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Considerable evidence supports the concept that CD4™ T cells are important in sarcoidosis pathogenesis,
but the antigens responsible for the observed Thl immunophenotype remain elusive. The epidemiologic
association with bioaerosols and the presence of granulomatous inflammation support consideration of
mycobacterial antigens. To explore the role of mycobacterial antigens in sarcoidosis immunopathogenesis, we
assessed the immune recognition of mycobacterial antigens, the 6-kDa early secreted antigenic protein
(ESAT-6) and catalase-peroxidase (KatG), by T cells derived from bronchoalveolar lavage (BAL) fluid ob-
tained during diagnostic bronchoscopy. We report the presence of antigen-specific recognition of ESAT-6 and
KatG in T cells from BAL fluid of 32/44 sarcoidosis subjects, compared to 1/27 controls (P < 0.0001). CD4*
T cells were primarily responsible for immune recognition (32/44 sarcoidosis subjects), although CD8* T-cell
responses were observed (25/41 sarcoidosis subjects). Recognition was significantly absent from BAL fluid cells
of patients with other lung diseases, including infectious granulomatous diseases. Blocking of Toll-like receptor
2 reduced the strength of the observed immune response. The presence of immune responses to mycobacterial
antigens in cells from BAL fluid used for sarcoidosis diagnosis suggests a strong association between myco-
bacteria and sarcoidosis pathogenesis. Inhibition of immune recognition with monoclonal antibody against
Toll-like receptor 2 suggests that induction of innate immunity by mycobacteria contributes to the polarized

Th1l immune response.

Sarcoidosis is a multisystem granulomatous disease of un-
known etiology, characterized by a Thl immunophenotype.
The epidemiology and immunology of sarcoidosis suggest that
an infectious agent could be involved in its pathogenesis. Im-
munologic studies of sarcoidosis have detected oligoclonal T
cells in the sarcoid granuloma, consistent with a major histo-
compatibility complex-restricted antigen-driven process (33,
42). Analysis of cells from bronchoalveolar lavage (BAL) fluid
from patients with acute forms of sarcoidosis has demonstrated
overrepresentation of specific T-cell receptor alleles in combi-
nation with DRB3*0101 and DRB1#0301 major histocompat-
ibility complex restrictions, strongly implicating an antigen-
specific response in sarcoidosis pathogenesis (21).

Because sarcoidosis most commonly involves the lungs, eyes,
and skin, the search for environmental causes has centered on
exposures to airborne antigens (26). Several reports have
noted associations with occupations such as agriculture, met-
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alworking, firefighting, and the handling of building supplies
(3, 30, 32, 38). The association of sarcoidosis with these occu-
pations raises the possibility that disease may be caused by
exposure to microbial bioaerosols, including inorganic parti-
cles, insecticides, and aerosols from moldy environments (3,
32, 35, 39). Sarcoidosis also demonstrates a seasonal and geo-
graphic variability (12, 29, 34, 50). The transmissibility, clus-
tering of cases, and geographic and seasonal variability suggest
that environmental factors are important in the acquisition of
sarcoidosis. Moreover, these environmental risk factors corre-
late well with the typical distribution of environmental myco-
bacteria.

The potential role of mycobacteria in sarcoidosis immu-
nopathogenesis is supported by recent studies reporting
detection of mycobacterial proteins and nucleic acids in
sarcoidosis granulomas, as well as humoral and peripheral
cellular immune responses to mycobacterial antigen in sar-
coidosis subjects (4, 9, 13-17, 22, 44). However, in order to
understand disease pathogenesis, it is crucial to analyze the
immunologic response at the site of active sarcoidosis in-
volvement. Although sarcoidosis is a systemic disease, it
most commonly affects the lungs. Taking advantage of the
observation that most patients undergo bronchoscopy with
BAL as a routine investigation (49), we assessed the specific
immune recognition of mycobacterial virulence factors by T
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TABLE 1. Characteristics of the study population®

Value for:
Characteristic Sarcoidosis Disease P value
patients controls
No. of:
Patients (total) 44 27 NS
Females/males 19/25 11/16 NS
African-Americans, 15, 28, 1 4,23 NS
Caucasians, and
Caucasian/Hispanics
Patients at stage 0/1/2/3/4 0/11/25/5/3 ND
Patients with IS at 13 5
bronchoscopy
Patients with response to
ESAT-6 or KatG/total no.
CD4* 32/44 1/27 0.00005
CD8™ 25/41 1/26 0.0003
Median yr of age (min, max) 45 (21, 80) 60 (28, 79) 0.0009
Median % Lym (min, max) 17 (1, 66) 6 (1, 85) NS

¢ Comparison between the two groups for sex, age, and race were assessed
using the Wilcoxon rank sum test. Fisher’s exact test was used to compare CD4*
and CD8™ responders across the two groups. The CD4™ or CD8" response was
defined as positive when the frequency of recognition was at least twice back-
ground fluorescence and greater than 0.5%. min, minimum; max, maximum; IS,
immunosuppression; Lym, lymphocyte; ND, not done; NS, not significant.

cells from BAL fluid derived from sarcoidosis patients from
geographically distinct locales.

In order to investigate the role of mycobacterial antigen in
lung involvement in sarcoidosis, we analyzed specific responses
of BAL fluid-derived T cells to the mycobacterial 6-kDa early
secreted antigenic protein (ESAT-6) and catalase-peroxidase
(KatG). We chose ESAT-6 and KatG peptides due to prior
reports of systemic cellular immune responses to these micro-
bial virulence factors in sarcoidosis subjects (9, 13).

MATERIALS AND METHODS

Study subjects. The study participants were recruited from the Cleveland
Clinic, the Medical University of South Carolina, and Vanderbilt University
Medical Center. We prospectively enrolled patients who were undergoing bron-
choscopy and for whom sarcoidosis was a diagnostic consideration (Table 1; see
Table S1 in the supplemental material). All subjects provided written informed
consent that was approved by the appropriate Institutional Review Boards.
Seventy-one patients were enrolled in this study. Forty-four were diagnosed with
sarcoidosis, and 27 subjects had an alternative diagnosis reached after workup
(Table 1; see Table S1 in the supplemental material). The 44 sarcoidosis subjects
included 15 African-Americans, 28 Caucasians, and 1 Caucasian-Hispanic, and
25 of the subjects were males. The median age of the sarcoidosis subjects was 45
years. The 27 disease controls included 4 African Americans and 23 Caucasians,
and 11 controls were males. Their median age was 60 years. All the sarcoidosis
subjects who underwent tuberculin skin testing at the discretion of their physician
were skin test negative. A Wilcoxon rank sum test used to determine whether
there was a difference in age distributions between the two diagnostic groups
indicated a significant difference (P < 0.0009; Table 1); there was no difference
according to race or sex (Table 1).

The subjects had their chest radiographs or chest computer tomography scans
staged according to the method described by Scadding (41) as follows: stage 0, no
infiltrates or adenopathy; stage 1, hilar adenopathy alone; stage 2, adenopathy
plus infiltrates; stage 3, infiltrates alone; and stage 4, fibrosis. Unlike the tradi-
tional Scadding system, these determinations were made by viewing the chest
computer tomography scan when one was available (it was available for 46/71
subjects). Otherwise, the chest radiograph was used for this staging.

Histopathological diagnosis of sarcoidosis was confirmed by a pathologist (i.e.,
specimens from each patient had confluent noncaseating granulomas, with neg-
ative cultures and stains for bacteria, fungi, and acid-fast bacilli), and there was
no history of exposure to antigens known to cause granulomatous lung disease.
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Disease controls were subjects for whom an alternate diagnosis was obtained
after bronchoscopy.

BAL fluid and PBMC isolation and culture. BAL fluid was obtained from
diagnostic bronchoscopy and centrifuged at 1,500 rpm for 15 min. The BAL fluid
cell pellet was washed with supplemented RPMI 1640 medium. Peripheral blood
mononuclear cells (PBMC) were separated from buffy coats of sarcoidosis sub-
jects and disease controls through Ficoll-Hypaque gradient centrifugation (GE
Healthcare). BAL fluid cells and PBMC were either stored in liquid nitrogen in
freezing medium for future analysis or analyzed immediately. The medium used
in all experiments was RPMI 1640 (Cellgro) supplemented with 10% fetal bovine
serum (FBS) (Gemini Bio-Products), penicillin (50 U/ml; Cellgro), streptomycin
(50 pg/ml; Cellgro), sodium pyruvate (1 mM; Cellgro), and glutamine (2 mM;
Cellgro). Freezing medium consisted of 50% supplemented RPMI 1640 medium,
40% FBS, and 10% dimethyl sulfoxide.

Synthesis of Mycobacterium peptides. The ESAT-6 peptide, NNALONLART
ISEANTIGENQAMAS, and KatG peptide, WITNTPTKWDNSFLEI, were syn-
thesized as described previously (37). Each peptide was synthesized by solid-
phase Fmoc (9-fluorenylmethoxy carbonyl) chemistry (Genemed Synthesis, San
Diego, CA) to a purity of >70%. Identity was confirmed by mass spectroscopy,
and purity was assessed by high-performance liquid chromatography.

Synthesis of Propionibacterium acnes supernatant. One milligram of Propi-
onibacterium acnes dried culture (ATCC 6919) was transferred to a UV-sterilized
Eppendorf tube. Six hundred microliters of 1X phosphate-buffered saline (PBS)
was added to the vial and reconstituted. The solution was boiled in water at
100°C for 10 min and then centrifuged at 14,000 rpm for 10 min. The superna-
tant, at a concentration of 20 wg/ml, was used to stimulate sarcoidosis patient and
control BAL fluid cells.

Flow cytometry analysis: cytokine and proliferation assays. Intracellular stain-
ing was performed in order to identify interleukin-2 (IL-2) and gamma interferon
(IFN-vy)-secreting T cells in response to microbial stimulation. For the intracel-
lular cytokine assay, 1 X 10° to 2 X 10° BAL fluid cells were incubated in
supplemented RPMI 1640 medium with or without antigen (ESAT-6 or KatG
peptide; 20 pg/ml) or staphylococcal enterotoxin B (SEB) (10 pg/ml; Sigma) as
a positive control and anti-CD28 and anti-CD49d antibodies (1 pg/ml each; BD
Biosciences) at 37°C under 5% CO, for 1 h before the addition of BD GolgiStop
(BD Biosciences). In addition, to assess nonspecific recognition, neoantigen
keyhole limpet hemocyanin (KLH) (10 pg/ml; Calbiochem) was included as an
additional negative control. For BAL fluid samples with enough cells, BAL fluid
cells were first incubated at room temperature for 30 min with a monoclonal
anti-Toll-like receptor 2 (anti-TLR2) antibody (10 pg/ml of the blocking anti-
body) (clone TLR2.1; eBiosciences) or the corresponding isotype control [mouse
immunoglobulin G2a(k)] prior to antigen stimulation. Following a 13-h incuba-
tion at 37°C under 5% CO,, cells were washed and stained with the surface
antibodies anti-CD3, anti-CD4, and anti-CD8 (BD Biosciences) at 4°C for 30
min. After cells were washed, fixed, and permeabilized by using the Cytofix/
Cytoperm kit according to the manufacturer’s instructions (BD Biosciences),
anti-IFN-y and anti-IL-2 (BD Biosciences) were added at 4°C for 45 min. Cells
were washed and analyzed via flow cytometry. The IFN-y and IL-2 frequencies
were defined as the subject’s percentage of stimulated CD3* CD4* or CD3*
CD8" T cells minus his or her unstimulated background frequency. Based upon
previous studies, a response was considered positive when the frequency of
recognition was at least twice background fluorescence and greater than 0.5% (5,
20, 28).

For the extracellular cytokine assay, 1 X 10° to 2 X 10° BAL fluid cells were
incubated in supplemented RPMI 1640 medium with or without 10 uM peptide,
SEB, or KLH and anti-CD28 and anti-CD49d antibodies (1 pg/ml each; BD
Biosciences) at 37°C under 5% CO, for 24 h. Supernatants were then collected
and analyzed for extracellular cytokine by using a cytokine bead array according
to the manufacturer’s instructions (BD Biosciences).

To determine proliferation and quantitate cell division, purified BAL fluid
cells were labeled with carboxyfluorescein succinimidyl ester (CFSE; Molecular
Probes). Purified cells were first washed and resuspended in PBS. While the cells
were subjected to a vortex, CFSE was added at a final concentration of 5 pM.
The mixture was subjected to a vortex for an additional 15 s and incubated at
37°C for 3 min. Labeling was quenched by the addition of 50% FBS in PBS. Cells
were washed once more with 50% serum in PBS, followed by two washes with
supplemented RPMI 1640 medium. CFSE-labeled BAL fluid cells were stimu-
lated in supplemented RPMI 1640 medium with or without 10 pM peptide or
SEB as a positive control.

Data for all flow cytometry experiments were acquired with a FACSCalibur or
LSR-II flow cytometer (BD Biosciences). Live cells were gated based on for-
ward- and side-scatter properties, and analysis was performed using FlowJo
software (Tree Star). A minimum of 30,000 events were acquired per sample.
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Statistical analysis. Statistical analyses were performed using the statistical
programming language R (version 2.7.1). Of primary interest was an assessment
of specific antigens and their potential role in the observed Thl immunopheno-
type found in the pathogenesis of sarcoidosis. To this end, differences in the
distributions of immune recognition of mycobacterial antigen by CD4" and
CDS8* T cells from BAL fluid were tested across diagnosis groups by using the
Wilcoxon rank sum test at an « level of 0.05. In addition, it is unclear whether
each radiographic stage of sarcoidosis reflects a different etiology or a distinct
immune response to the same antigen. Therefore, differences in the distributions
of immune recognition in sarcoidosis patients across the four radiographic stages
were assessed using the Kruskal-Wallis rank sum test. Differences were consid-
ered significant at a P value of <0.05.

RESULTS

CD4* Th1 immune responses in the BAL fluid of sarcoid-
osis patients exhibit specific recognition. Thirty-two of the 44
sarcoidosis patient BAL fluid samples displayed a CD4 " IFN-y
response to ESAT-6 or KatG, compared to 1 of the 27 controls
(P < 0.0001; Fisher’s exact test) (Table 1 and Fig. 1A; see
Table S1 in the supplemental material). In some subjects, 3 to
5% of BAL fluid CD4™" T cells recognized mycobacterial an-
tigen (Fig. 1B). In addition, eight controls and three sarcoid-
osis subjects exhibited strong responses to antigenic stimula-
tion. However, this corresponded with high background;
therefore, the responses were not positive as defined by the
predetermined criteria of at least twice background fluores-
cence and greater than 0.5% recognition. For example, disease
control 7 displayed a CD4" IFN-y response to ESAT-6 of
12.18%, and the corresponding background was 10.55%. To
confirm that the high-background responders were not skew-
ing the results, we reanalyzed the data with these subjects
removed. The statistical significance was unchanged (data not
shown). In order to assess nonspecific recognition, neoantigen
KLH was included as an additional negative control according
to cell availability. Positive responses to ESAT-6 and KatG, but
not to KLH, were observed in BAL fluid of sarcoidosis subjects
(Fig. 1B). These frequencies were similar to those reported
among smear-negative tuberculosis subjects with active disease
(5, 28). Not only was there a significant difference in the per-
centages of subjects recognizing mycobacterial antigen but the
distribution of the T-cell responses to these antigens among
the sarcoidosis subjects was distinct from that for the disease
controls (Fig. 1B). We investigated the peripheral Thl re-
sponse to mycobacterial antigens in matched PBMC from five
sarcoidosis subjects at the time of diagnosis. While PBMC
exhibited appropriate responses to SEB, there was a lack of
response to mycobacterial antigens among four of the five
subjects, despite positive responses in BAL fluid cells (data not
shown). There also was no recognition of mycobacterial anti-
gens in control PBMC. We also assessed extracellular cyto-
kine production from BAL cells in five sarcoidosis and five
control subjects. Analogous to the intracellular cytokine
assays, there was extracellular production of IFN-y and IL-2
among the sarcoidosis subjects but not among the disease
controls (Fig. 1C).

A prior study noted that environmental mycobacteria home
to established granulomas (11). There was a significant differ-
ence in recognition of mycobacterial antigens among sarcoid-
osis subjects compared to that among controls with granulo-
matous diseases (32/44 compared to 1/10; P value of 0.001 by
two-tailed Fisher test) (see Table S1 in the supplemental ma-

INFECT. IMMUN.

terial). These findings demonstrate that cytokine responses to
mycobacterial antigens are present in a site of active sarcoid-
osis involvement but notably absent from BAL fluid of other
lung diseases, including infectious and noninfectious granulo-
matous diseases.

CD8™ T cells from sarcoidosis patient BAL fluid recognize
mycobacterial antigen. Flow cytometry revealed that immune
responses of CD3" CD4 ™ T cells were also present in sarcoid-
osis patient BAL fluid. There is mounting evidence that CD8™
T cells play a protective role in the host response to pathogenic
mycobacteria (7, 8, 19, 23, 46). To determine if mycobacterial
antigens elicit a CD8" T-cell immune response in sarcoidosis
or control subjects, BAL fluid cells were stimulated with
ESAT-6 and KatG peptides, and then the CD8" T cells were
analyzed for intracellular cytokine production of IL-2 and
IFN-y by flow cytometry. For three of the sarcoidosis subjects
and one control subject, the CDS8 cell count was too low to
determine cytokine production. Among the remaining sub-
jects, there was lack of significant immune responses to KLH;
however, strong CD8" T-cell responses to ESAT-6 and KatG
were observed (Fig. 2A). Indeed, 25 of the 41 sarcoidosis
subjects exhibited CD8* IFN-y responses compared to 1 of the
26 control BAL fluid samples (P value of <0.0001 by Fisher’s
exact test). Not only was there a significant difference in the
percentages of sarcoidosis subjects recognizing ESAT-6 and
KatG but a significant difference in the distributions of the
T-cell responses was also observed (Table 1 and Fig. 2B; see
Table S1 in the supplemental material). Moreover, several
subjects displayed 3 to 12% CD8" IFN-y responses to myco-
bacterial antigen (Fig. 2B; see Table S1 in the supplemental
material). Six controls and two sarcoidosis subjects exhibited
strong CD8" responses to antigenic stimulation, similar to the
case for CD4" immune responses. For example, disease con-
trol 19 displayed a CD8" IFN-y response to ESAT-6 of
15.48%, and the corresponding background was 12.32%.
Therefore, the response was not positive as defined by the
predetermined criteria of at least twice background fluores-
cence and recognition greater than 0.5%. Similar to the case
for the CD4 immune response data, we reanalyzed the CDS§
immune response data with the high-background subjects re-
moved to confirm that these subjects were not skewing the
results. The statistical significance was unchanged (data not
shown).

Sarcoidosis patient BAL fluid cells proliferate in response
to mycobacterial antigen. Antigen recognition by T cells ini-
tiates cytokine production and proliferation. However, in
chronic inflammatory states, nonspecific recognition can in-
duce cytokine production. Although the lack of recognition of
KLH and the detection of immune responses to mycobacterial
antigens suggested that the recognition observed was not sec-
ondary to nonspecific proliferation, we tested the ability of the
cells to proliferate in response to ESAT-6 and KatG peptides.
BAL fluid cells were labeled with CFSE, a fluorescent dye used
to monitor the number of cell divisions, and then stimulated
with ESAT-6 and KatG peptides. Activation with mycobacte-
rial antigen resulted in proliferation of the CD4™" T cells. The
proliferation correlated with the cytokine data. In sarcoidosis
patient 25, activation with ESAT-6 resulted in moderate pro-
liferation of the CD4™ T cells compared to those of the posi-
tive and negative controls, while KatG elicited low-level pro-
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FIG. 1. Sarcoidosis patient BAL fluid demonstrates CD4" Th1 immune responses to mycobacterial virulence factors. Intracellular cytokine staining
for IFN-y was performed on BAL fluid cells from sarcoidosis subjects and disease controls after stimulation with neoantigen (KLH), ESAT-6, and KatG
peptides and either SEB (+ control). (A) Shown are representative flow cytometry dot plots indicating percentages of CD3" CD4* T-cell responses to
mycobacterial antigen from sarcoidosis subject 13, who displayed high-level recognition of both ESAT-6 and KatG peptides. Despite a lack of recognition
of KLH, both mycobacterial peptides were recognized by sarcoidosis patient CD3" CD4™ T cells producing IFN-y. (B) Percentages of CD3" CD4" T
cells that produced IFN-y in response to KLH, ESAT-6, or KatG stimulation, with a no-peptide control subtracted out, for all 44 sarcoidosis subjects and
27 disease controls. Differences in the distributions of immune recognition of mycobacterial antigen by BAL fluid CD3* CD4™ T cells were noted
between sarcoidosis patients and disease controls by using the Wilcoxon rank sum test. Medians are depicted by horizontal lines. Stimulation of BAL fluid
cells with SEB resulted in 2% to 15% of CD4" T cells producing IFN-y for sarcoidosis subjects and disease controls (P = 0.15; data not shown). Eight
controls and three sarcoidosis subjects exhibited strong responses to antigenic stimulation; however, this corresponded with high background, and
therefore the responses were not positive as defined by predetermined criteria. (C) A significant difference in extracellular Th1 cytokine production levels
in response to mycobacterial antigens was also noted between sarcoidosis and controls subjects.
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FIG. 2. Sarcoidosis patient BAL fluid CD8" T cells display antigen-specific Thl immune responses to mycobacterial antigen. Intracellular
cytokine staining for IFN-y was performed on BAL fluid cells from sarcoidosis subjects and disease controls after stimulation with no peptide,
neoantigen (KLH), ESAT-6, and KatG peptides and either SEB or phytohemagglutinin (+ control). Both mycobacterial peptides were recognized
by sarcoidosis patient CD3* CD8" T cells, as evidenced by the production of IFN-y. (A) Shown is a representative flow cytometry analysis for a
sarcoidosis subject who displayed significant CD3" CD8" T-cell IFN-y responses to mycobacterial antigen (sarcoidosis patient 32). (B) Percent-
ages of CD3" CD8" T cells that produced IFN-y in response to KLH, ESAT-6, or KatG stimulation, with a no-peptide control subtracted out,
for sarcoidosis subjects and disease controls. Differences in the distributions of immune recognition of mycobacterial antigen by BAL fluid CD3*
CD8™ T cells were noted between the sarcoidosis and control subjects by using the Wilcoxon rank sum test. Medians are depicted by horizontal
lines. Stimulation of BAL cells with SEB resulted in 2% to 15% of CD3" CD8 T cells producing IFN-y for sarcoidosis subjects and disease
controls (P = 0.49; data not shown). Six controls and two sarcoidosis subjects exhibited strong responses to antigenic stimulation; however, this
corresponded with high background, and therefore the responses were not positive as defined by predetermined criteria.

liferation (Fig. 3A). This lack of proliferation to KatG peptide
was consistent with the lack of immune recognition of KatG
observed in sarcoidosis patient 25. The mean fluorescence
intensities and percentages of proliferating CD4™ T cells for
the four sarcoidosis subjects and two disease controls are listed
in Fig. 3B.

Propionibacterium acnes is also postulated to have a role in
sarcoidosis pathogenesis (27). Due to limitations in cell avail-
ability, we were not able to test each sarcoidosis patient and
control specimen. We were able to assess recognition of P.
acnes among five sarcoidosis patient samples (from sarcoidosis
patients 33 to 37) and five control samples (from disease con-
trols 22, 23, 24, 25, and 26) by intracellular cytokine production
analysis. There was no recognition among any of the sarcoid-
osis subjects, and there was recognition by only one of the
control specimens (disease control 25). Two of these five sar-

coidosis subjects (sarcoidosis patients 35 and 37) had responses
to mycobacterial antigens. Three sarcoidosis samples were
negative for immune responses to mycobacterial or propi-
onibacterial antigens. These results, combined with the lack of
recognition of KLH (Fig. 1 and 2), provide compelling evi-
dence of specific recognition of mycobacterial antigen at an
active site of sarcoidosis involvement.

CD4% immune responses observed at all radiographic
stages of sarcoidosis. When a sarcoidosis patient is being eval-
uated, a chest radiograph can be used to describe the disease
stage upon presentation. An alternate explanation of the dis-
ease is that each radiographic stage of sarcoidosis reflects a
different etiology. It is also possible that each stage represents
a distinct immune response to the same microbial antigen,
analogous to what is observed in the varied presentations of
Histoplasma capsulatum disease.
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FIG. 3. Sarcoidosis patient BAL fluid CD4" T cells demonstrate antigen-specific proliferation in response to mycobacterial antigens.
(A) Sarcoidosis patient BAL fluid cells from sarcoidosis subject 25 were CFSE labeled and activated with SEB (10 pg/ml), ESAT-6 peptide,
and KatG peptide. Day 4 postactivation, antigen-specific proliferation of CD4" cells was assessed by gating on CD3" CD4" T cells and
analyzing the CFSE expression of this subset by flow cytometry. Percent proliferation is indicated above the scale bars. These results were

reproducible for all three of the other sarcoidosis subjects tested

. In sarcoidosis subject 25, antigen-specific responses to ESAT-6 were

observed, but there were none to KatG. There was no recognition of KatG by flow cytometry. (B) The mean fluorescence intensities (MFI)
of proliferating cells and percentages of proliferating CD4* T cells for the four sarcoidosis subjects and two disease controls tested.

We evaluated the immune responses to ESAT-6 and KatG
in terms of radiographic stages and found evidence of recog-
nition in 50 to 75% of subjects from each stage (Fig. 4). There
was no significant difference in the degrees or percentages of
sarcoidosis subjects recognizing these mycobacterial antigens.
These findings suggest that regardless of radiographic stage,
sarcoidosis subjects have had exposure to mycobacterial anti-
gens at some point.

TLR2 inhibition reduces the immune response in sarcoid-
osis. TLR2, TLR4, and TLRY play an important role in the
immune response to mycobacterial infections (31, 48). Recent
evidence of direct interactions between mycobacterial ESAT-6
and TLR2 has been reported (36). Treatment of sarcoidosis
patient BAL fluid cells with monoclonal antibody against
TLR2 resulted in a significant reduction in immune responses
against ESAT-6 and KatG (Fig. 5). Treatment with an isotype
control antibody did not inhibit the immune response (Fig. 5).

DISCUSSION

This study demonstrates that mycobacterial antigens induce
a T-cell-specific response in the BAL fluid cells of sarcoidosis
patients. The presence of these responses at the time of diag-
nosis is supportive of prior exposure to mycobacteria, and the
confinement of responses to the lung at the time of diagnosis
is congruent with prior epidemiologic studies suggesting that
exposure to bioaerosols is a risk factor for the disease. These
results are supported by a recent report showing responses to
KatG whole protein in sarcoidosis patient BAL fluid from two
research center study cohorts (10).

It has been reported that superinfecting environmental

mycobacteria preferentially home to tuberculous granulomas
(11). The significant absence of immune responses to myco-
bacterial virulence factors among granulomatous control sub-
jects suggest that the immune responses detected in sarcoidosis
subjects do not reflect superinfection but rather a role in
pathogenesis. The presence of congruent recognition of two
mycobacterial proteins, not just one, argues against the hy-
pothesis that sarcoidosis is caused by retention of a single
poorly cleared or poorly degraded antigen or protein (Fig. 1).
The specificity of the responses is evidenced by the lack of
responses among the seven subjects with hypersensitivity pneu-
monitis or Mycobacterium avium infection. Furthermore, prior
reports have identified the KatG protein by immunohisto-
chemistry, mass spectrometry, and T-cell response assays with
sarcoidosis subjects (9, 10, 13, 44). Moreover, a comparison of
the KatG sequences of M. bovis, M. avium, M. smegmatis, and
M. tuberculosis reveal a 99.9% identity in the 740-amino-acid
overlap (GenBank accession no. NP_855594, NP_960602,
YP_888029, and NP_216424, respectively). It has also been
demonstrated that patients with pulmonary M. avium do not
react to ESAT-6, although rare responses have been reported
(1). Immune recognition of ESAT-6 has been reported in in-
fections with other pathogenic mycobacteria, such as M. tuber-
culosis, M. marinum, and M. kansasii (2). The significant dif-
ference in responses to mycobacterial antigens among
sarcoidosis patient and control specimens supports the concept
that ESAT-6-specific immune responses are not due to con-
tamination of laboratory reagents with environmental myco-
bacteria (Fig. 1B). A lone control specimen (disease control
25) had strong reactions to KLH, ESAT-6, KatG, and propi-
onibacterial supernatant. These responses may reflect infec-
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FIG. 4. Sarcoidosis patient immune responses to mycobacterial antigen were present in all radiographic stages. CD3" CD4" T-cell responses
to mycobacterial antigens were present in 50 to 75% of all sarcoidosis subjects, despite differences in radiographic staging. Medians are depicted
by horizontal lines. Differences in the distributions of immune recognition in sarcoidosis patients across the four radiographic stages were assessed
using the Kruskal-Wallis rank sum test. There was no significant difference in the strengths of responses between stages.

tion with a microorganism that secretes these proteins, con-
tamination, or possibly nonspecific reactivity.

Prior reports have found an association between sarcoidosis
and propionibacteria in sarcoidosis patient specimens (25).
Although the assays were performed on limited numbers of
sarcoidosis patient and control BAL fluid specimens, a prelim-
inary investigation did not reveal immunologic evidence of P.
acnes in the study participants. Molecular analysis for P. acnes
was also performed and was negative for all five sarcoidosis
patient specimens and four of the five control specimens tested
(data not shown). Future studies will be performed to delin-
eate the role of P. acnes in American sarcoidosis subjects.

Another interesting observation was the presence of im-
mune responses to mycobacterial antigens in BAL fluid cells
and not in circulating cells. This has been reported in M.
tuberculosis infection also (6, 40). A recent study of tubercu-
losis patients found heterogeneity in recognition of mycobac-
terial antigens by BAL fluid cells (40). In addition, the periph-
eral blood response to antigens did not always match the
responses observed at the active site. In tuberculosis patients,
the observed response to purified protein derivative of M.
tuberculosis in the lung was 100-fold greater than that in blood
(4). In prior reports, we demonstrated peripheral blood re-
sponses to mycobacterial antigens (9, 13). However, in these
studies, the majority of the sarcoidosis subjects had been di-
agnosed for a year or longer, while in this study, we evaluated
sarcoidosis subjects at the time of diagnosis. These data sug-
gest that the immune response may be mainly localized to the
site of active granulomatous inflammation.

The detection of CD8" T-cell responses in sarcoidosis pa-

tient BAL fluid suggests important immunologic and genetic
implications. The role of CD8" T cells in sarcoidosis has not
been well studied. It has been shown that CD8* T cells secrete
IFN-vy and tumor necrosis factor alpha in response to M. fu-
berculosis antigen in M. tuberculosis infection (18, 24, 43).
There is mounting evidence that CD8™ T cells play a protective
role in the host response to pathogenic mycobacteria (7, 8, 10,
19, 23, 46). Moreover, CD8" T cells can kill infected cells via
a granule-dependent mechanism involving perforin and granu-
lysin, which also possess direct antimicrobial activities (45).
Therefore, CD8™ T cells may play a crucial role in the sarcoid-
osis clinical outcomes.

We are also interested in innate and adaptive signaling
mechanisms important in the sarcoidosis patient immune re-
sponse against microbial antigens. As cited earlier, direct in-
teraction of mycobacterial ESAT-6 with TLR2 has been re-
ported. It has also been demonstrated that TLR2 is recruited
to the phagosomes of macrophages, thus allowing them to
promptly respond to the invading pathogens (47). A recent
report suggests that ESAT-6 of M. tuberculosis inhibits TLR2
signaling in macrophages (36). While we were limited by cell
availability, preliminary evidence suggests that inhibition of
TLR2 signaling results in a reduced immune response. These
preliminary results suggest that TLR2 signaling plays a role in
the sarcoidosis patient immune response against ESAT-6. Due
to limitations in the availability of BAL fluid cells, we were not
able to investigate the role of other TLRs in this study. How-
ever, a more in-depth investigation including the role of other
TLRs, such as TLR4 and TLRY, is warranted.

In conclusion, these findings demonstrate specific recogni-
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FIG. 5. TLR2 inhibition reduces the sarcoidosis patient immune response. Sarcoidosis patient BAL fluid was incubated with anti-TLR2 or
isotype control for 30 min and then stimulated with KLH, ESAT-6, KatG, or SEB for 14 h. Intracellular cytokine staining for IFN-y was then
performed. Shown are the percentages of CD3" CD4" T cells that produced IFN-y in response to KLH, ESAT-6, or KatG stimulation, with a
no-peptide control subtracted out, for six sarcoidosis subjects. Inhibition by anti-TLR2 suggests that TLR2 signaling is required for the sarcoidosis
patient immune response. Medians are depicted by horizontal lines. The pairwise Wilcoxon rank sum test was used to analyze the data set. The
lower-bracket value is for the comparison between the isotype and anti-TLR2 conditions. The upper-bracket value is for the comparison between

peptide stimulation alone and anti-TLR2 conditions.

tion of mycobacterial virulence factors at the time of diagnosis.
It adds additional support to an association between mycobac-
teria and sarcoidosis but does not show causality. It remains
feasible that the relationship of mycobacteria to sarcoidosis
may represent an abnormal host response to nonviable organ-
isms. Additional studies are also required to delineate the role
of TLR2 signaling in the sarcoidosis patient immune response.
An investigation to determine if pulmonary and extrapulmo-
nary sarcoidosis involvements reflect the same pathogenesis is
warranted. The current study cannot address extrapulmonary
sarcoidosis involvement. Further investigation into the role of
mycobacteria as an etiologic contributor to sarcoidosis patho-
genesis is warranted.
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