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Abstract
Introduction Sarcoidosis is an inflammatory disease of
unknown etiology. However, an infectious cause has been
proposed suggesting a role for pattern-recognition recep-
tors, such as Toll-like receptors (TLRs) and nucleotide-
binding domain, leucin-rich repeat containing family
proteins (NLRs), in the pathogenesis.
Objective Our aim was to investigate whether differences in
TLR2 and TLR4 expression, and the response to TLR2, TLR4,
and NOD2 stimulation, are associated with sarcoidosis.
Materials and Methods Blood mononuclear cells from
sarcoidosis patients (n=24) and healthy subjects (n=19) were
incubated with the TLR2 ligands PGN and Pam3CSK4, the
TLR4 ligand LPS, the NOD2 ligand MDP, or medium alone.
After 16 h, monocyte TLR2 and TLR4 expression and cyto-
kine secretion, including TNFα, IL-1β, IL-6, IL-8, IL-10,
and IL-12p70, were measured using flow cytometry and
cytometric bead array.

Results TLR2 and TLR4 expression at baseline was
significantly higher in patients. Combined TLR2 and
NOD2 stimulation induced a four-fold higher secretion of
TNFα and a 13-fold higher secretion of IL-1β in patients.
Additionally, there was a synergistic effect of TLR2 with
NOD2 stimulation on induction of IL-1β in patients,
whereas IL-10 was synergistically induced in healthy
subjects.
Conclusion Increased TLR expression and enhanced secre-
tion of pro-inflammatory cytokines after combined TLR2
and NOD2 stimulation may be related to the pathogenesis
of sarcoidosis.
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Introduction

Sarcoidosis is a systemic inflammatory disease, primarily
affecting the lungs. One subset of patients presents with
Löfgren’s syndrome, i.e., erythema nodosum and/or ankle
arthritis, fever, and bilateral hilar lymphadenopathy with or
without lung parenchymal infiltration. These patients have
an acute onset and a good prognosis and usually recover
spontaneously within 2 years, whereas other patients with
an insidious disease onset are at risk of developing
pulmonary fibrosis. Bronchoalveolar lavage (BAL) fluid is
characterized by increased numbers of lymphocytes, in
particular activated CD4+ T cells, and macrophages. Biopsies
from affected organs may reveal the hallmark of sarcoidosis,
namely non-caseating epithelioid cell granulomas. The
etiology is still unknown; nevertheless, epidemiological
studies [1, 2] and findings of DNA from mycobacteria [3]
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and propionibacteria [4] in sarcoidosis tissue and lymph
nodes indicate that sarcoidosis might be caused by an
infection.

Pattern-recognition receptors (PRRs), such as Toll-like
receptors (TLRs) and nucleotide-binding domain, leucin-
rich repeat containing family proteins (NLRs), are key
mediators of innate host defense. TLRs and NLRs are
expressed by antigen presenting cells, e.g. dendritic cells
(DC), macrophages, and monocytes, and upon ligation by
conserved structures of microbes they induce innate
immune responses and, via activation of DCs, influence
adaptive immune responses. Most TLRs are expressed on
cell surfaces, whereas NLRs are intracellular receptors [5].
TLR2 and TLR4 are involved in the recognition of bacterial
cell wall components. TLR2 commonly recognizes molecules
derived from gram-positive bacteria, e.g., peptidoglycan
(PGN) and lipotechoic acid (LTA), whereas TLR4 binds
molecules from gram-negative bacteria, e.g., lipopolysaccha-
ride (LPS). If a bacterium is an agent initiating sarcoidosis,
differences in the expression of, and function of these TLRs,
might contribute to the pathogenesis.

Since sarcoidosis is a granulomatous disease, it is of
particular interest that mutations in another pattern-
recognition receptor, NOD2, has been associated with
some granulomatous disorders, namely Crohn’s disease
[6] and the rare diseases Blau syndrome (BS) [7] and early
onset sarcoidosis (EOS) [8]. In Crohn’s disease, the inflam-
mation is located in the gastrointestinal tract, whereas BS
and EOS both share clinical features with sarcoidosis,
including arthritis, skin rashes and uveitis, but without
pulmonary involvement. The intracellular NOD2 receptor
recognizes a breakdown product of peptidoglycan (PGN),
namely muramyl dipeptide (MDP) [9]. Since MDP is con-
served in PGN of almost all bacteria, NOD2 can be regarded
as a general sensor of most bacteria.

There are several reports that pathogens implicated in
the pathogenesis of sarcoidosis contain ligands for the
above-mentioned receptors. For example, Mycobacterium
tuberculosis contains well-known ligands in particular for
TLR2, but also for TLR4 and NOD2 [10, 11]. Propioni-
bacterium acnes also expresses ligands for these three
receptors [12, 13]. We hypothesized that the expression and
function of TLRs and NLRs may be related to disease
susceptibility, or to the clinical phenotype, e.g. whether a
patient has Löfgren’s syndrome or not.

Monocytes are of importance in sarcoidosis since they
mature into macrophages, making up a large part of the
granulomas. Under the influence of cytokines and/or in the
presence of pathogen products such as MDP they can also
fuse to form the multinucleated giant cells (MGC) that are
characteristic of granulomas, although the precise in vivo
mechanism for this has not been defined. However, it has

been suggested that newly arrived monocytes are important
for MGC formation and that the in vitro fusion capacity of
human monocytes is higher than after maturation to
macrophages [14]. Interestingly, monocytes from sarcoido-
sis patients have been found to be more potent in their
ability to induce MGC formation than monocytes from
healthy controls or patients with other granulomatous
disorders [15].

The aim of this study was to elucidate whether
sarcoidosis patients and healthy subjects, or subgroups of
sarcoidosis patients, differ with regard to their TLR
expression on monocytes in peripheral blood, and whether
there were any differences in the cytokine secretion when
stimulating human mononuclear cells with TLR2, TLR4,
and NOD2 ligands.

Materials and Methods

Subjects

A total of 24 sarcoidosis patients (median age 39 years,
p25–p75=32–57 years), consisting of 14 men and ten
women, participated in this study. They were all consecu-
tive patients referred to the Respiratory Medicine Unit
(Karolinska University Hospital, Stockholm, Sweden) for
investigation. All patients were diagnosed with pulmonary
sarcoidosis as determined by symptoms (such as fatigue,
dyspnea on exertion, and dry coughing), chest radiography,
and pulmonary function tests and the diagnosis was
established using the criteria by the World Association of
Sarcoidosis and other Granulomatous Disorders (WASOG)
[16]. Thus, all patients had either a positive biopsy (showing
non-caseating granuloma), a BAL CD4/CD8 ratio >3.5 or
Löfgren’s syndrome (bilateral hilar lymphadenopathy with or
without parenchymal infiltration, fever, erythema nodosum,
and/or ankle arthritis) [17]. Only one patient was treated with
oral steroids at the time of the study. Sixteen of the patients
were never-smokers, four were ex-smokers and four were
smokers. Clinical and BAL fluid characteristics are given in
Table I. Written informed consent was obtained from all
subjects, and the Regional Ethical Review Board approved
the study. Nineteen healthy subjects (median age 27 years,
p25–p75=27–43 years), consisting of five men and 14
women, were also included in the study; 12 in this group
were never-smokers, seven were ex-smokers, and none were
smokers. Due to limitations in numbers of blood cells, all
patients and controls were not included in all experiments
done. However, which individual was included in what
experiment was randomly chosen. The exact numbers of
patients and controls in each group are indicated in the
figures.
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Blood Samples

Whole blood from sarcoidosis patients and healthy subjects
were collected in heparinized tubes. The blood was drawn
in early morning in both groups. Peripheral blood mono-
nuclear cells (PBMC) were isolated using Ficoll-Hypaque
(Pharmacia, Uppsala, Sweden) density gradient separation,
followed by washing twice in phosphate buffered saline (PBS)

solution. Isolated cells were diluted in PBS and counted in a
Bürker chamber. Cell viability was assessed by counting in
trypan blue. Cells to be used for antibody staining were kept in
cold PBS, cells to be used for in vitro stimulations were
immediately resuspended in complete medium (see below).

In Vitro Stimulation of Mononuclear Cells

Cells were plated at a concentration of 106 cells/ml in
complete medium; RPMI-1640 medium (Sigma-Aldrich,
Irvine, U.K.), supplemented with 1% penicillin streptomycin
(Invitrogen Corporation, Paisley, Scotland), 1% L-glutamine
(Sigma-Aldrich, Irvine, U.K.) and 2% heat-inactivated
human AB serum (Sigma-Aldrich, Schnelldorf, Germany),
in polypropylene tubes for 16 h at 37°C in humidified
atmosphere of 5% CO2 in air. Pattern-recognition receptors
were stimulated with their respective ligands according to
Table II. Synergism between TLR2 and NOD2 pathways
was assessed using a combination of Pam3CSK4 and MDP.
Supernatants were thereafter collected, centrifuged for 10 min
at room temperature followed by a second centrifugation at
4°C, and stored at −20°C until analysis of cytokine concen-
trations. Cells were washed twice in PBS before antibody
staining. The optimal incubation time for detection of the
selected cytokines was determined to be 16 h after testing
cytokine concentrations at the following time points: 4, 14,
16, 18, 20, 22, and 24 h. Optimal ligand concentrations
were also determined after testing a range of concentrations.

Immunofluorescent Staining of Monocytes
and Flow Cytometry

Approximately 5×105 cells diluted in cold PBS were
double-stained with either anti-CD14 and anti-TLR2 (or
isotype control) or with anti-CD14 and anti-TLR4 (or
isotype control), day zero and day one, respectively; see
Table III. After a 20-min incubation, cells were washed
twice in PBS solution followed by re-suspension in cell-
fixation solution (5 ml of 10× buffered fixative containing
less than 10% formaldehyde and 1% sodium azide (BD
Bioscience, Erembodegem, Belgium) diluted in 45 ml of
ultra clean water). Typical forward scatter (FSC) and side

Table II Ligands for In Vitro Stimulation

Receptor Ligand Abbrevation Source Manufacturer* Concentration (μg/ml)

TLR2 Peptidoglycan PGN Staphylococcus aureus A 2
TLR2 N-palmitoyl-(S)-[2,3-bis(palmitoyloxy)-

(2RS)-propyl] (Pam3)/Cys-Ser-Lys 4
Pam3CSK4 Synthetic B 0.5

TLR4 Lipopolysaccharide LPS Escherichia coli A 1
NOD2 Muramyl dipeptide MDP A 2

*A Sigma-Aldrich, Schnelldorf, Germany, B InvivoGen, Toulouse, France

Table I Patient Characterization

Sarcoidosis (n=24)

Sex, male/female 14/10
Age, year 39 (32–57)
Smoker (yes/ex/never) 4/4/16
X-ray stage (0/I/II/III/IV) 1/9/11/2/1
Löfgren’s syndrome 8
HLA-DRB1*03 (+/−/nd) 10/11/3
On oral steroid treatment (yes/no) 1/23

BAL analyses
% Recovery 66 (60–73)
% Viability 95 (93–97)
Cell concentration (*106/L) 170 (107–330)
Total cell number (*106) 25 (17–47)

BAL differential cell counts
% Macrophages 76 (60–82)
% Lymphocytes 22 (15–39)
% Neutrophils 1.3 (0.5–1.8)
% Eosinophils 0 (0–0.6)

CD4/CD8 ratio 6.7 (3.1–10)

Pulmonary function tests
VC 84 (78–93)
FEV1 87 (72–94)
DLCO 89 (79–99)

Data are shown as median (p25–p75)
Values shows % of predicted
nd Not determined
Pulmonary function tests:
VC Vital capacity, % of reference value, FEV1 forced expiratory
volume in one second, DLCO diffusing capacity of the lung for carbon
monoxide

80 J Clin Immunol (2009) 29:78–89



scatter (SSC) in combination with CD14 positive cells was
used in order to gate the monocytes. TLR2 and TLR4
expression was analyzed within the next 24 h using
CellQuest software on a FACSCalibur (BD, Mountain
View, CA, USA). TLR expression was quantified as the
mean fluorescence intensity (MFI) values, after deduction
of the isotype control MFI values.

Quantification of Secreted Cytokines

The Cytometric Bead Array kit (BD Bioscience, Pharmingen,
San Diego, CA, USA) was used to quantify levels of secreted
cytokines in mononuclear cell supernatants. Briefly, these kits
contain micro-particles with six various fluorescence intensi-
ties, each coated with antibodies to a particular cytokine,
allowing simultaneous measurement of several soluble
proteins after labeling with a second, fluorescently labeled
anti-cytokine antibody. The Human Inflammation kit enabled
detection of TNFα, IL-1β, IL-6, IL-8, IL-10, and IL-12p70
protein levels. Assays were performed according to manu-
facturer’s instructions and cytokine secretion was analyzed
using BDCytometric BeadArray software on a FACSCalibur
(BD, Mountain View, CA, USA).

Statistical Analysis

The Mann–Whitney U-test was used for comparison of
receptor expression and protein levels between sarcoidosis
patients and healthy subjects. Wilcoxon’s matched pairs test
was used for within-group comparisons. Investigation of
synergistic induction of cytokines was made by comparing
the sum of the cytokine concentrations after separate TLR2
and NOD2 stimulation, respectively, with the cytokine
concentration after stimulation with a combination of
TLR2 and NOD2 ligands. A p value of <0.05 was con-
sidered as significant. Statistical analyses were performed
with GraphPad PRISM 4.03 (GraphPad Software Inc., San
Diego, CA, USA).

Results

TLR2 and TLR4 Expression on Peripheral Blood
Monocytes

Mononuclear cells from sarcoidosis patients and healthy
subjects were stained for TLR2, TLR4, and the monocyte
marker CD14 (Fig. 1). Monocyte TLR2 and TLR4 expres-
sion was determined at baseline and after a culture period of
16 h in medium alone or with the TLR2 ligands PGN or
Pam3CSK4, the TLR4 ligand LPS, the NOD2 ligand MDP,
or Pam3CSK4 and MDP in combination.

TLR2 Expression

Sarcoidosis patients had a significantly higher baseline
TLR2 expression compared to healthy subjects (p=0.0062)
as shown in Fig. 2a. After a culture period of 16 h in
medium, the TLR2 expression was increased approximately
two-fold in both sarcoidosis patients and healthy subjects,
as shown in Fig. 2b. The significant difference (p=0.015)
was sustained between groups.

Figure 2c shows the TLR2 expression after cells had
been stimulated with MDP. Also in this case, sarcoidosis
patients had higher receptor expression compared to healthy
subjects (p=0.0048). No differences in TLR2 expression
were seen between sarcoidosis patients and healthy subjects
after stimulation with PGN (Fig. 2d), Pam3CSK4 (Fig. 2e),
LPS (Fig. 2f), or Pam3CSK4 and MDP in combination
(Fig. 2g).

Compared to receptor expression after culture in medium
alone, stimulation of mononuclear cells for 16 h with MDP,
Pam3CSK4, or MDP and Pam3CSK4 in combination
increased the TLR2 expression in sarcoidosis patients as
well as in healthy subjects (Fig. 3). We did not observe any
differences with regard to smoking history.

TLR4 Expression

As shown in Fig. 4a, baseline TLR4 expression was
significantly higher in sarcoidosis patients than in healthy
subjects (p=0.047). After a culture period of 16 h in
medium, the receptor expression was increased in both
groups, as shown in Fig. 4b. The significant difference
between the groups was sustained, (p=0.0094). With MDP
and with PGN stimulation, the difference in TLR4 expres-
sion between patients and healthy subjects was also
sustained (p=0.013) and (p=0.043), respectively, see
Fig. 4c and d.

However, similar to TLR2 expression, no differences in
TLR4 expression were seen between sarcoidosis patients
and healthy subjects after stimulation with Pam3CSK4

Table III Antibodies for Immunofluorescent Staining

Marker Fluorochrome Source Clone Manufacturer*

CD14 RPe-Cy5a Mouse Tuk4 A
IgG2a RPe-Cy5a Mouse MRC OX-34 A
TLR2 FITCb Mouse TL2.1 B
IgG2a kappa FITCb Mouse eBM2a B
TLR4 PEc Mouse HTA125 B
IgG2a kappa PEc Mouse eBM2a B

*A Serotech, Oxford, England, B eBioscience, San Diego, CA, USA
a R-phycoerythrin-Cy5
b Fluorescein isothiocyanate
c Phycoerythrin

J Clin Immunol (2009) 29:78–89 8181



(Fig. 4e), LPS (Fig. 4f), or Pam3CSK4 and MDP in
combination (Fig. 4g).

Compared to receptor expression after culture in medium
alone, stimulation with MDP significantly decreased the
TLR4 expression in both groups, and it also decreased
after combined stimulation with MDP and Pam3CSK4
(although significantly so only in healthy controls). TLR4
also decreased in both groups after LPS stimulation
(however, not statistically significant; Fig. 5). Similar to
TLR2, we did not observe any differences with regard to
smoking history.

Cytokine Profile in Patients and Healthy Subjects

The levels of secreted cytokines are depicted in Fig. 6.
There were no significant differences after stimulation with
individual ligands for TLR2 (PGN and Pam3CSK4), TLR4
(LPS) or NOD2 (MDP) alone. In contrast, when using a
combination of Pam3CSK4 and MDP, i.e., ligands for
TLR2 and NOD2, respectively, several differences between
patients and controls were observed. Sarcoidosis patients
had a four-fold higher (p=0.0093) secretion of TNFα

(median 529 pg/ml vs. 132 pg/ml) and a 13-fold higher
(p=0.035) secretion of IL-1β (1219 pg/ml vs. 92 pg/ml)
than healthy subjects after combined Pam3CSK4 and MDP
stimulation, as shown in Fig. 6a–b. There were tendencies
to a higher secretion of IL-8 and IL-10 in sarcoidosis
patients after Pam3CSK4 stimulation alone (Fig. 6d–e). The
secretion of IL-12p70 was below the detection limit of the
assay (data not shown). Cytokine secretion after
Pam3CSK4 stimulation did not correlate with the expres-
sion of TLR2, either at base line or after Pam3CSK4
stimulation (data not shown).

Synergistic Induction of Cytokine Secretion

Figure 7 shows the synergistic induction of cytokine
secretion after combined TLR2 and NOD2 stimulation.
Only patients and controls where data were obtained for all
three stimuli (Pam3CSK4, MDP, or combined Pam3CSK4
and MDP) are included in the comparisons. A synergy was
present if the cytokine level after stimulation with the
combination of Pam3CSK4 and MDP was significantly
higher than the sum of cytokine levels after separate

CD14

Monocytes

TLR2 TLR4

a b

dc

Fig. 1 Representative FACS
plots of monocytes and TLR
staining on day zero. Gating of
monocytes in a FSC–SSC dot
plot, showing mononuclear cells
from peripheral blood (in freshly
obtained samples) (a). Dot plot
showing the gate for CD14+
monocytes, used for the analysis
of TLR expression (b). Histo-
gram of TLR2 expression on
CD14+ monocytes. Dotted line
is the isotype control; black line
is anti-TLR2 (c). Histogram of
TLR4 expression on CD14+
monocytes. Dotted line is the
isotype control; black line is
anti-TLR4 (d)
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Pam3CSK4 and MDP stimulations. There was a syner-
gistic induction of IL-1β (Fig. 7b) in sarcoidosis patients,
while in contrast healthy subjects had a synergistic
induction of IL-10 (Fig. 7e). In healthy subjects there was
also a synergistic induction of IL-6 (Fig. 7c), and a similar
tendency was seen in patients. The secretion of IL-12p70
was below the detection limit of the assay (data not shown).
Cytokine secretion after combined TLR2 and NOD2
stimulation did not correlate with the expression of TLR2,
either at base line or after combined TLR2 and NOD2
stimulation (data not shown).

TLR and Cytokine Profile in Patient Subgroups

Clinical and BAL fluid characteristics for patients with
(n=8) and without (n=16) Löfgren’s syndrome are given in
Table E1 in the online data supplement. Comparing TLR
expression and cytokine secretion as described above, there

were no significant differences between these patient
subgroups (see Figures E1 and E2 in the online data
supplement). However, for some ligands the number of
Löfgren’s syndrome patients was too low to draw any firm
conclusions. There were also no apparent differences in
these aspects between patients who did or did not express
the HLA-DRB1*03 allele. Only one patient was under
steroid treatment at the time of sampling. However, this
individual did not stand out in any particular way regarding
TLR expression or cytokine profile.

Discussion

In the present study, we demonstrated a significantly higher
TLR2 and TLR4 expression on blood monocytes of
sarcoidosis patients compared to healthy subjects. Further-
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Fig. 2 TLR2 expression on peripheral blood monocytes of healthy
subjects (white boxes) and sarcoidosis patients (grey boxes). Graphs
depict TLR2 expression at baseline (a), after a 16 h incubation in
medium (b), and after a 16 h stimulation with MDP (c), PGN (d),
Pam3CSK4 (e), LPS (f), MDP and Pam3CSK4 in combination (g).

Boxes show median and interquartile range, whiskers show range.
Numbers within parentheses state the number of healthy subjects and
sarcoidosis patients in each analysis. Mann–Whitney U-test, *p<0.05,
**p<0.01
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more, an increased secretion of the pro-inflammatory
cytokines TNFα and IL-1β was seen in sarcoidosis patients
after combined TLR2 and NOD2 stimulation, as well as
different patterns of synergistic cytokine secretion after

simultaneous stimulation of TLR2 and NOD2. These
differences may be of relevance for how a putative
sarcoidosis pathogen interacts with the immune system,
and thus for disease susceptibility.

Day 0

Healthy ctrl (n=15) Sarcoidosis (n=14)-10

0

10

20

30

40

50

60
*

M
F

I

Medium

Healthy ctrl (n=16) Sarcoidosis (n=14)-10

0

10

20

30

40

50

60 **

M
F

I

MDP

Healthy ctrl (n=11) Sarcoidosis (n=16)-10

0

10

20

30

40

50

60

*

M
F

I

PGN

Healthy ctrl (n=6) Sarcoidosis (n=8)
-10

0

10

20

30

40

50

60

*

M
F

I

Pam3CSK4

Healthy ctrl (n=7) Sarcoidosis (n=7)-10

0

10

20

30

40

50

60

M
F

I

LPS

Healthy ctrl (n=6) Sarcoidosis (n=8)-10

0

10

20

30

40

50

60

M
F

I

MDP + Pam3CSK4

Healthy ctrl (n=7) Sarcoidosis (n=7)-10

0

10

20

30

40

50

60

M
F

I

a b c

fed

g

Fig. 4 TLR4 expression on peripheral blood monocytes of healthy
subjects (white boxes) and sarcoidosis patients (grey boxes). Graphs
depict TLR4 expression at baseline (a), after a 16 h incubation in
medium (b), and after a 16 h stimulation with MDP (c), PGN (d),
Pam3CSK4 (e), LPS (f), MDP and Pam3CSK4 in combination (g).

Boxes show median and interquartile range, whiskers show range.
Numbers within parentheses state the number of healthy subjects and
sarcoidosis patients in each analysis. Mann–Whitney U-test, *p<0.05,
**p<0.01
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So far, the etiology of sarcoidosis is unknown. However,
previous studies indicating an infectious cause may provide
a role for PRRs in the pathogenic process. Mycobacterium
tuberculosis has been proposed being an agent causing

sarcoidosis, and support for this comes from findings of
mycobacterial DNA in sarcoidosis tissue and lymph nodes
[3]. The case for a mycobacterial etiology was strengthened
by recent finding by Song et al. of protease-resistant
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Fig. 6 Secretion of TNFα (a), IL-1β (b), IL-6 (c), IL-8 (d) and IL-10
(e) from human mononuclear cells of healthy subjects (white boxes)
and sarcoidosis patients (grey boxes) after stimulation with ligands
indicated on the x-axis. Boxes show median and interquartile range,

whiskers show range. Numbers within parentheses state the number of
healthy subjects and sarcoidosis patients, respectively, in each
analysis. Mann–Whitney U-test, *p<0.05, **p<0.01
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antigens in sarcoidosis tissue, among them M. tuberculosis
catalase–peroxidase, and that these antigens are targets of
IgG antibodies in patients [18]. Several TLR ligands
derived from mycobacteria are known, including the cell wall
component lipoarabinomannan (LAM) and mannosylated
phosphatidylinositol (PIM), both recognized by TLR2
[19]. In addition, ligands for TLR4 and NOD2 are also
present in M. tuberculosis [10, 11], and ligands for all three
receptors are likewise present in another candidate pathogen,
Propionibacterium acnes [12, 13]. TLRs have a central role
in the induction of immune responses to invading microbial
pathogens, as supported by numerous studies in both
humans and animals [20].

One explanation why sarcoidosis patients express higher
baseline TLR2 and TLR4 than healthy subjects could be
that sarcoidosis patients constitutively express higher levels
of the receptors, although studies performed to date seem to
suggest that polymorphisms in TLR2 and TLR4 only play a
minor role in sarcoidosis [21, 22]. However, the results of

linkage analysis indicate that an unidentified polymorphism
of TLR4, or in the vicinity of that gene, is associated with
sarcoidosis [23]. Environmental exposure may also alter
TLR expression, as exemplified by the higher expression of
TLR2 mRNA in blood cells of children growing up on
farms [24]. TLR levels can also be affected by smoking.
Droemann et al. reported that alveolar macrophages of
smokers express lower levels of TLR2 than cells from
healthy non-smokers [25]. However, we did not observe
any differences related to smoking status, which is in
agreement with the results regarding smoking and blood
monocytes in Droemann’s study. Since smoking is asso-
ciated with a reduced risk of developing sarcoidosis [26],
Droemann’s findings may support our hypothesis that a
higher TLR2 expression could have a role in the patho-
genesis of sarcoidosis. Chronic infection may result in
modified TLR expression. TLR expression can also be
altered by inflammation per se, e.g. via release of
endogenous TLR ligands or by elevated TNFα levels [27].
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Fig. 7 Synergistic effect of MDP with Pam3CSK4 on induction of
TNFα (a), IL-1β (b), IL-6 (c), IL-8 (d) and IL-10 (e) in human
mononuclear cells of healthy subjects (white boxes) and sarcoidosis
patients (grey boxes). Comparisons within each subject group (healthy
subjects and sarcoidosis patients) refer to the sum of the cytokine
concentrations after separate MDP and Pam3CSK4 stimulation,
respectively, versus the cytokine concentration after stimulation with

a combination of MDP and Pam3CSK4. Only patients and controls
were data were obtained for all three stimuli (Pam3CSK4, MDP, or
Pam3CSK4 and MDP in combination) are included in the comparison.
Boxes show median and interquartile range, whiskers show range.
Numbers within parentheses state the number of healthy subjects and
sarcoidosis patients in each analysis. Wilcoxon’s matched pairs test,
*p<0.05, **p<0.01
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The increased TLR2 and TLR4 expression in sarcoidosis
patients may have consequences for host–pathogen inter-
action. It may be speculated that one consequence could be
a more intense immune response to an otherwise harmless
microbe. We attempted to determine TLR expression on
alveolar macrophages, obtained by BAL of sarcoidosis
patients. However, the low level of expression above
background isotype control staining prevented us from
obtaining reliable data. That alveolar macrophages have a
lower expression of TLR2 and TLR4 compared to mono-
cytes was previously shown [25].

The finding that stimulation of one PRR may alter the
expression of other such receptors is intriguing. It has
previously been observed that TLR4 stimulation can lead to
increased TLR2 and decreased TLR4 expression [25, 28].
This was the case also in our experiments, although not
statistically significant. However, to our knowledge, results
of TLR2 and TLR4 expression after stimulation with
Pam3CSK4, MDP, or Pam3CSK4 in combination with
MDP have not previously been reported. We found that all
of these TLR2 and NOD2 stimuli up-regulated the TLR2
expression in sarcoidosis patients as well as in healthy
subjects. Regarding TLR4, MDP down-regulated the
expression in both groups. However, combined Pam3CSK4
and MDP stimulation significantly down-regulated TLR4
only in healthy subjects. Such a regulation of receptor
expression may be a way to fine-tune the specificity and
sensitivity of PRRs, although this needs to be investigated.
Furthermore, it was intriguing to see that incubation in
medium alone could up-regulate the monocytic TLR2 and
TLR4 expression. However, our data in this respect agree
very well with a previous study of TLR2 expression [29].
This alteration in receptor expression may be a result of
plastic adherence, since previous studies have shown that
plastic adherence can up-regulate cell surface marker
expression and cytokine gene expression in monocytes
and macrophages [30, 31].

In contrast to the granulomatous diseases mentioned in
the introduction [6–8], Martin et al. sequenced NOD2 gene
exons from DNA obtained from sarcoidosis patients, but
did not find any mutations associated with sarcoidosis [32].
Most other studies also did not report any NOD2 mutations
to be associated with sarcoidosis [33, 34]. Nevertheless, an
alteration in the NOD2 signaling pathway may contribute to
the pathogenesis also in sarcoidosis. Our data suggest that
such an altered NOD2 function may exist in sarcoidosis
patients, at least regarding pathways that involve simulta-
neous recognition of TLR2 and NOD2 ligands.

We also aimed to investigate the occurrence of any
functional differences between sarcoidosis patients and
healthy subjects with regard to the effects of TLR and
NOD2 stimulation. By using the synthetic TLR2 ligand
Pam3CSK4, we avoided any risk of endotoxin contamina-

tion, which has complicated the interpretation of previous
studies using purified TLR2 ligands. Importantly, it also
prevented indirect stimulation of NOD2 with MDP, the
degradation product of PGN. There were no significant
differences in cytokine secretion between patients and
controls after stimulation of mononuclear cells with
individual ligands for TLR2, TLR4, or NOD2 using our
protocol for stimulation. In contrast, our results demonstrate
a stronger secretion of the pro-inflammatory cytokines
TNFα and IL-1β in sarcoidosis patients after combined
TLR2 and NOD2 stimulation. This is very likely of
relevance for the in vivo situation during an infection, since
most microbes possess ligands for both TLRs and NLRs.
With TLRs as sensors of bacteria on the cell surface and
NLRs as sensors of their presence inside the cytosol, these
PRRs complement each other for the detection of bacterial
infection.

TNFα and IL-1β are both important in the initiation of
the inflammatory response as well as for the formation of
granuloma in patients with active sarcoidosis. The main
producers of TNFα are alveolar macrophages, monocytes,
and T cells, and increased levels have been reported to
correlate with prolonged course of disease [35]. The
primary sources of IL-1β are macrophages, monocytes,
and dendritic cells, all present inside the granuloma. Protein
levels of TNFα and IL-1β in BAL fluid has been shown to
be significantly higher in sarcoidosis patients compared to
healthy subjects [36].

The lack of detectable significant differences with regard
to TLR expression and cytokine secretion when comparing
subgroups of patients (Löfgren’s syndrome versus non-
Löfgren’s syndrome) may suggest that alterations in these
respects are associated with a general susceptibility to, or
consequences of, sarcoidosis, but not to different clinical
phenotypes of this disease. This is also supported by the
lack of differences between patients who did or did not
express the HLA-DRB1*03 allele, which was previously
shown to be associated with a good prognosis in Scandinavian
sarcoidosis patients [37].

We found a synergistic induction of cytokine secretion
after combined TLR2 and NOD2 stimulation. Notably,
the pattern differed between patients and controls, with
sarcoidosis patients having a synergistic induction of the
pro-inflammatory cytokine IL-1β, in contrast to healthy
subjects where the immunoregulatory cytokine IL-10 was
induced in that manner. IL-6 was synergistically induced in
both groups, yet statistically significant only in healthy
subjects.

Previously, it has been reported that TLR2 and NOD2
ligation can induce these cytokines, as well as TNFα, in a
synergistic way [11, 38, 39], and TLR2 may also, under
certain circumstances, act as a negative regulator of NOD2
[40]; but to our knowledge, such phenomena have not been
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studied with regard to any human disease with the
exception of Crohn’s disease [39, 41]. Interestingly, in that
disorder, the synergy was not observed in patients with the
NOD2 3020insC mutation, and it was suggested that the
relative lack of IL-10 induction in patients could explain
the development of chronic intestinal inflammation, since
IL-10 is a powerful anti-inflammatory cytokine. In that
context, it is noteworthy that in the present study, a
synergistic induction of IL-10 was observed in healthy
subjects, but not in sarcoidosis patients. It is possible that
this is of relevance for the development of pulmonary
inflammation in sarcoidosis. One might hypothesize that
the increased TLR2 expression in sarcoidosis may be of
importance for the altered patterns of cytokine induction.
Alternatively, other factors may be essential since we did
not observe any correlation between TLR expression and
cytokine secretion. Mechanisms previously implicated in
TLR–NLR synergy include shared signaling pathways and
NOD2-induced up-regulation of the adaptor molecule
MyD88, involved in TLR signaling [42]. With respect to
mycobacteria, it is of interest that TLR2 and NOD2 were
found to be non-redundant for the recognition of M.
tuberculosis, and that there were synergistic interactions
between these two receptors with regard to cytokine
induction [11]. TLR2 and NOD2 interactions merit further
investigations in sarcoidosis.

To summarize, we show that sarcoidosis patients are
characterized by higher expression of TLR2 and TLR4 on
blood monocytes and a more pronounced pro-inflammatory
cytokine profile after combined TLR2 and NOD2 stimula-
tion than healthy subjects. Our results suggest that an
altered profile of TLRs and NLRs might play a role in the
pathogenesis of sarcoidosis.
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