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Rationale: The critical innate immune mechanisms that regulate
granulomatous inflammation in sarcoidosis are unknown. Because
the granuloma-inducing component of sarcoidosis tissues has phys-
icochemical properties similar to those of amyloid fibrils, we hy-
pothesized that host proteins capable of forming poorly soluble
aggregates or amyloid regulate inflammation in sarcoidosis.
Objectives: To determine the role of the amyloid precursor protein,
serum amyloid A, as an innate regulator of granulomatous inflam-
mation in sarcoidosis.
Methods: Serum amyloid A expression was determined by immuno-
histochemistry in sarcoidosis and control tissues and by ELISA. The
effect of serum amyloid A on nuclear factor (NF)-kB induction,
cytokine expression, and Toll-like receptor-2 stimulation was de-
termined with transformed human cell lines and bronchoalveolar
lavage cells from patients with sarcoidosis. The effects of serum
amyloid A on regulating helper T cell type 1 (Th1) granulomatous
inflammation were determined in experimental models of sarcoid-
osis, using Mycobacterium tuberculosis catalase–peroxidase.
Measurements and Main Results: We found that the intensity of
expression and distribution of serum amyloid A within sarcoidosis
granulomas was unlike that in many other granulomatous diseases.
Serum amyloid A localized to macrophages and giant cells within
sarcoidosis granulomas but correlated with CD31 lymphocytes,
linking expression to local Th1 responses. Serum amyloid A activated
NF-kB in Toll-like receptor-2–expressing human cell lines; regulated
experimental Th1-mediated granulomatous inflammation through
IFN-g, tumor necrosis factor, IL-10, and Toll-like receptor-2; and
stimulated production of tumor necrosis factor, IL-10, and IL-18 in
lung cells from patients with sarcoidosis, effects inhibited by block-
ing Toll-like receptor-2.
Conclusions: Serum amyloid A is a constituent and innate regulator of
granulomatous inflammation in sarcoidosis through Toll-like recep-
tor-2, providing a mechanism for chronic disease and new thera-
peutic targets.
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Sarcoidosis is a multisystem granulomatous disease that can
lead to chronic debilitating lung, heart, skin, and neurological
disease and has no safe, effective treatment (1). Sarcoidosis
occurs worldwide, with the highest annual incidence in northern
European countries (estimated cumulative lifetime risk, .1%);
in North America sarcoidosis compromises preferentially Afri-
can-Americans with more severe disease (2). Immunopatho-
logic hallmarks include epithelioid noncaseating granulomas
with activated CD41 T cells and macrophages, oligoclonal
expansions of ab1 T cells consistent with antigen stimulation,
highly polarized helper T cell type 1 (Th1) cytokine expression,
and local production of immunoregulatory cytokines such as
tumor necrosis factor (TNF), IL-12, IL-18, and IL-10 (1, 3–7).

Our studies provide evidence of a mycobacterial etiology for
sarcoidosis (8, 9). Using a novel proteomic approach, we iden-
tified Mycobacterium tuberculosis catalase–peroxidase (mKatG)
as a candidate pathogenic tissue antigen that stimulates B- and
T-cell responses in sarcoidosis (8, 9). Our approach, which
required no a priori hypothesis regarding specific microbial or
autoantigens, capitalized on the assumption that pathogenic
‘‘sarcoidosis’’ antigens would be a poorly soluble component of
sarcoidosis granulomas. Although these and other studies (10,
11) support a mycobacterial etiology of sarcoidosis, the mech-
anisms that result in chronic granulomatous inflammation (in
the absence of reactivation of mycobacterial or other infection)
remain unclear.

The Kveim reaction provides a biologically relevant in vivo
model of granuloma formation in sarcoidosis (12). In this
reaction, insoluble homogenates of sarcoidosis tissues injected
intradermally into patients with sarcoidosis induce epithelioid
granulomas indistinguishable from spontaneously arising gran-
ulomas. Our previous studies demonstrated clonal T-cell pop-
ulations at Kveim reaction sites consistent with antigen-driven
responses (13). Because the granuloma-inducing properties of
sarcoidosis tissue extracts (Kveim reagent) have physicochemical

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Studies support a mycobacterial etiology for sarcoidosis. The
critical innate immune mechanisms that regulate chronic
granulomatous inflammation in sarcoidosis in the absence of
active infection remain unknown.

What This Study Adds to the Field

Serum amyloid A is an innate receptor ligand that aggre-
gates and regulates granulomatous inflammation in sar-
coidosis, providing a novel mechanism for chronic disease.
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properties similar to those of amyloid or prion fibrils (neutral
detergent insolubility; relative heat, acid, nuclease, and protease
resistance; and sensitivity to alkali and potent denaturants) (14),
we hypothesized that host proteins with the potential to form
poorly soluble aggregates or amyloid fibrils play a role in the
development of epithelioid granulomas in sarcoidosis.

We report herein that serum amyloid A (SAA), an ancient,
highly inducible acute-phase reactant and amyloid precursor
protein (15), may act as an immunological switch, amplifying
ongoing Th1 granulomatous responses to mycobacterial anti-
gens. We demonstrate that SAA is expressed with an intensity
and distribution pattern characteristic of sarcoidosis compared
with many other granulomatous processes. Further, our data
indicate that SAA regulates granuloma formation and cytokine
production in experimental models of mKatG-induced granu-
lomatous lung inflammation as well as in lung macrophages
from patients with sarcoidosis, effects mediated through Toll-
like receptor-2 (TLR2).

Some of the results of these studies have been previously
reported in the form of an abstract (16).

METHODS

Study Population

Patients recruited for bronchoalveolar lavage (BAL) studies under-
went a clinically indicated diagnostic bronchoscopy, participated
voluntarily, and provided informed consent under protocols approved
by The Johns Hopkins Medical Institutions (Baltimore, MD) Institu-
tional Review Board. A diagnosis of sarcoidosis was established either
by tissue biopsy or by initial manifestations consistent with Löfgren
syndrome according to worldwide consensus criteria (1). Control
patients were either those who underwent a clinically indicated bron-
choscopy and who later were determined not to have sarcoidosis or
infection, or healthy nonatopic or atopic individuals recruited for
research study under a separate protocol approved by The Johns
Hopkins Medical Institutions Institutional Review Board. Patients with
sarcoidosis and control patients were not receiving systemic cortico-
steroids or other immunosuppressive drugs at the time of their
bronchoscopy. Demographic and clinical characteristics of these sub-
ject groups are listed in Table 1.

Human Pathology Tissues

All tissue samples for histological studies were acquired under pro-
tocols approved by the Johns Hopkins Medical Institutions or the
University of Colorado (Denver, CO) institutional review boards.

Immunohistochemistry

Paraffin tissue sections were stained by immunohistochemistry, using
antibodies specific for fibrillar AA amyloid and SAA (clone mc1;
Dako, Glostrup, Denmark), b-amyloid (Ab) (clone 6F/3D; Dako),
human prion protein (PrP27–30) (20R-PG009; Fitzgerald Industries,
Concord, MA), or serum amyloid P (clone NCL-PCOMp; Novocastra,
Newcastle upon Tyne, UK). Negative control staining was performed
with a matched concentration of an appropriate nonspecific isotype
control antibody. Staining with Congo red and thioflavin T was per-
formed on frozen- or paraffin-embedded archived tissues by the Johns
Hopkins Hospital Department of Pathology, using clinical laboratory-
accredited methods. The presence of amyloid was assessed by Nomarski
differential interference contrast fluorescence microscopy, using a fluo-
rescein isothiocyanate filter, or by bright-field microscopy with polariz-
ing filters. The number of tissue samples from various diseases that were
analyzed are presented in Table E1 (see the online supplement); detailed
methods are also given in the online supplement.

Morphometric Analysis of Human Tissues

For quantitative histological analysis, at least 20 digital images of
representative high-power fields were obtained from each tissue
section, and quantification of immunohistochemical staining (3,39-
diaminobenzidine, brown) was determined with Image-Pro software

(Media Cybernetics, Bethesda, MD) (17). To account for differences in
tissue area and cellularity between samples, the area of nuclear staining
with hematoxylin (blue-violet) for each corresponding high-power field
was also quantified by this method.

Human SAA Measurement

Human SAA was measured by ELISA (KHA0012; Biosource, Cama-
rillo, CA) as recommended by the manufacturer (for details, see the
online supplement).

Chemicals and Reagents

Recombinant human SAA (Peprotech, Rocky Hill, NJ) was passed
three times through an endotoxin-binding column (EndoTrap red;
Profos, Regensburg, Germany) to reduce the endotoxin content from
an average of 250 endotoxin units per 1 mg of stock SAA (25 pg of LPS
per 1 mg of SAA) to less than 0.3 pg of LPS per 1 mg of SAA for use in
all experiments. Synthetic TLR2 agonist Pam3CSK4 (Pam3), TLR2
agonist Mycobacterium smegmatis lipomannan, TLR4 agonist Escher-
ichia coli K12 LPS, and TLR8 agonist GU-rich single-stranded RNA
20-mer were from InvivoGen (San Diego, CA). Polymyxin B was from
Sigma-Aldrich (St. Louis, MO). Unfractionated cell wall–free intracel-
lular extracts from lysates of Mycobacterium tuberculosis (whole cell
lysate, WCL) and the anti-mKatG monoclonal antibody IT-57 (18)
were obtained from Colorado State University (Fort Collins, CO) as
part of contract no. HHSN266200400091C (NIAID, NIH, Bethesda,
MD), entitled ‘‘TB Vaccine Testing and Research Materials Contract’’
(www.cvmbs.colostate.edu/mip/tb/cellysate.htm).

Cell Culture Experiments

THP-1 cells transfected with a nuclear factor (NF)-kB–inducible
reporter plasmid expressing a secreted embryonic alkaline phosphatase
(SEAP) and selectable with the antibiotic Zeocin (100 mg/ml) (THP-1
Blue; InvivoGen) were differentiated overnight with phorbol myristate
acetate (10 mg/ml) and then incubated with medium alone, SAA
(10 mg/ml), Pam3 (100 ng/ml), or LPS (100 ng/ml) in the presence of
polymyxin B (10 mg/ml). After 18–22 hours of incubation, NF-kB
induction was quantified by the determination of SEAP activity in the
resulting conditioned medium, using a colorimetric assay (QUANTI-
Blue; InvivoGen) read at 650 nm. Selected experiments were per-
formed in the presence of blocking antibodies to TLR2 (clone T2.5,
40 mg/ml; eBioscience, San Diego, CA) or an equal amount of nonspe-
cific isotype control antibody (clone MOPC-21; BD Biosciences, San
Jose, CA).

A human embryonic kidney cell line, HEK-293, was transfected
with either an expression plasmid for human TLR2 (293-TLR2;
InvivoGen) or an empty plasmid (293-null cells; InvivoGen) and grown
in medium (Dulbecco’s modified Eagle’s medium plus 10% fetal calf

TABLE 1. CHARACTERISTICS OF SUBJECTS RECRUITED FOR
BRONCHOALVEOLAR LAVAGE STUDIES

Subjects with Sarcoidosis Control Subjects

Total subjects, n 57 29

Female 38 17

Male 19 12

Mean age, years 44.5 48.7

CXR stage, 0/I/II/III/IV* 0/15/34/8/0 N/A

Smoking status, P/Q/N† 5/15/37 3/4/22

BAL cell differential, %‡

Macrophages 66.4 6 2.5 88.1 6 1.9

Lymphocytes 30.6 6 2.5 9.9 6 1.5

Neutrophils 2.1 6 0.3 1.5 6 0.3

Eosinophils 0.6 6 0.1 0.5 6 0.2

Definition of abbreviations: BAL 5 bronchoalveolar lavage; CXR 5 chest X-ray;

N/A 5 not applicable.

* Scadding CXR stage: 0 5 no adenopathy, no lung infiltrates; stage I 5 hilar

adenopathy only; stage II 5 hilar adenopathy plus lung infiltrates; stage III 5 lung

infiltrates only; stage IV 5 pulmonary fibrosis.
† P 5 present smoker; Q 5 quit/past smoker; N 5 never smoker.
‡ Mean 6 standard error.
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serum) in the presence of the antibiotic blasticidin (10 mg/ml) to
maintain selection for these transfectants. To detect the induction of
NF-kB, 293-TLR2 or 293-null cells were transiently transfected over-
night with pNiFty (InvivoGen) and then incubated with medium alone,
SAA (10 mg/ml), Pam3 (100 ng/ml), lipomannan (100 ng/ml), LPS
(100 ng/ml), or single-stranded RNA (10 mg/ml). After 18–22 hours of
incubation, NF-kB signal transduction was determined by quantifying
SEAP activity in the conditioned medium, using a colorimetric assay as
outlined previously.

Recombinant mKatG and Modified M. tuberculosis Extracts

Recombinant Mtb KatG protein (9, 19) and whole cell lysates of
M. tuberculosis isoniazid-resistant strain B1453 with katG deletion and
the complemented strain were prepared as previously described (for
detailed methods, see the online supplement). Protein immunoblotting
with the anti-mKatG monoclonal antibody IT-57 was performed as
previously described (8).

Animal Experiments

All animal studies were approved by the Johns Hopkins Animal Care
and Use Committee. Experiments followed the basic design of rodent
models of granulomatous lung inflammation previously described by
other investigators (20, 21) (for detailed methods, see the online
supplement). Briefly, female Lewis rats or C57BL/6 mice were
immunized by intraperitoneal injection with M. tuberculosis whole cell
lysate (Mtb-WCL) or recombinant M. tuberculosis catalase–peroxidase
(mKatG) in a 1:1 mixture of phosphate-buffered saline and Freund’s
complete adjuvant or Freund’s incomplete adjuvant (for experiments
testing the effects of SAA). Sepharose 4B CNBr beads were coupled to
mKatG, WCL, or no antigen (uncoated, sham reacted) according to the
manufacturer’s recommendations (GE Healthcare Life Sciences, Pis-
cataway, NJ). Fourteen days after immunization, rats received by tail
vein intravenous injection either SAA (1 mg), transthyretin (1 mg) as
a control (amyloid precursor) human protein, or a dose of 50 ng of LPS,
which was given 5 minutes before the Sepharose beads. Mice received
mKatG beads by orotracheal instillation and an intraperitoneal in-
jection of SAA (200 mg) or saline immediately before and at 1 week.
For quantitative histological analysis of granulomatous inflammation in
the lung, an index of granuloma size was calculated from the mean
radii taken at perpendicular axes from the bead wall. Some rats
received 500 mg of blocking antibodies to TLR2 (clone T2.5; eBio-
science), neutralizing antibodies to rat-specific TNF-a (BioLegend, San
Diego, CA) or IL-10 (R&D Systems, Minneapolis, MN), or an equal
amount of nonspecific control antibody 10 minutes before SAA. In
other experiments, splenocytes were harvested from mKatG-sensitized
animals and incubated overnight in medium alone, SAA (10 mg/ml),
Pam3 (100 ng/ml), mKatG (10 mg/ml), or human albumin (10 mg/ml;
Sigma-Aldrich), with or without the addition of anti-TLR2 antibody (20
mg/ml) or an equal amount of isotype control antibody. Cytokine
measurements were determined by ELISA (R&D Systems) from cell-
free supernatants. Antigen-specific proliferation was determined after
a 6-day incubation with mKatG by 5,6-carboxyfluorescein diacetate
succinimidyl ester dilution as previously described (9).

Human BAL Cell Preparation

Lung mononuclear cells from BAL were isolated and cultured as
previously described (4, 9) (for detailed methods, see the online
supplement). Selected experiments were performed in the presence
of blocking antibodies to TLR2 (clone T2.5, 20 mg/ml; eBioscience) or
an equal amount of nonspecific isotype control antibody (clone MOPC-
21; BD Biosciences). Cell-free supernatants were collected and cyto-
kine levels were measured by ELISA (TNF and IL-10 from BD
Biosciences; IL-18 from R&D Systems).

Flow Cytometry

Subsets of BAL cells were identified with monoclonal antibodies
against monocyte (CD14 clone M5E2; BD Biosciences), lymphocyte
(CD3 clone UCHT1; BD Biosciences), and TLR2 (clone 11G7) as pre-
viously described (9) (for detailed methods, see the online supplement).
The mean fluorescence intensity of surface TLR2 expression on CD141

cells was calculated with FlowJo software (Tree Star, Ashland, OR).

Statistics

Statistical analyses were performed with GraphPad Prism 5 (GraphPad
Software, La Jolla, CA). Group comparisons of unpaired data were
performed by Kruskal-Wallis test followed by individual comparisons
using the Mann-Whitney test and indicated by H-brackets in the
figures. Paired analyses were performed by the Wilcoxon matched
pairs test and indicated with staple brackets. Results of nonparametric
correlation analyses are expressed using the Spearman coefficient (rs)
with P values determined by a two-tailed test. A P value less than 0.05
was considered significant.

RESULTS

SAA Forms an Integral Component of Epithelioid

Granulomas in Sarcoidosis

Using immunohistochemistry based on an antibody that binds
to both AA amyloid fibrils and its precursor protein SAA, we
found a typically intense pattern of expression of SAA in
granulomas from sarcoidosis lung and lymph nodes (Figure
1A); isotype control antibodies showed no staining (see Figure
E1 in the online supplement). These same tissues did not show
significant expression of b-amyloid (Figure 1A) or PrP prion
protein (data not shown). SAA/AA staining of granulomas was
also detected in sarcoidosis tissues of pleura, skin, dura mater,
and liver (Figure 1B). To assess whether SAA staining was due
to deposition of AA amyloid fibrils, we stained with amyloid-
binding dyes thioflavin-T and Congo red. Thioflavin-T staining
within granulomas at sites of SAA expression was inconsistent,
with a minority of granulomas demonstrating fluorescence within
or adjacent to macrophages or giant cells, suggesting that most
SAA was not arrayed in an AA amyloid fibril configuration in
sarcoidosis tissues (Figure 1C). Consistent with this inference,
tissues stained with Congo red did not show significant birefrin-
gence within granulomas, which also did not show expression of
serum amyloid P component, which binds amyloid fibrils (see
Figure E2 in the online supplement). As most SAA did not appear
to be associated with AA amyloid fibril formation, we analyzed
whether soluble SAA could be detected in the sarcoidosis lung
by sampling BAL fluid. We found significantly higher levels of
soluble SAA in unconcentrated BAL fluid from patients with
pulmonary sarcoidosis compared with healthy individuals (Fig-
ure 1D). SAA levels were significantly higher in BAL fluid from
patients with sarcoidosis with interstitial lung disease (chest X-ray
stages II and III) compared with those with bilateral hilar
adenopathy but no pulmonary infiltrates (stage I), suggesting
that increases in soluble SAA in BAL fluid reflect tissue SAA
within compartmentalized granulomatous inflammation in the
lung and not solely from the presence of systemic sarcoidosis.

SAA Expression Is Greater in Sarcoidosis Tissues than in Other

Granulomatous Diseases

Expression of SAA/AA in sarcoidosis was both qualitatively
and quantitatively different from that of all other infectious and
autoimmune granulomatous diseases that were examined (Fig-
ure 2A). In Wegener granulomatosis, a grave form of systemic
vasculitis associated with antibodies against myeloperoxidase,
SAA was inconsistently expressed by lung macrophages, with
only limited expression within areas of granulomatous inflam-
mation. Granulomas in hypersensitivity pneumonitis showed
little or no SAA staining. Epithelioid noncaseating granulomas
in lung tissues from infectious granulomatous diseases (M.
tuberculosis, Mycobacterium avium-intracellulare, Histoplasma,
and Aspergillus infections) also displayed limited SAA staining
in scattered macrophages compared with sarcoidosis granulo-
mas. Epithelioid granulomas from transbronchial biopsies of
patients with chronic beryllium disease demonstrated little or
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no SAA staining. A lymph node infected with M. tuberculosis
demonstrated patchy expression of SAA, localized mostly
around the periphery of necrotizing granulomas. Granulomas
near lung cancer or hyalinized granulomas only occasionally
expressed low-intensity SAA staining. Tissue granulomas from

Crohn’s disease expressed patchy staining of SAA localized to
macrophages. Tissues from normal lung, all other inflammatory
lung diseases, and normal and hyperplastic lymph node samples
showed no significant SAA staining (see Figure E3 in the online
supplement).

Figure 1. Serum amyloid A (SAA) forms an integral part of the nidus of epithelioid granulomas in sarcoidosis. (A) Representative photomicrographs

of lung and lymph node (LN) tissues from patients with pulmonary sarcoidosis stained by immunohistochemistry (IHC) with a monoclonal antibody
(mc1; Dako) specific for fibrillar AA amyloid and SAA (SAA/AA) (top row) or a monoclonal antibody (6F/3D; Dako) to b-amyloid (Ab) (bottom row)

and counterstained with hematoxylin. (B) Representative photomicrographs of pleura, skin, brain (dura mater), and liver stained for SAA/AA. (C )

Representative photomicrographs of lung sections from patients with sarcoidosis stained with thioflavin-T and counterstained with hematoxylin and
then examined by Nomarski differential interference contrast (panels i and iv) and fluorescence (panels ii and v) microscopy; open arrowheads indicate

enhanced fluorescence intensity. Corresponding hematoxylin–eosin (H&E) sections stained for SAA/AA by IHC are shown (panels iii and vi). (D) Top:

Soluble SAA levels in unconcentrated bronchoalveolar lavage (BAL) fluid from patients with sarcoidosis and healthy control subjects were measured by

ELISA. Bottom: SAA levels in BAL fluid from patients with sarcoidosis grouped according to chest X-ray stage. Data are shown as dot plots with medians
(horizontal bars), cohort sizes (n), and nonparametric comparison (brackets) as indicated (*P , 0.005; **P , 0.05). ns 5 not significant.
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We next quantified differences in SAA expression in tissues
from several groups (Figures 2B and 2C) within the dynamic
range of SAA/AA staining (see Figure E5 in the online sup-
plement). Using an index of SAA staining normalized against
the area of stained nuclei to account for differences in tissue area,
we found SAA expression in lung tissues from patients with
sarcoidosis to be more than 100-fold greater than in histologically
normal lung or in tissues from a group of patients with interstitial

lung diseases, and more than 50-fold higher than in Wegener
granulomatosis (Figure 2C). Epithelioid noncaseating granu-
lomas from available samples of infectious granulomatous
diseases (mycobacterial and fungal) displayed a significantly
lower extent of SAA staining compared with sarcoidosis tis-
sues. Noncaseating epithelioid granulomas from transbronchial
biopsies from patients with chronic beryllium disease demon-
strated significantly less SAA staining than in sarcoidosis,
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Wegener granulomatosis, or infectious granulomatous diseases.

Sarcoidosis lymph nodes demonstrated almost 1,000-fold in-

creased expression of SAA compared with histologically normal

or hyperplastic lymph nodes (Figure 2C). Colon tissue samples

from patients with Crohn’s disease had levels of SAA expression

comparable to that of tissues from patients with Wegener gran-

ulomatosis or infectious granulomatous diseases but lower than in

patients with sarcoidosis.

SAA Expression Is Localized to CD681 Macrophages in

Sarcoidosis Granulomas but Correlates with CD31

Lymphocyte Infiltration

Tissues from patients with sarcoidosis sometimes showed het-
erogeneity in the distribution or intensity of SAA staining within
neighboring granulomas, mostly in a subset of lung or lymph node
samples (Figure 3A). SAA staining in these tissues was localized
predominantly to macrophages and multinucleated giant cells

Figure 2. Greater expression of serum amyloid A (SAA) is found in granulomas from sarcoidosis tissues than in other granulomatous diseases. (A)
Representative photomicrographs of lung, colon, or lymph node (LN) tissues from patients with Wegener granulomatosis (WG), hypersensitivity

pneumonitis, M. tuberculosis (Mtb) infection, M. avium-intracellulare (MAI) infection, Histoplasma infection, Aspergillus infection, chronic beryllium

disease (CBD), hyalinized lymph node granulomas, or Crohn’s disease stained for SAA/AA by immunohistochemistry. (B) Representative

photomicrographs of lung tissue from subjects with histologically normal lung, cryptogenic organizing pneumonia [COP (ILD)], Wegener
granulomatosis, or sarcoidosis are shown for SAA/AA staining (left column) with corresponding red overlay (right column); green overlay is shown for

staining of nuclei. (C ) Quantification of SAA/AA staining in lung and lymph node tissues expressed as pixels of red area (SAA stained) normalized

against pixels of green area (nuclear stained) to account for differences in tissue area in the various samples. The interstitial lung disease (ILD) group
includes patients with COP, hypersensitivity pneumonitis, usual interstitial pneumonia, or nonspecific interstitial pneumonia. The infectious lung

disease group (INF) includes M. tuberculosis, M. avium-intracellulare, Histoplasma, and Aspergillus infections. Additional groups include chronic

beryllium disease (CBD) and Crohn’s disease (CD). The control lymph node tissue group (ctrl) includes histologically normal or hyperplastic lymph

node. Data are shown as quartile box plots with 10th and 90th percentile whiskers. Group sizes (n) and nonparametric comparisons (brackets) are as
indicated (*P , 0.0001). IHC 5 immunohistochemistry; nl 5 normal; ns 5 not significant; sarc 5 sarcoidosis; WG 5 Wegener granulomatosis.

Figure 3. Serum amyloid A (SAA) expression in granulomas localizes to macrophages and giant cells but correlates with CD31 lymphocytes. (A)

Photomicrographs of lung, lymph node (LN), and brain (dura mater) from patients with sarcoidosis with heterogeneity in the intensity of SAA
staining of neighboring granulomas. (B) Representative photomicrographs (n 5 15) of lung (top row) and LN (bottom row) from patients with

sarcoidosis stained for SAA (left), CD681 macrophages (middle), and CD31 lymphocytes (right). (C) Correlation of SAA staining as quantified by

digital capture microscopy normalized against area of nuclei stained with hematoxylin with the presence of CD681 macrophages or CD31

lymphocytes in the granuloma area from consecutive tissue sections. Analysis of 70 high-power fields from 6 tissue samples is shown. Data are
shown as dot plots with lines indicating paired values. Nonparametric correlation is expressed as the Spearman coefficient.

b
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(determined by histological appearance and CD681 staining) or
immediately adjacent to these cells (Figure 3B). Neutrophils
were rarely found in sarcoidosis granulomas, and demonstrated
little or no staining for SAA. Overall, SAA staining correlated
with total mononuclear cells (CD681 mononuclear cells plus
CD31 T cells) within granulomas (rs 5 0.349, P , 0.00005),
suggesting that the extent of SAA deposition is related to active
mononuclear cell inflammation. Importantly, despite localization
of SAA to macrophages and giant cells, the extent of SAA
staining correlated with the number of CD31 T cells and not
CD681 macrophages within granulomas, suggesting that SAA
expression is regulated by local CD31 T cells (Figure 3C).

To assess whether SAA expression correlated with chronic
granulomatous inflammation, we analyzed six sarcoidosis lung
samples characterized by granulomas with both mononuclear
cell inflammation (defined as more than 10 mononuclear cells
per granuloma to exclude hyalinized acellular granulomas) and
fibrosis (visible extracellular matrix within or immediately
surrounding granulomas on routine hematoxylin–eosin sec-
tions). We found that the extent of SAA staining positively
correlated with the degree of collagen deposition, suggesting
that tissue SAA expression links to chronic inflammation and
fibrosis (see Figure E4 in the online supplement).

SAA Activates NF-kB from Human Macrophage Cell Lines

through TLR2

SAA has several potential receptors that mediate its effects on
inflammatory cells, including TLR2, known to be expressed on
lung macrophages (15, 22). To assess a potential role for SAA in
stimulating tissue macrophages in sarcoidosis, we analyzed the
effects of SAA on the human macrophage-like THP-1 cell line.
Using THP-1 Blue cells (InvivoGen), which contain a trans-
fected NF-kB reporter plasmid, we found that highly purified
recombinant SAA in a disease-relevant dose (23) (10 mg/ml,
containing endotoxin at ,5 pg/ml) activates NF-kB in these
cells (Figure 4A). The addition of polymyxin B neutralized the
response to the TLR4 ligand E. coli K12 LPS (100 ng/ml) but
did not affect responses to SAA, suggesting that the effect of
SAA was not mediated through TLR4 signaling from the trace
amount of endotoxin in our SAA preparation. When THP-1
Blue cells were preincubated with blocking anti-TLR2 anti-
bodies, activation of NF-kB by SAA was significantly inhibited
compared with isotype controls, suggesting that SAA is signal-
ing through TLR2 (Figure 4A). A similar inhibition was
observed with the TLR-2 binding ligand Pam3CSK4 (Pam3).

To further test the role of TLR2 in mediating the effects of
SAA independent of other TLRs expressed on human macro-
phages, we assessed NF-kB activation in HEK-293 cells stably
transfected with a TLR2 expression vector (293-TLR2) or empty
vector (293-null) after transient transfection with the pNiFty NF-
kB reporter plasmid. HEK-293 cells, which do not express Toll-
like receptors, did not show activation of NF-kB after incubation
with SAA or other known TLR agonists (Figure 4B). In contrast,
SAA activated NF-kB in 293-TLR2 cells in a manner similar to
known TLR2 ligand Pam3 or M. smegmatis lipomannan, consistent
with a TLR2 agonist effect by SAA. 293-TLR2 cells did not show
activation of NF-kB in response to ligands to other TLRs including
TLR4 (LPS) or TLR8 (single-stranded RNA) (Figure 4B).

SAA Regulates Granulomatous Lung Inflammation through

TLR2 in an Experimental Model of Sarcoidosis

To further assess the potential role of SAA in sarcoidosis, we
developed an experimental model of granulomatous lung in-
flammation using the pathogenic antigen mKatG linked to
Sepharose beads embolized to the lung in rats, a species that

develops granulomas more representative of humans than mice
(24) (Figure 5A). We found that mKatG–beads induced greater
granulomatous lung inflammation at 4 days and 3 weeks than
beads linked to unfractionated cell-free intracellular extracts
from lysed M. tuberculosis (Mtb) (whole cell lysate, WCL)
(Figure 5B). The relatively increased potency of mKatG as
antigen compared with other mycobacterial proteins was dem-
onstrated by the smaller granulomas seen with beads linked to
protein extracts from a katG deletion Mtb strain compared with
this same strain complemented with a katG gene expressing

Figure 4. Serum amyloid A (SAA) activates nuclear factor (NF)-kB
through Toll-like receptor-2 (TLR2) signaling independent of TLR4.

Shown is the effect of SAA on (A) the human macrophage-like THP-1

cell line with an NF-kB reporter plasmid (THP-1 Blue) differentiated

overnight with phorbol myristate acetate (PMA, 10 mg/ml), and then
incubated with SAA at 10 mg/ml (or with medium alone or palmitoyl-

3-cysteine-serine-lysine-4 [Pam3] at 100 ng/ml) in the presence of

polymyxin B (PMX, 10 mg/ml) with or without a 40-mg/ml concentra-
tion of blocking antibodies to human TLR2 (aT2) or nonspecific isotype

control antibody (Ig). LPS (10 ng/ml) was coincubated with or without

PMX as indicated. Activation of NF-kB was detected by a colorimetric

assay of secreted alkaline phosphatase (SEAP) activity expressed by the
NF-kB–inducible expression plasmid; and (B) HEK-293 cells transfected

with a human TLR2 expression plasmid (open symbols) or empty control

plasmid (solid symbols) transiently transfected with an NF-kB reporter

plasmid (pNiFty) and stimulated with medium alone, SAA, TLR2
agonist Pam3 or M. smegmatis lipomannan (LM; 100 ng/ml), TLR4

agonist LPS, or TLR8 agonist ssRNA (single-stranded RNA, 10 mg/ml).

Activation of NF-kB was detected by a colorimetric assay of SEAP
activity expressed by the NF-kB–inducible expression plasmid. Data are

shown as dot plots of independent experiments with group sizes

indicated (n). Medians (horizontal bars) were analyzed by paired (staple

brackets) or unpaired (H-brackets) nonparametric methods as indicated
(*P , 0.005; **P , 0.05). ns 5 not significant.
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functional mKatG (Figure 5C). The granulomatous response to
mKatG–beads was associated with antigen-specific T-cell pro-
liferation and IFN-g production (Figure 5D).

To model the effects of SAA in regulating granulomatous
inflammation in sarcoidosis, we administered SAA in a dose
mimicking an acute-phase response in humans (15). SAA

Figure 5. Serum amyloid A

(SAA) regulates Mycobacterium
tuberculosis catalase–peroxi-

dase (mKatG) antigen–driven

granulomatous lung inflam-
mation in an experimental

model of sarcoidosis. After im-

munization with recombinant

mKatG or an unfractionated
cell-free lysate of intracellular

proteins from M. tuberculosis

(WCL), Sepharose beads

linked to the same immunizing
antigen or sham-reacted un-

linked beads were embolized

to the lung of animals in ex-

periments modeled on previ-
ously published studies (20,

21). (A) Representative low-

power photomicrographs
(original magnification, 310;

scale bars, 50 mm) of granulo-

matous inflammation 4 days

after exposure to embolized
beads. An index of granuloma

size was estimated from the

mean radii taken at perpendic-

ular axes (arrows). (B) Granu-
loma size is shown for 4-day

and 3-week time points by box

plots with 10th and 90th per-
centile whiskers. (C) Protein

immunoblot with the anti-

mKatG monoclonal antibody

IT-57 indicating the absence
or presence of 80-kD mKatG

monomer in mKatG-deleted

(mKatGdel) M. tuberculosis

strain or the same strain com-
plemented with a functional

katG gene (mKatGcomp).

Shown is the effect of the

presence or absence of mKatG
in unfractionated cell-free ex-

tracts from these Mtb strains

linked to Sepharose beads on
the intensity of granulomatous

inflammation determined by

granuloma size. (D) Antigen-

specific responses to mKatG
from splenocytes of mKatG-

sensitized animals determined
by flow cytometry (representative dot plot of CD31CD41 lymphocyte proliferation determined by 5,6-carboxyfluorescein diacetate succinimidyl
ester [CFSE] dilution after 6 d of incubation; n 5 6) and IFN-g production after a 24-hour incubation in medium alone, control human albumin (10

mg/ml), or mKatG (10 mg/ml). (E) Representative high-power photomicrographs (original magnification, 340; scale bars, 50 mm) showing the

localization of recombinant human SAA to sites of mKatG–bead–induced granuloma formation after 24 hours; shown are SAA levels in lung

homogenates at 24 hours from rats receiving mKatG-coated or uncoated beads. (F) Effect of SAA (10 mg/ml) or Toll-like receptor-2 (TLR2) ligand
palmitoyl-3-cysteine-serine-lysine-4 (Pam3, 100 ng/ml) on 24-hour splenocyte production of IFN-g, tumor necrosis factor (TNF), and IL-10; effect of

intravenous injection of SAA (1 mg), transthyretin (TTR, 1 mg), or LPS (50 ng) given immediately before mKatG bead administration on granuloma

size at 4 days (lower right). (G) Effect of IP injections of SAA (200 mg) or saline given immediately before orotracheal administration of mKatG beads
and at 1 week on granuloma size on Day 4 or 2 weeks in mice immunized with mKatG. (H) Effects of blocking antibodies to TLR2 or similar amount

of nonspecific isotype control antibodies on SAA-induced rat splenocyte production of IFN-g, TNF-a, IL-10, or granuloma size at 4 days (lower right).

Data are shown as box plots with 10th and 90th percentile whiskers (B, C, F, G, and H), dot plots with medians (D, F, and H), or as bars indicating

mean with standard error whiskers (E). Group sizes (n) and paired (staple brackets) or unpaired (H-brackets) nonparametric comparisons are
indicated (*P , 0.005; **P , 0.05). ns 5 not significant.
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localized to sites of mKatG–bead–induced granulomas to
a greater degree than uncoated beads alone (Figure 5E). SAA
induced higher levels of IFN-g, TNF, and IL-10 from mKatG-
stimulated splenocytes, consistent with a Th1-promoting effect
(Figure 5F). With a single dose, SAA induced more compact
granulomas compared with a control human protein, trans-
thyretin, or LPS at 4 days (Figure 5F). This effect of SAA was
mediated in part through TNF and IL-10 as shown by the
inhibitory effects of neutralizing antibodies infused before
administration of SAA and mKatG–beads (15.1 and 36.7%
inhibition, respectively, compared with isotype control anti-
bodies; P , 0.05 both comparisons). To model the effect of
SAA over an extended time period as in human sarcoidosis, we
tested the effect of repeated SAA administration on Th1-
induced pulmonary granulomatous inflammation from orotra-
cheal administration of mKatG–beads in mKatG-immunized
mice. Importantly, although granuloma size was reduced at
4 days, we found that repeated SAA administration increased
mean granuloma size by approximately twofold at 2 weeks,
suggesting that chronic SAA exposure enhances the persistence
of experimental granulomatous inflammation (Figure 5G).
Notably, anti-TLR2 antibodies administered before SAA and
mKatG–beads attenuated the effects of SAA on the production
of IFN-g, TNF, IL-10, and granuloma size at 4 days, suggesting
that SAA regulates mKatG-induced granulomatous lung in-
flammation in part through TLR2 (Figure 5H).

SAA Regulates Cytokine Production from Sarcoidosis Lung

Macrophages through TLR2

To translate our results to human sarcoidosis, we determined
the effects of SAA on ex vivo cytokine production from lung
(BAL) macrophages from patients with pulmonary sarcoido-
sis. We found that SAA in disease-relevant concentrations
(10–50 mg/ml) stimulated production of TNF, IL-18, and IL-10
from BAL macrophages from patients with sarcoidosis and to
a greater extent than from BAL cells from control subjects,
comprising mostly patients with chronic obstructive pulmonary
disease (Figure 6A).

To assess whether these effects of SAA were mediated
through TLR2 signaling, we first analyzed surface expression

of TLR2 on BAL macrophages. We found higher expression of
TLR2 on CD141 BAL macrophages in patients with sarcoidosis
than in control subjects (Figures 6B and 6C). The TLR2 re-
ceptors were functional as assessed by the increased production
of TNF and IL-10 after incubation with known TLR2 agonists
(data not shown). When sarcoidosis BAL cells were preincu-
bated with blocking antibodies to TLR2 before SAA stimula-
tion, we found that anti-TLR2 antibodies consistently inhibited
TNF and IL-10 production, with a trend for inhibiting IL-18
production from BAL macrophages from patients with sarcoid-
osis (Figure 6D). These data suggest that SAA regulates local
granulomatous inflammation through its effects on tissue mac-
rophage cytokine production, mediated in part through TLR2.

DISCUSSION

Our data suggest that SAA is both a structural component of
epithelioid granulomas and an effector of the innate immune
response that regulates granulomatous inflammation in sarcoido-
sis. Several findings suggest that SAA plays a central, perhaps
defining, role in the pathobiology of sarcoidosis. First, the extent
of SAA deposition in tissue granulomas in sarcoidosis greatly
exceeded that found in all other granulomatous lung diseases that
were examined. This included tissues with noncaseating epithe-
lioid granulomas (typical of sarcoidosis) found in infectious
granulomatous diseases including mycobacterial and fungal in-
fections and in chronic beryllium disease. The intensity, focality,
and heterogeneity in the distribution of SAA have also not been
described in other inflammatory conditions such as rheumatoid
arthritis that, like Wegener granulomatosis and hypersensitivity
pneumonitis, have different immunopathogenic mechanisms (25).
Second, the distribution of SAA staining in individual granulo-
mas within sarcoidosis tissues was heterogeneous in some sam-
ples and correlated with total mononuclear cell infiltration. Our
data showed that SAA expression in granulomas from sarcoidosis
tissues was centered on CD681 macrophages and giant cells,
suggesting that SAA is produced, concentrated, and/or released
by these cells during periods of active mononuclear cell inflam-
mation. Third, the extent of SAA staining correlated with the
number of CD31 T cells in the granulomas, and not with the

Figure 5. (continued).
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number of CD681 macrophages. Importantly, this observation
suggests that the extent of expression of SAA at sites of gran-
ulomatous inflammation in sarcoidosis is pathogenically linked to
local Th1 immune responses. There are several potential mech-
anisms for this linkage including the paracrine effects of IFN-g

and TNF released by CD31 T cells on up-regulating SAA ex-
pression in macrophages and other local cells (15). CD31 T cells
could also regulate trafficking of SAA-expressing inflammatory
cells to sites of granulomatous inflammation. Importantly, IFN-g
has been shown to directly impair the degradation of SAA by

Figure 6. Serum amyloid A (SAA) induces cytokine production from bronchoalveolar lavage cells from patients with sarcoidosis through Toll-like

receptor-2 (TLR2) stimulation. Effect of SAA on (A) bronchoalveolar lavage (BAL) cells isolated from patients with sarcoidosis (sarc, open symbols) or
control individuals (ctrl, solid symbols) incubated with SAA (10 mg/ml) or LPS (100 ng/ml) in the presence of polymyxin; cell-free culture

supernatants were collected at 24 hours and cytokine levels were determined by ELISA. (B) Gating strategy and representative examples (panel i) of

TLR2 expression on CD141 BAL cells from a control subject and a patient with sarcoidosis. Overlay plots of TLR2 staining on CD141 BAL cells

representing (panel ii) dot-plot overlay of TLR2 expression in a control subject (green) and patient with sarcoidosis (red) (with the frequency of cells
with high TLR2 expression as noted), and (panel iii) histogram overlay of fluorescence intensity of TLR2 staining in a control subject (green shaded

area) and patient with sarcoidosis (red outline). (C ) Relative expression of human TLR2 on CD141 BAL cells from control subjects and patients with

sarcoidosis expressed as mean fluorescence intensity (MFI). (D) Ex vivo expression of cytokines (tumor necrosis factor [TNF], IL-18, IL-10) in

sarcoidosis BAL cells stimulated with SAA in the presence of polymyxin (PMX) and blocking antibodies to TLR2 (open symbols) or nonspecific isotype
control antibody (solid symbols). Data are shown as dot plots with medians (horizontal bars) and group sizes (n) as indicated, from a total of 34

patients with sarcoidosis and 16 control individuals. Paired (staple brackets) and unpaired (H-brackets) nonparametric comparisons are as indicated

(*P , 0.005; **P , 0.05).
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macrophages favoring extracellular accumulation and fibril for-
mation (26), an effect that can directly link Th1 responses to
enhanced aggregation and persistence of SAA. Together, these
histopathologic observations provide the spatial context for the
hypothesis that SAA is a bridge between the innate and adaptive
immune responses that determine a specific pathobiologic de-
velopment of granulomatous inflammation in sarcoidosis.

In addition to its role as an acute-phase reactant, SAA plays
a role in human disease as a precursor to fibrillar AA amyloid
(15). Our initial studies of SAA were prompted by recognition
that the biophysical properties of the granuloma-inducing
component of sarcoidosis tissues had striking parallels to the
properties of amyloid or prion fibrils (12, 14, 15). Despite the
often intense staining of SAA in sarcoidosis granulomas, sites of
SAA deposition were not associated with typical features of
amyloid fibril aggregation as evidenced by the lack of wide-
spread Congo red birefringence or staining with serum amyloid
P. However, Congo red staining of amyloid or prion fibrils may
significantly underestimate the presence of amyloid or prion
proteins in tissues, suggesting there may be aggregates of SAA
below the level of detection by this analytic method (27, 28).
Our observation of positive thioflavin-T fluorescence in some
areas within the granulomas, particularly in giant cells, suggests
that ordered SAA aggregates may be present in some sarcoidosis
granulomas where they could form a poorly soluble nidus for
granuloma formation. Prior studies have noted an association of
amyloidosis and sarcoidosis (29), which conceivably could be
a more generalized expression of dysregulated protein aggrega-
tion in sarcoidosis. Given that amyloid or prion aggregates have
a biochemical attraction for other, even unrelated, amyloid fibrils
(30), a consequence of this scenario is that aggregates of SAA
could serve as a ‘‘seed’’ for further amyloid-like, noncongophilic
protein aggregation that could accumulate during slowly pro-
gressive granulomatous inflammation in chronic sarcoidosis.

Based on the known biology of SAA, several mechanisms
are potentially involved in the increased expression of SAA in
sarcoidosis. First, SAA may be up-regulated locally within the
macrophage compartment as a direct result of engulfment by
mycobacterial organisms (31) (or other putative environmental
triggers), or as a result of the effect of TNF and IFN-g (15)
released by local CD31 T cells. Second, the up-regulation of
hepatic release of SAA induced as part of a systemic acute-
phase response may increase levels of plasma SAA available to
bind to cells/matrix within the developing granulomatous in-
flammation. Third, IFN-g directly impairs the degradation of
SAA by macrophages, which would enhance local accumulation
and persistence of SAA (26). Although the dominant mecha-
nism(s) remain unknown, we posit that the actual level of SAA
up-regulation is not as critical as the factors that lead to
aggregation and persistence of SAA (both nonfibrillar and
fibrillar forms) that promotes further accumulation of SAA
within the sarcoidosis granulomas.

SAA binds to several matrix proteins such as laminin and
vitronectin through EGD-like binding sites (15, 32). This
property provides a potential mechanism through which SAA
could participate in the structural component of epithelioid
granulomas independent of (or in addition to) its amyloid-
precursor properties. By binding to specific matrix proteins,
preexisting or locally produced SAA could consolidate a poorly
soluble protein aggregate to form a nidus for granuloma for-
mation. These same binding properties of SAA or its associated
matrix proteins would also provide a mechanism through which
granulomas could serve to trap other host or microbial proteins,
thereby functioning as a depot for potential tissue antigens. Con-
sistent with this premise, granulomas have been shown to trap
reinfecting mycobacteria (33) and prions (34). Because SAA has

been shown to mediate T-cell trafficking via receptor-mediated
matrix adhesion, SAA could also assist in antigen-specific T-cell
migration to sites of granulomatous inflammation (35).

The innate immune mechanisms that critically regulate gran-
ulomatous inflammation in sarcoidosis are uncertain. As seen in
our model of mKatG-induced granulomatous lung inflamma-
tion, SAA regulates granulomatous inflammation through its
effects on production of IFN-g, TNF, and IL-10. Th1-mediated
granuloma formation is known to be critically dependent on
IFN-g and TNF in both experimental models and in sarcoidosis
(3, 5, 20, 36). Thus, the experimental model supports the in vitro
expression data that SAA contributes to the immunopathology
in sarcoidosis. Although these effects of SAA on cytokine reg-
ulation are consistent with its role in other diseases, it is notable
that our data, indicating that SAA stimulates the coordinated
production of relevant immunoregulatory cytokines (TNF, IL-
10, and IL-18) from lung macrophages in sarcoidosis, provides a
specific innate effector pathway that can regulate local adaptive
immunity in sarcoidosis and the formation of discrete, compact
epithelioid granulomas characteristic of sarcoidosis (3, 5–7).
The contributions of other relevant monokines such as IL-12
will be important to analyze in future studies, as well as the
effect of SAA on Th1 responses.

The effect of SAA on experimental granulomatous inflam-
mation measured by size was complex. The initial reduction in
granuloma size mediated by a single bolus of SAA was in part
mediated by TNF, IL-10, and TLR2. Interestingly, both TNF
and IL-10 have been shown to reduce granuloma size in
experimental models, although by different mechanisms—TNF
enhancing local Th1 immunity, granuloma compactness, and
host defense (35, 36), with IL-10 reducing granulomatous in-
flammation through its antiinflammatory effects (37, 38). When
repeated administration of SAA was used to model the pro-
gressive incorporation of SAA at sites of granulomatous in-
flammation over time as in human sarcoidosis, we found that
SAA enhanced the persistence of granulomatous inflammation
consistent with an innate immunoregulatory, amplifying role for
SAA in chronic sarcoidosis. In addition to IFN-g and TNF, it
will be important in future studies to dissect the contributions of
other cytokines, chemokines, and transcription factors in medi-
ating the effects of SAA on the complex processes involved in
promoting chronic granulomatous inflammation in sarcoidosis.
Our data that SAA expression correlates with surrounding
fibrosis in sarcoidosis granulomas, and the known effects of
SAA on expression of collagenases and metalloproteases by
fibroblasts (39, 40), suggest that SAA could also play a role in the
remodeling of extracellular matrix within the context of trans-
forming growth factor-b and other profibrotic cytokines found at
sites of granulomatous inflammation in chronic sarcoidosis.

SAA has multiple potential receptors (formyl peptide re-
ceptor-like-1 [FPRL1], receptor for advanced glycosylation end
products [RAGE], and TLR2) expressed on many different
cells (e.g., macrophages, dendritic cells, neutrophils, and epi-
thelial cells) through which it can participate in innate immune
responses with pleiomorphic effects depending on the patho-
biologic context (15, 22, 41–43). SAA was shown to activate
TLR2 signaling in transfected HeLa cells expressing TLR2 (22).
We present further evidence that this interaction activates
NF-kB independently of TLR4 in both a human macrophage-
like cell line and an epithelial cell line transfected with TLR2.
Importantly, these findings were translated to patients with
sarcoidosis by the demonstration that SAA regulates cytokine
production from lung macrophages through TLR2 signaling,
suggesting a role for this innate receptor in this disease. Prior
studies have shown that TLR2 agonists such as Staphylococcus
aureus peptidoglycan or synthetic TLR2 ligands stimulate
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cytokine production in BAL cells from patients with sarcoido-
sis, but these ligands have not been shown to have in vivo
relevance (44, 45). Our finding that both tissue SAA and soluble
SAA are present at sites of inflammation in sarcoidosis provides
for a known repository of TLR2 ligands that can enhance Th1
responses (46) and up-regulate IFN-g, TNF, and IL-10 release
(47) to regulate chronic granulomatous inflammation. Given
that RAGE is also expressed in sarcoidosis granulomas (48),
SAA could also regulate granulomatous inflammation through
RAGE (49). Both RAGE and TLR2 polymorphisms have been
associated with sarcoidosis, suggesting that SAA or its receptors
may play a role in the genetic basis of sarcoidosis (44, 48).
Future studies using TLR2- and RAGE-deficient mice are
likely to further elucidate the mechanistic pathways by which
these receptors mediate the effects of soluble and aggregated
SAA on granulomatous inflammation in sarcoidosis. The results
of our study also suggest that genes involved in SAA expres-
sion, aggregation, degradation, or amyloid or pathogen clear-
ance (e.g., proteases, matrix metalloproteinases, proteinase
inhibitors, chaperonins, proteasomal and oxidation/reduction

proteins, and opsonins) may be critical factors in determining
risk and clinical outcome in sarcoidosis. These and other genetic
factors and host-specific immunity are likely central in de-
termining how SAA plays such markedly different roles in
different disease states such as sarcoidosis or AA amyloidosis
despite its universal role as an acute-phase reactant (15). The
current study allows for a primary role for SAA as a multi-
receptor ligand in which multiple innate receptor pathways
regulate granulomatous inflammation in sarcoidosis.

The pathogenic mechanisms that contribute to chronic gran-
ulomatous inflammation in sarcoidosis are not understood.
Studies provide support for a mycobacterial etiology of sarcoid-
osis, demonstrating that mycobacterial antigens (e.g., mKatG)
elicit persistent Th1 responses in patients with chronic disease
(8–10). However, these studies do not explain how granuloma-
tous inflammation persists and progresses in those with chronic
sarcoidosis. The fact that SAA is one of the most highly ex-
pressed proteins induced during mycobacterial infection (31, 50),
together with the known biologic properties of SAA and the
findings of this study, suggest a mechanistic pathway to explain
chronic granuloma formation in sarcoidosis in the absence of any
active, latent, or reactivated mycobacterial infection. We propose
that SAA, induced in the host in response to an initial mycobac-
terial infection, promotes a specific pathogenic pathway for
epithelioid granulomatous inflammation in association with po-
larized Th1 responses to specific mycobacterial antigens such as
mKatG (Figure 7). In this model, SAA promotes chronic
granulomatous inflammation by aggregating within granulomas,
providing a persistent stimulus as a ligand for TLR2 and other
innate receptors, within a matrix that promotes binding of
relevant pathogenic antigens that stimulate local Th1 responses
to pathogenic tissue antigens. In remitting sarcoidosis, SAA is
cleared along with local pathogenic antigens, allowing concom-
itant down-regulation of the associated Th1 immune responses
and TLR2-promoting effects, with resolution of nonfibrotic com-
ponents. In unremitting sarcoidosis, ineffective degradation and
clearance of SAA and pathogenic antigens by the polarized Th1
responses lead to chronic inflammation and subsequent fibrosis.
Thus, SAA and its relevant signaling pathways provide promising
therapeutic targets in sarcoidosis.
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Figure 7. Serum amyloid A (SAA) is a pathobiologic bridge between

mycobacterial infection and chronic granulomatous inflammation in
sarcoidosis. In this model, SAA is locally induced within antigen-

presenting cells (APCs, including macrophages, dendritic cells), within

a sarcoidosis granuloma by mycobacterial organisms, and up-regulated

in a systemic acute-phase response (1) that is part of an effective killing
response that leaves remnants of mycobacterial protein antigens such

as mKatG (2). SAA serves as a ‘‘seed’’ for further amyloid-like, non-

congophilic protein aggregation and binds to other matrix protein

partners to form a nidus for epithelioid granuloma formation (3). SAA
and its matrix partners function as a trap for microbial or autoantigens

within granulomas while soluble SAA, released from tissue granulomas,

serves as a ligand for TLR2 and other innate receptors to regulate Th1-
driven epithelioid granulomatous inflammation in part through TNF,

Th1 promoting IL-18 and IL-10 (4). Granulomatous inflammation

resolves only after concomitant clearance of SAA and local pathogenic

antigens (5). In unremitting sarcoidosis, ineffective degradation and
clearance of SAA and pathogenic antigens by the polarized Th1

responses leads to chronic inflammation and fibrosis (6).
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