displayed a dif-
ferent banding pattern of ERK1 compared to DC (Fig. 6b). In
addition, only cellular extracts of M¢ stimulated with PMA and
zymosan reacted with the antibody to p-ERK (Fig. 6¢), whereas
no conclusive result could be obtained using the p-PKC anti-
body.

DISCUSSION

Mo and DC express TLR, allowing a broad range of pathogens
or their constituents to be recognized. Although the signalling
pathways of TLR have been extensively studied” it is not known
whether M¢ and DC react differently to pathogens. Here, we
addressed this issue in the bovine system by exploiting the
ability to generate and compare cells derived from the same
donor. We investigated whether the two cell types react differ-
entially to established TLR ligands and to whole heat-killed
bacteria known to be TLR agonists. As such a difference was
observed, it was addressed whether this could be explained by
differential TLR expression, or rather by differences in post-
receptor-binding events, such as availability of certain signal-
ling molecules. We show that upon triggering by the same set of
TLR agonists, M¢ primarily produce IL-10, whereas DC
produce primarily IL-12; that Md¢ produce 10 times more
NO regardless of the stimuli used; and that DC may produce
superoxide anion in principle, but fail to react to LPS and PMA.
Our data are consistent with the view that monocyte-derived
Mdo and DC have a distinct response pattern upon engagement
of PRR, most probably TLR.

Both Md and DC expressed substantial amounts of TLR2
and TLR4 mRNA transcripts, but the levels of expression
decreased markedly during differentiation into DC, as described
for TLR-agonist-matured DC.’ In contrast, we were not able to
detect transcripts for TLR3 and TLR9. Whereas the lack of
mRNA transcripts for TLRY is in accordance with other reports
on TLRY expression in myeloid DC,* the lack of TLR3
transcripts may be because of either a lack in sensitivity of
the PCR reaction or maturation processes leading to the down-
regulation of TLR3.”"" Interestingly, both M¢ and DC still
reacted to TLR3 and TLR9 ligands, mainly in the presence of
IFN-vy, suggesting that other pathways of stimulation may
account for the observed production of NO and cytokines.
Internalized poly(I:C) could lead to the activation of protein
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Figure 6. Presence of PKC isoforms, ERK1, ERK2 and p-ERK in cellular extracts of M¢ and DC exposed to PMA and zymosan. Cell
proteins were extracted from whole cells treated for 30 min at 37° with PMA or opsonized zymosan (0z), or left untreated and analysed
for the presence of PKC isoforms as well as ERK1, ERK2 and p-ERK by Western blotting. (a) Presence of different PKC isoforms in
Mo compared to DC. (b) Presence of ERK1, ERK2, proteins in whole cell protein extracts from Md or DC incubated with PMA,
zymosan, or left untreated. (c) p-ERK detected in whole cell protein extracts from unstimulated and stimulated M or DC. A
representative set of data of three independent experiments (two for p-ERK) is shown.

kinase R or IFN-response factor 14*” subsequently leading to
the production of NO and cytokines. Murine monocytes, Md
and DC have been described as being directly activated by CpG-
ODN, whereas the corresponding human cells lack TLR9
expression and are not activated by CpG-ODN.***° However,
human monocytes have been described to react to CpG-ODN>°
but only in the presence of either PBMC>' or plasmacytoid DC
via cytokines secreted by these cells.'” Thus, one possible
explanation for the reaction of bovine M¢ and DC in the
present study might be that the cultures contained a small
percentage of PBMC or plasmacytoid DC-like cells, subse-
quently leading to the production of NO by bovine M¢ and DC.

Since high-quality antibodies are still not available for TLR,
and are completely lacking for the bovine system, reports rely
on mRNA expression profiles, and thus data obtained have to be
interpreted with caution. However, a reduction of surface-
expressed CD14, and a reduction in the amount of TLR2 and
TLR4 mRNA transcripts point to decreased sensitivity of DC to
bacteria-derived PAMP when compared with macrophages. On
the other hand, it was earlier shown that bacterial PAMP-
induced NO synthesis is a differentiation-dependent trait asso-
ciated with the maturation of bovine monocytes to Md.?
Nevertheless, the observation that regardless of TLR specificity,
distinct effector functions were preferentially observed in M
or DC is difficult to explain with a general modulation of TLR
expression and points to cell-differentiation stage-dependent
expression of signalling pathways. This is not without precedent
as myeloid DC and plasmacytoid DC were shown to react
differentially to a TLR7 agonist.>>

Remarkable species variability exists for the ability of APC
to express iNOS and synthesize NO. At least in vitro, maximally

activated human M produce less NO than unstimulated murine
counterparts.>®>* Cultured bovine M¢ and Md in vivo may be
induced to synthesize at least 10-fold higher amounts of NO
than counterparts from small ruminants.>* Furthermore, at least
some murine DC were reported to synthesize NO in similar
amounts as murine M¢>® whereas human DC neither expressed
iNOS nor produced high amounts of NO.>>> Here, we provide
evidence that bovine monocyte-derived Mo, but not bovine
monocyte-derived DC, produced high amounts of NO in
response to TLR ligation. Whereas the involvement of an
autocrine IFN-B loop, as shown for the murine system,?>8
is not known in the bovine system, a clear up-regulation of NO
synthesis by IFN-y was shown for the putative TLR2 ligand,
heat-killed L. monocytogenes®® and the TLRY ligand, bovine
CpG.”!

We also observed differences between the APC types studied
in their cytokine response to TLR ligands or whole heat-killed
bacteria. Bovine M¢ and DC released similar amounts of TNF
into the supernatant in response to nearly all TLR ligands tested,
similar to observations in other species.®*S! In accordance with
the finding that the main source of 1L-12 in vivo are DC but not
M¢5%%? we found considerably higher concentrations in super-
natants of TLR agonist-exposed DC than M, particularly when
costimulated with IFN-y (Fig. 3b). In contrast, bovine Md
produced high levels of IL-10 but little IL-12. This essentially
proved that DC are able to react to TLR ligands, and points to
post-recognition deficiencies when effector functions other than
TNF production were studied. This difference between M¢ and
DC in their response to bacterial triggers may be a differentia-
tion-dependent process.®* IL-4, one of the factors used in DC
differentiation, is known to down-regulate bacterially triggered
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NO synthesis by bovine M¢.%> This down-regulation may be
required for an optimal IL-12 signal elicited in DC (this paper),
as NO was shown to curtail an IL-12 response.°® Thus, the
inhibition of IL-12 production, but not TNF, in Md may be the
result of the NO production®® whereas bovine and human DC,
lacking iNOS and NO production,”>%’ are not affected.

Murine DC responded to opsonized and non-opsonized
zymosan with an oxidative burst*’ whereas human DC were
not capable of eliciting an oxidative burst to PMA.%" The
conflict whether or not DC are able to elicit an oxidative burst
can now easily be solved in the light of our data. In the present
study, both bovine and human DC failed to react to PMA with an
oxidative burst, thus confirming data published by other
groups.’”®®  Similarly, murine bone marrow-derived DC
responded to opsonized and non-opsonized zymosan, but not
to PMA with an LCL signal (Jungi, unpublished observation).
This inability may depend on the presence of IL-4, leading to
the absence of cytochrome bssg subunits.®® However, DC of
both species show a strong oxidative burst response to non-
opsonized and opsonized zymosan, similar to that described for
murine DC.** This suggests that zymosan acts via a mechanism
that is different from that of PMA. This mechanism does not
involve Fc receptors, as the reaction was independent of opso-
nization. Although pathogens have been shown to enter DC, and
even induce a weak oxidative burst® there is as yet no example
of a pathogen shown to be eliminated by DC by the ROI
pathway. Thus, it may be concluded that DC possess the cellular
machinery to generate ROIL, but this is activated in a far more
restricted manner than in M.

Engagement of TLR results in downstream activation of
ECSIT'® bridging TNF receptor-associated factor 6 (TRAF6)
with the activation of the MAPK signalling cascade. This results
in activation of NF-kB and AP-1 via c-jun N-terminal kinase,
p38 and ERK'? subsequently leading to the production of
cytokines and the generation of ROL>"® As both M¢ and
DC express similar subsets of TLR, fine-tuning of the inflam-
matory response to a pathogen at the intracellular signalling
level appears to play an important role in the generation of
pathogen-specific responses.

Superoxide anion production depends, at least partially, on
the activation of PKC which contributes to the activation of the
NADPH-dependent oxidase. This enzyme is activated in human
and murine monocytes and M¢ with PMA and the TLR2/TLR6
heterodimer ligand zymosan.”'~”* Furthermore, differentiation
towards Md was reported to require sustained PKC activation in
different systems.”*”’® Therefore, the observed changes in the
PKC isoform profile seen in protein extracts of bovine Md and
DC could represent maturation-dependent differences that lead
to an altered function of the cells. In addition, phosporylated
ERK was detected only in M, but not in DC. Activation of
PKC isoforms stimulates the ERK pathway that is also involved
in the activation of the NADPH oxidase.””"”® Thus, our observa-
tion is in-line with others showing that some TLR agonists, such
as LPS and CpG-ODN, activate ERK in M, but not in DC. This
pathway was reported to induce the up-regulation of TNF
production, but the down-regulation of IL-12 production.”
Thus, we suggest that the differential induction of cytokines
and possibly iNOS by TLR agonists as seen in the present study
is the result of differential intracellular signalling pathways
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expressed in the respective cells. It remains to be seen which
differentiation-stage-specific molecules restrict the response of
DC to stimuli of reactive oxygen generation.

We are aware of several limitations in this type of experi-
ment. Firstly, because of a lack of blocking antibodies, studies
of TLR triggering currently rest on the use of established
ligands for a single TLR. The pathogens used could engage
more than one PRR, including PRR other than TLR. For
example, co-receptors such as dectin-1 were shown to be
necessary for reactive oxygen generation.®® Evidence has been
provided that zymosan interacts with heterodimers of TLR2 and
TLR6, and possibly dectin-17"%" and heat-killed L. monocyto-
genes selectively interacts with TLR2.%® The TLR agonists used
in this study encompassed highly purified poly(I:C), chromato-
graphically pure CpG and highly purified LPS shown to be
TLR4-dependent in a C3H/He] M¢ system (Remer and Jungi,
unpublished), and the presence of contaminating endotoxin was
thoroughly ruled out in the non-LPS samples. The second
restriction concerns the cells investigated. Given the versatility
of the monocytoid cell system, M¢ and DC generated in vitro
have to be regarded as prototypes of two differentiation forms,
but the in vivo correlate of these cells is not yet clear and has not
yet been identified in the bovine system. Whereas the signal
promoting monocyte differentiation towards Md¢ is still con-
troversial,>®? the differentiation of DC is governed by IL-4 and
GM-CSFE.

In summary, our comparison of the ability of bovine M¢ and
DC to express TLR and to respond to a variety of TLR ligands
suggests that these two monocyte-derived cell types show
differences in the level of expression of TLR, particularly of
TLR2. These two cell types also differ in the expression of
CD14, the binding site for a variety of ligands of bacterial
origin. Moreover, beyond receptor expression, these two cell
types respond to putative TLR agonists in a distinct and
differentiation-stage-specific manner suggesting that post-
receptor-binding signalling events are distinct. It will be of
interest to study the sites in the respective signalling cascades at
which these two cell types differ.
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