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Summary

In this study, we hypothesized that the granulomatous disorder sarcoidosis is
not caused by a single pathogen, but rather results from abnormal responses
of Toll-like receptors (TLRs) to conserved bacterial elements. Unsorted
bronchoalveolar lavage (BAL) cells from patients with suspected pulmonary
sarcoidosis and healthy non-smoking control subjects were stimulated with
representative ligands of TLR-2 (in both TLR-2/1 and TLR-2/6 heterodimers)
and TLR-4. Responses were determined by assessing resulting production of
tumour necrosis factor (TNF)-α and interleukin (IL)-6. BAL cells from
patients in whom sarcoidosis was confirmed displayed increased cytokine
responses to the TLR-2/1 ligand 19-kDa lipoprotein of Mycobacterium tuber-
culosis (LpqH) and decreased responses to the TLR-2/6 agonist fibroblast
stimulating ligand-1 (FSL)-1. Subsequently, we evaluated the impact of
TLR-2 gene deletion in a recently described murine model of T helper type 1
(Th1)-associated lung disease induced by heat-killed Propionibacterium
acnes. As quantified by blinded scoring of lung pathology, P. acnes-induced
granulomatous pulmonary inflammation was markedly attenuated in TLR-
2–/– mice compared to wild-type C57BL/6 animals. The findings support a
potential role for disordered TLR-2 responses in the pathogenesis of pulmo-
nary sarcoidosis.
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Introduction

Sarcoidosis is a multi-system granulomatous disorder of
unknown aetiology in which pulmonary disease is the most
common manifestation. Active disease is characterized by
lymphocytic alveolitis with a predominance of activated T
helper type 1 (Th1)-like CD4+ lymphocytes [1]. The pres-
ence of granulomas in involved tissues has suggested that
sarcoidosis results from chronic infection. Although multi-
ple studies have implicated both the acid-fast aerobe Myco-
bacterium tuberculosis and the Gram-positive anaerobe
Propionibacterium acnes as causative pathogens [2–8], no
single organism has been identified consistently across
varied populations of affected individuals [9–11]. These
findings suggest an alternative possibility, that sarcoidosis

might result from abnormal innate immune responses to
conserved motifs common to multiple organisms.

Toll-like receptors (TLRs) are a family of immune
recognition molecules that initiate production of
proinflammatory cytokines in response to molecular pat-
terns common to many pathogens [12]. Some of these
cytokines, such as tumour necrosis factor (TNF)-α and
interleukin (IL)-6, are observed in bronchoalveolar lavage
(BAL) fluid of patients with active sarcoidosis and are
implicated in the formation of sarcoid granulomas [1,13].
We therefore compared TLR-induced cytokine responses of
BAL cells of sarcoidosis patients to those of healthy non-
smoking volunteers. Because these human studies suggested
a role for TLR-2 responses in the pathogenesis of sarcoido-
sis, we then evaluated the impact of TLR-2 gene deletion in
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a murine model of Th1-associated granulomatous lung
disease [14].

Materials and methods

Human studies

Subjects. Patients were recruited primarily at the time of
diagnostic bronchoscopies performed at University Hospi-
tals Case Medical Center and MetroHealth Medical Center
(Cleveland, OH, USA). One patient with previously con-
firmed sarcoidosis underwent bronchoscopy with BAL for
research purposes only. Eligibility of results for study inclu-
sion was based on biopsy confirmation of sarcoidosis (on
the basis of the presence of non-caseating granulomas with
negative stains for acid-fast bacilli and fungi), non-smoking
status, absence of systemic immunosuppressive therapy
within the preceding 6 months and lack of significant
co-morbidities. Of 44 patients referred to the study, thirty-
two (aged 28–68 years) were confirmed ultimately to have
sarcoidosis and otherwise to be study-eligible. Forty-one
healthy non-smoking volunteers aged 18–50 years were
recruited as controls. All human subjects’ protocols were
approved by the Institutional Review Boards of the partici-
pating institutions.

Bronchoscopy procedures and characterization of BAL cell
samples. For patients undergoing diagnostic bronchoscopy,
dedicated research BAL was performed using up to four
30-ml aliquots of sterile saline. Bronchoscopies with BAL
performed for research purposes only followed previously
described protocols [15]. BAL cell differentials and CD4+/
CD8+ T cell ratios were determined as described previously
[15].

TLR ligands. For initial studies, TLR-2 was stimulated with
native 19-kDa lipoprotein of M. tuberculosis (LpqH)
extracted from lysates of M. tuberculosis strain H37Ra [16],
whereas subsequent studies utilized a synthetic lipopeptide
based on the structure of LpqH, Pam-3-Cys-SSNKSTT
GSGETTTA (EMC Microcollections, Tuebingen, Germany)
in concentrations of 500 and 2500 ng/ml. Pam-3-Cys-
SKKKK (concentrations of 1–1000 ng/ml, tlrl-pms;
InvivoGen, San Diego, CA, USA) and fibroblast stimulating
ligand-1 (FSL-1) (Pam-2-Cys-GDPKHPKSF, 0·1 and 1·0 μg/
ml, #L7000; EMC Microcollections) were used as ligands of
TLR-2/1 and TLR-2/6 heterodimers. Lipopolysaccharide
(LPS) (0·1, 1·0 and 10 ng/ml; Sigma-Aldrich, St Louis, MO,
USA) served as a model TLR-4 ligand. Incubation of BAL
cells with TLR-2 and -4 agonists for 2 h was followed by
harvesting of culture supernatants, rinsing the plated cells
to remove residual TLR ligand, and replenishing cultures
with fresh medium. Because differences between TNF-α
and IL-6 responses of the two subject groups were observed
with regard to the magnitudes rather than durations of

responses, statistical comparison was based on peak
cytokine levels, observed 24 h after TLR stimulation for
both cytokines.

Determination of cytokine responses to TLR stimulation.
BAL cells were aliquoted into 24-well plates (400 000 cells/
ml) and incubated with medium or specific TLR ligands.
Supernatants were harvested and stored at −70°C for even-
tual enzyme-linked immunosorbent assay (ELISA)-based
quantification of TNF-α (Quantikine® DTA00C; R&D
Systems, Minneapolis, MN, USA) and IL-6 (Quantikine®

D6050; R&D Systems).

Assessment of TLR expression via flow cytometry. Samples
were incubated with anti-CD3-fluorescein isothiocyanate
(FITC) (#11-0038-71; eBioscience, San Diego, CA, USA)
and anti-TLR-2-antigen-presenting cells (APC) (#17-9922-
71; eBioscience) in combination with either anti-TLR-1-
phycoerythrin (PE) (#12-9911-71; eBioscience) or anti-
TLR-6-PE (IMG-203D; Imgenex, San Diego, CA, USA).
Data were acquired on an LSR-II Flow Cytometer (Becton-
Dickinson, Franklin Lakes, NJ, USA). This was calibrated on
a daily basis using Cytometer Tracking and Setup Beads
(Becton-Dickinson) to assure reproducibility of data
acquired on different days. Analysis was performed using
FlowJo software (Becton-Dickinson).

Murine model of Propionibacterium acnes-induced
granulomatous lung disease

Mice. Wild-type C57BL/6 mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA) and TLR-2 gene-
disrupted mice (on C57BL/6 background) provided gener-
ously by Drs O. Takeuchi and S. Akira of Osaka University
[17]. Mice were aged 12–16 weeks at the time of study
entry. Animal protocols were approved by the Institutional
Animal Care and Use Committee of Case Western Reserve
University.

Sensitization and challenge protocol. Wild-type mice
received an intraperitoneal (i.p.) injection of 0·5 mg
of P. acnes or sham sensitization with sterile saline.
Intratracheal (i.t.) challenge was performed 14 days later by
direct injection of 0·5 mg of P. acnes into surgically exposed
tracheas of anaesthetized animals. BAL procedures and
harvesting of lungs for histological examination were per-
formed as described previously [18]. BAL cytokines were
analysed using Milliplex reagents (Millipore, Billerica, MA,
USA) on a Bioplex 200 reader (Biorad, Hercules, CA, USA).
Histological review was performed in a blinded fashion
by a single pulmonary pathologist (J.F.T.). Lung cell
homogenates for specific studies were prepared using dis-
section from the mainstem bronchi followed by mincing
with scalpels and disruption by repeated passage through an
18G needle, as described previously [19].
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Statistical methods

Non-parametric cytokine responses of human BAL cells
were assessed by Wilcoxon’s rank sum test using sas version
9.1 software (SAS Institute, Cary, NC, USA). Expression of
TLR receptors, murine cytokine results and murine pathol-
ogy scoring was evaluated using t-tests, and correlations
between BAL lymphocytosis and TNF-α responses utilized
Spearman’s rank sum testing (all performed using
GraphPad Prism; GraphPad Software, San Diego, CA,
USA).

Results

Clinical and immunological features of study subjects

Clinical and BAL findings of confirmed study-eligible sar-
coidosis patients and healthy controls are summarized in
Table 1. Both groups included diverse subject populations;
however, the sarcoidosis patients were older and more likely
to be African American than were controls. As expected,
patients also displayed greater BAL cell lymphocytosis and
higher BAL CD4 : CD8 T cell ratios than did healthy volun-
teers. At the time of study entry, more than 80% of the

sarcoidosis patients displayed stage 2 radiographic findings,
and none had classic features of Lofgren’s syndrome (i.e.
acute illness characterized by fever, arthralgias, erythema
nodosum and bihilar adenopathy). Of 18 confirmed sar-
coidosis patients who had follow-up within our system for
at least 18 months (median 38 months, range 19–69), none
demonstrated complete resolution of radiographic findings.
Three had some radiographic improvement without a
change in radiographic stage. Three had worsening of find-
ings leading to initiation of treatment. For 12 patients, no
radiographic changes were observed, although this group
remained minimally symptomatic and were generally not
treated.

Sarcoidosis patients display increased cytokine
responses to the TLR-2 agonist, the 19-kDa lipoprotein
of M. tuberculosis and its corresponding synthetic
lipopeptide, but not to the TLR-4 agonist LPS

TLR responses of alveolar macrophages (AM), the predomi-
nant cells in BAL, have been characterized most extensively
with regard to stimulation of TLR-2 and -4 [12]. Our initial
studies focused therefore on responses to a model TLR-2
agonist, the 19-kDa lipoprotein of M. tuberculosis (LpqH),
and bacterial LPS, an agonist of TLR-4.

TLR-2 stimulation using 500 ng/ml of the native 19-kDa
lipoprotein of M. tuberculosis or a synthetic lipopeptide
based on its structure (Pam-3-Cys-SSNKSTTGSGETTTA)
elicited significantly greater production of both TNF-α
and IL-6 by BAL cells of sarcoidosis patients than did
those of controls (P < 0·006 and P = 0·002, respectively, by
Wilcoxon’s rank sum test, Fig. 1a,b). Because the BAL cell
responses of healthy controls to the 19-kDa lipoprotein of
M. tuberculosis were unexpectedly low, we also performed
a limited number of additional studies using a higher
concentration of the ligand. In these studies, mean
TNF-α responses of control subjects to 500 ng/ml of
the 19-kDa lipoprotein was 559·1 ± 300·3 pg/ml; this
increased to 2021·9 ± 141·3 pg/ml following incuba-
tion with 2500 ng/ml of the ligand. In contrast, BAL cells
of sarcoidosis patients produced TNF-α levels of
2226·8 ± 3101·2 pg/ml in response to 500 ng/ml of LpgH,
and 10 310·3 ± 8952·5 pg/ml in response to 2500 ng/ml of
the ligand. These findings suggest that the two subject
groups display distinct dose–response relationships for this
agonist.

In contrast, studies of TLR-4 stimulation with LPS
showed no differences in cytokine production by BAL cells
of sarcoidosis patients and those of control subjects. As
illustrated in Fig. 1c,d, stimulation with LPS in concentra-
tions 10, 1 or 0·1 ng/ml resulted in no differences between
the two groups with regard to production of TNF-α
(P = 0·226, 0·535 and 0·352, respectively, Fig. 1c) or IL-6
(P = 0·083, 0·278 and 0·391, respectively, Fig. 1d).

Table 1. Clinical and immunological findings of study-eligible sar-

coidosis patients and control subjects.

Variable Sarcoidosis Controls

Number of subjects 32 41

Age, mean (range) 45·1 (28–68) 28·8 (18–48)

Sex

Female 22 (68·8%) 19 (46·3%)

Male 10 (31·2%) 22 (53·7%)

Race

Caucasian 4 (12·5%) 29 (70·7%)

African American 26 (81·3%) 8 (19·5%)

Hispanic 2 (6·2%) 2 (4·9%)

Asian 0 (0·0%) 2 (4·9%)

Radiographic stage

1 5 (15·6%) n.a.

2 26 (81·3%)

3 1 (3·1%)

Constitutional symptoms/

extrapulmonary disease

13 (40·6%) n.a.

Hypercalcaemia 3 (9·4%) n.a.

Liver enzyme abnormalities 9 (28·1%) n.a.

Anaemia 14 (43·8%) n.a.

BAL cell differential (mean)

Lymphocytes 7·74% 4·63%

Neutrophils 3·44% 2·13%

Eosinophils 0·83% 0·49%

Macrophages 87·58% 91·84%

BAL CD4 : CD8 ratio 2·28:1 1·15:1

BAL: bronchoalveolar lavage; n.a.: not applicable.
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BAL cells of patients with sarcoidosis display differing
responses to TLR-2 ligands with specificities for the
TLR-2/1 and TLR-2/6 heterodimer

Both the 19-kDa M. tuberculosis lipoprotein LpqH and its
associated Pam-3-Cys-SSNKSTTGSGETTTA lipopeptide
act upon the TLR-2/1 heterodimer [16]. To characterize
further the mechanisms of abnormal TLR-2 responsiveness

in patients with sarcoidosis, we evaluated responses of BAL
cells from sarcoidosis patients and control subjects to a
more standard TLR-2/1 ligand, Pam-3-Cys-SKKKK (Pam-
3-Cys), and to FSL-1, a TLR-2/6-specific synthetic peptide
derived from Mycoplasma salivarum lipoprotein LP44
(MALP) [20]. No differences in TNF-α production were
observed following stimulation of BAL cells of the two
subject groups with a wide range of doses of Pam-3-Cys
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Fig. 1. Compared to those of healthy non-smokers, bronchoalveolar lavage (BAL) cells from sarcoidosis patients display greater cytokine responses

to the Toll-like receptor (TLR)-2 ligand 19-kDa lipoprotein of Mycobacterium tuberculosis, but not to the TLR-4 ligand lipopolysaccharide (LPS).

In response to stimulation the 19-kDa M. tuberculosis lipoprotein LpqH and the synthetic lipopeptide based on its structure (Pam-3-Cys-

SSNKSTTGSGETTTA), peak levels of tumour necrosis factor (TNF)-α (a) and interleukin (IL)-6 (b) stimulation were both significantly greater for

patients than control subjects. In contrast, no significant differences were observed between tumour necrosis factor (TNF)-α and IL-6 responses of

BAL cells from sarcoidosis patients and from control subjects 24 h after stimulation with several concentrations of the TLR-4 ligand LPS, as detailed

in the text (c,d, respectively). For all figures, horizontal lines indicate median values and shaded boxes indicate 25–75th percentile ranges.
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(Fig. 2a). However, although BAL cells of the two subject
groups displayed similar TNF-α responses to stimulation
with 0·1 μg/ml of FSL-1 (P = 0·143), sarcoidosis patients
produced significantly less TNF-α than control subjects in
response to 1·0 μg/ml FSL-1 (P = 0·005, Fig. 2b). BAL cells

of sarcoidosis patients therefore are not hyperresponsive to
all TLR-2/1 agonists; however, the reciprocal decrease in
TNF-α production following FSL-1 stimulation of TLR-2/6
suggests that a more generalized dysregulation of TLR-2
responses might be present in sarcoidosis.
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Expression of TLR-2 heterodimers on BAL cells from
patients with sarcoidosis does not differ from that of
healthy control subjects

To determine whether disordered BAL cell cytokine
responses to TLR-2 stimulation reflect skewing of TLR-2
heterodimer expression in sarcoidosis, we compared expres-
sion of TLR-2, -1 and -6 expression on BAL cells from sar-
coidosis patients and control subjects using flow cytometry,
as expressed as mean fluorescence intensity. No significant
differences were observed, however (P = 0·340, P-0·714 and
P = 0·354, respectively, by t-test, Fig. 2c).

BAL cell composition and responses to LpqH

Because BAL cells of sarcoidosis often display a higher per-
centage of lymphocytes than those observed in healthy
individuals, we evaluated the relationship between lympho-
cytosis and BAL cell TNF-α responses to the 19 kDa
M. tuberculosis lipoprotein (LpqH). No correlation was
observed between percentage of lymphocytes in BAL and
LpqH-induced TNF-α production by subjects with sar-
coidosis (correlation coefficient −0·048 by Spearman’s rank
sum test, P = 0·840, Fig. 3a). Further, differences in TNF-α
production by BAL cells from sarcoidosis patients and those
of control subjects were observed both when lymphocytosis
was observed (>8% BAL lymphocytes) and when it was not
(<8% lymphocytes, Fig. 3b).

TLR-2 gene-disruption alters BAL cytokine responses
of sensitized mice to P. acnes challenge

To evaluate the potential importance of TLR-2-dependent
immune responses in the development of pulmonary sar-
coidosis, we utilized a recently described murine model of
Th1-associated granulomatous lung disease induced by i.p.
sensitization followed 14 days later by i.t. challenge with
heat-killed P. acnes [14]. BAL fluid from sensitized wild-
type and TLR2–/– mice was then obtained 24 h after i.t.
instillation of P. acnes. As displayed in Fig. 4a, TNF-α
responses following i.t. P. acnes were reduced markedly in
TLR-2–/– mice compared to wild-type C57BL/6 animals
(P = 0·022 by t-test). To confirm that impaired TNF-α pro-
duction was not a generalized phenomenon in these mice,
we also incubated lung homogenates of non-sensitized
TLR-2–/– mice overnight with medium alone, heat-killed
P. acnes and LPS (Fig. 4b). As illustrated, although lung
homogenates of TLR-2–/– mice did not display significant
TNF-α production in response to P. acnes, they did produce
TNF-α appropriately in response to the TLR-4 ligand LPS
(P = 0·027 by t-test).

TLR-2 gene disruption results in marked reduction of
granulomatous pulmonary inflammation

Histological assessments were performed in three groups of
animals: (1) wild-type C57BL/6 (sham i.p. sensitization/

P. acnes i.t. challenge), wild-type C57BL/6 (P. acnes i.p.
sensitization, P. acnes i.t. challenge) and TLR-2–/– C57BL/6
(P. acnes-i.p. sensitization/P. acnes i.t. challenge). All histol-
ogy specimens were reviewed and scored in a blinded
fashion by a single pathologist (J.F.T.). Upon unblinding,
lungs of non-sensitized mice revealed minimal or no
inflammation following i.t. P. acnes challenge (not shown).
In contrast, wild-type mice treated with i.p. sensitization
followed by i.t. challenge with P. acnes displayed substantial
granulomatous inflammation (Fig. 5a–d), whereas lung
pathology was much more limited in i.p.-sensitized, i.t.-
challenged TLR-2–/– mice (Fig. 5e–h).
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The pathology of each histological lung section was
scored in a blinded fashion on a scale of 0–3 with regard to
degree of inflammation observed overall and in specific
anatomical regions of the lung. As illustrated in Fig. 6a,
lungs of P. acnes-sensitized and challenged TLR-2–/– mice
displayed significantly less inflammation than did sensi-
tized, challenged wild-type mice in peribronchovascular
regions (P = 0·007 by t-test), alveolar regions (P = 0·007)
and the interstitium (P < 0·001). Overall inflammation
scores for the TLR-2–/– mice were similarly significantly
lower than those of sensitized wild-type C57BL/6 mice
(P < 0·001). The percentage of peribronchovascular–
lymphatic bundles and veins involved in the inflammatory
response to P. acnes was significantly lower in TLR-2–/– mice
than in sensitized wild-type animals (P = 0·027, Fig. 6b). As
illustrated in Fig. 6c, the overall proportion of the lung
tissue involved in the inflammatory response of TLR-2–/–

mice was remarkably lower than that of wild-type mice
(6·65 ± 8·39% versus 40·17 ± 16·98%, P < 0·001) and, in
fact, did not differ significantly from that observed in non-
sensitized wild-type mice (0·33 ± 0·52%, P = 0·117).
Sarcoid-like granulomatous lung disease in C57BL/6 mice
was thus attenuated markedly in TLR-2-deficient animals,
supporting a role for TLR-2 stimulation in the development
of this process.

Discussion

In this study, we evaluated the hypothesis that sarcoidosis
could result from abnormal responsiveness to TLR stimula-
tion. Compared to healthy control subjects, BAL cells of
patients with sarcoidosis displayed increased production of
proinflammatory cytokines (TNF-α and IL-6) in response
to stimulation with the TLR-2/1 ligand the 19-kDa
M. tuberculosis lipoprotein (LpqH). Patients also displayed
decreased responsiveness to a standard ligand of the TLR-
2/6 heterodimer, FSL1. These responses were not associated
with differences in AM expression of TLR-2, -1 or -6, nor
did they correlate with BAL lymphocytosis. Subsequent
studies using a murine model of Th1-associated
granulomatous lung disease (induced by i.p. sensitization
followed by i.t. challenge with heat-killed P. acnes) indicated
that resulting pulmonary inflammation was markedly
attenuated in TLR-2–/– mice compared to wild-type animals.
This combination of findings supports the possibility that
abnormal host responsiveness to certain TLR-2 ligands
might predispose to the development of pulmonary
sarcoidosis.

Previous investigations of TLRs in sarcoidosis have
focused primarily on assessment of gene polymorphisms
[21–25]. Association between sarcoidosis and TLR-2
polymorphisms in particular was not observed in Japanese
subjects [23], but was noted in a subset of Dutch patients,
in whom they correlated with chronicity of disease [24].
Our patient population, being predominantly African
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animals, TLR-2–/– mice in which intratracheal (i.t.) P. acnes challenge

was performed 14 days after initial intraperitoneal (i.p.) sensitization

displayed significantly lower concentrations of TNF-α in

bronchoalveolar lavage (BAL) fluid at 24 h. The data represent

mean ± standard deviation (s.d.) of studies of six wild-type and seven

TLR-2–/– animals (a). The specificity of this finding was clarified by

in-vitro studies of lung homogenates from non-sensitized TLR-2–/–

mice. As detailed in the text, stimulation with P. acnes did not induce

significant TNF-α responses at 24 h, but stimulation with the TLR-4

ligand lipopolysaccharide (LPS) resulted in significant TNF-α
production by these cells. Results represent mean ± s.d. of findings

following incubation of three pools of homogenized lungs, each

obtained from three TLR-2–/– mice (b).
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American, was ethnically distinct from those of these previ-
ous studies. Clinical presentation and outcomes of our
population were also distinct. Notably, Lofgren’s syndrome,
which is associated with the haplotype human leucocyte
antigen (HLA)-DRB1*0301 [26], was observed in greater
than one-third of Dutch patients [24], but in none of the
patients in our study. Although HLA typing was not per-
formed on our subjects, DRB1*0301 has been reported as
being fourfold less frequent in African Americans than in
American Caucasians [27], which may be consistent with
the lack of fulminant disease observed in the current study.
Conversely, persistent disease, as determined by lack of
resolution of radiographic findings, was a much more
common outcome in our population. In addition, our
observation that BAL cells from sarcoidosis patients display
contrasting responses to ligands of TLR-2/1 and TLR-2/6
heterodimers emphasizes that polymorphisms of TLR-1

and/or TLR-6 may also impact responses to TLR-2 stimula-
tion, as has been evaluated more recently by Veltkamp and
colleagues [25].

Altered TLR-2 responses observed in sarcoidosis could
also be mediated at a non-genomic level. However, the
current studies did not identify differences in expression of
total TLR-2 or of specific TLR-2 heterodimers between sar-
coidosis patients and controls to provide another explana-
tion of these findings. Similarly, no relationship was
observed between intensity of inflammation (as manifested
by BAL lymphocytosis) and responses to TLR-2 stimula-
tion. In contrast, a previous study observed increased AM
TLR-2 expression in a sarcoidosis patient population that
displayed greater BAL cell lymphocytosis than that observed
currently [28]. As TLR-2 expression is known to be
up-regulated during inflammation [29,30], our finding of
increased TLR-2 responsiveness in this group of sarcoidosis

WT

TLR2–/–

(a) (b)

PVL

PVL

ALV
ALV

V

(c) (d)

(e) (f)

(g) (h)

Fig. 5. Propionibacterium acnes-induced

granulomatous pulmonary inflammation

is reduced markedly in Toll-like receptor

(TLR)-2–/– mice compared to that observed

in wild-type C57BL/6 animals. Both groups

of animals received intraperitoneal (i.p.)

sensitization followed by intratracheal (i.t.)

challenge with P. acnes. The images show

representative histology of two wild-type

animals at low (a,b) and high magnification

(c,d). As illustrated, wild-type animals displayed

a marked influx of lymphocytes and

macrophages that were primarily adjacent to

bronchovascular-lymphatic bundles (PVL) and

large veins (V). Varying degrees of intra-alveolar

and interstitial (ALV) inflammation were also

observed. Magnified views show loosely formed

granulomas typical of those observed in mice

(indicated by arrows). In contrast, P. acnes

induced relatively little inflammation in

TLR-2–/– mice, as illustrated in (e) and (f) and

the corresponding higher-power images (g)

and (h). In these animals, peribronchovascular

and lymphatic inflammation was minimal and

intra-alveolar/interstitial regions were largely

normal, as illustrated.
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patients may support more strongly the possibility that
these responses represent an underlying cause, rather than a
result, of pulmonary inflammation in sarcoidosis.

The observed differences in BAL cell TLR responses of
sarcoidosis patients and control subjects were largely dose-
dependent, and therefore subject to consideration of how
the observed responses correlate with those induced by
physiological exposures. For example, several previous
studies that reported differences in LPS-induced cytokine
production by sarcoidosis patients compared to control
subjects utilized much higher LPS concentrations than
those of our studies [31–33]. The nanogram doses we
selected were based specifically on previous assessments of
TLR-4 activation in macrophages [34–36]. Further, LPS
concentrations within the epithelial lining fluid of patients
with active sarcoidosis, while higher than those of controls,
do not approach the microgram doses evaluated previously
[37]. It is possible that additional differences in TLR-
induced responses of sarcoidosis patients and control sub-
jects could be observed for other ligands if more detailed
dose–responses were assessed; however, performance of

these studies was necessarily limited by BAL cell numbers
obtainable from human subjects.

Recent studies indicate that the peptide structures of
lipoprotein ligands of TLR-2 impact independently their
capacity to induce TLR-2 activation [38], and therefore
imply that differences in the peptide structures of Pam-3-
Cys-based TLR-2 ligands might alter the magnitudes of
resulting TLR-2 responses. These findings offer a possible
explanation for our unexpected observation that BAL
cells of sarcoidosis patients display increased cytokine
responses to the LpqH-based lipopeptide Pam-3-Cys-
SSNKSTTGSGETTTA, but not to the more standard TLR-
2/1 ligand, Pam-3-Cys SKKKK. Reports by Drake and
colleagues have demonstrated interferon (IFN)-γ responses
to multiple mycobacterial proteins in specimens obtained
from patients with sarcoidosis. This cytokine production
was TLR-2-dependent, however, in the case of the two pro-
teins [early secreted antigenic target-6 (ESAT-6) and
mycobacterial catalase–peroxidase (mKatG)] for which the
issue was assessed [6]. We cannot exclude the possibility
that the differences in BAL cell responses of sarcoidosis
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Fig. 6. Detailed histological grading confirms

marked reduction of pulmonary inflammation

Toll-like receptor (TLR)-2 gene-disrupted

animals following intratracheal (i.t.) challenge

with Propionibacterium acnes. Pathology of

non-sensitized and sensitized wild-type mice

(n = 6 in each case) and of sensitized TLR-2–/–

animals (n = 10) was evaluated. As detailed

in the text, lungs of P. acnes-sensitized and

challenged TLR-2–/– mice displayed

significantly less inflammation than did

sensitized, challenged wild-type mice in

peribronchovascular, alveolar and interstitial

regions. Overall inflammation scores were also

significantly lower in TLR-2–/– mice (a). The

percentage of peribronchovascular-lymphatic

bundles and veins involved in the inflammatory

response to P. acnes was significantly lower in

TLR-2–/– mice than in sensitized wild-type

animals (b). Similarly, the overall proportion of

the lung tissue involved in the inflammatory

response of TLR-2–/– mice was remarkably lower

than that of wild-type mice and, in fact, did not

differ significantly from that observed in

non-sensitized wild-type mice (c). In all figures,

findings in non-sensitized wild-type animals

are represented by unshaded bars, sensitized

wild-type animals by shaded bars and sensitized

TLR-2–/– mice by striped bars.
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patients to the 19-kDa M. tuberculosis lipoprotein and
Pam-3-Cys SKKKK could reflect antigen-specific responses
induced by prior mycobacterial exposure. However, this
explanation appears less likely, given the reciprocal decrease
in responsiveness to TLR-2/6 activation displayed by
these patients, and the demonstration of the TLR-2-
dependence of granulomatous lung disease in an animal
model based on a completely distinct TLR-2-inducing
pathogen, P. acnes.

The murine model of Th1-associated granulomatous
lung inflammation was optimized in previous studies by
McCaskill et al. [14], who determined that P. acnes induced
robust granulomatous pulmonary inflammation in
C57BL/6 mice but not in BALB/C animals. In parallel
studies, Staphylococcus epidermidis induced markedly less
pulmonary inflammation and only minimal granuloma for-
mation, despite recent reports that S. epidermidis proteins
also serve as TLR-2 ligands [39]. In this context, the previ-
ous murine studies support the concept that, even in hosts
predisposed genetically to development of sarcoid-like pul-
monary inflammation, not all TLR-2 agonists have equal
capacity to induce this pathology. The current murine find-
ings augment our human studies by indicating that devel-
opment of Th1-mediated granulomatous lung disease can
be largely TLR-2-dependent, despite its induction by
a whole organism capable of activating multiple TLRs
[40,41].

A potential role of TLR-2 in the pathogenesis of sar-
coidosis was reported previously by Chen et al. in studies
implicating serum amyloid A (SAA) as a sarcoidosis-specific
autoantigen. Intravenous SAA intensified the granulo-
matous response to (mKatG)-coated beads in a rat model of
disease, and treatment with anti-TLR-2 prior to exposure
to mKatG and SAA markedly reduced this response [28].
Our findings suggest that hyperresponsiveness to TLR-2/1
stimulation may itself represent an immunophenotype that
confers susceptibility to the development of sarcoidosis. In
this scenario, abnormally robust cytokine responses to TLR-
2/1 stimulation may predispose to the development of lung
pathology following exposure to organisms with particu-
larly potent TLR-2/1 activity. This same immunophenotype
could also promote the subsequent amplification of
granulomatous inflammation in response to autologous
TLR-2 ligands, including SAA.

In summary, our evaluation of functional responses of
BAL cells from sarcoidosis patients to TLR stimulation
demonstrated dysregulation of local TLR-2 heterodimer
responses in pulmonary sarcoidosis. Parallel murine studies
suggest that TLR-2 plays a central role in the development
of Th1-mediated granulomatous lung disease in hosts pre-
disposed to development of this pathology. The pathogen-
esis of sarcoidosis might therefore be clarified further by
investigations of the mechanisms that underlie the abnor-
mally robust cytokine responses induced by some TLR-2/1
ligands in individuals with sarcoidosis, as well as the capaci-

ties of certain bacterial lipoproteins and autoantigens to
provide unusually potent stimulation of TLR-2.
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