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Abstract
Purpose Sarcoidosis is a non-caseating granulomatous dis-
ease for which a role for infectious antigens continues to
strengthen. Recent studies have reported molecular evidence
of mycobacteria or propionibacteria. We assessed for im-
mune responses against mycobacterial and propionibacterial
antigens in sarcoidosis bronchoalveolar lavage (BAL) using

flow cytometry, and localized signals consistent with micro-
bial antigens with sarcoidosis specimens, using matrix-
assisted laser desorption ionization imaging mass spectrom-
etry (MALDI-IMS).
Methods BAL cells from 27 sarcoidosis, 14 PPD- controls,
and 9 subjects with nontuberculosis mycobacterial (NTM)
infections were analyzed for production of IFN-γ after
stimulation with mycobacterial ESAT-6 and Propionibacte-
rium acnes proteins. To complement the immunological
data, MALDI-IMS was performed to localize ESAT-6 and
Propionibacterium acnes signals within sarcoidosis and
control specimens.
Results CD4+ immunologic analysis for mycobacteria was
positive in 17/27 sarcoidosis subjects, compared to 2/14 PPD-
subjects, and 5/9 NTM subjects (p00.008 and p00.71
respectively, Fisher’s exact test). There was no significant
difference for recognition of P. acnes, which occurred only
in sarcoidosis subjects that also recognized ESAT-6. Sim-
ilar results were also observed for the CD8+ immunologic
analysis. MALDI-IMS localized signals consistent with
ESAT-6 only within sites of granulomatous inflammation,
whereas P. acnes signals were distributed throughout the
specimen.
Conclusions MALDI-IMS localizes signals consistent with
ESAT-6 to sarcoidosis granulomas, whereas no specific local-
ization of P. acnes signals is detected. Immune responses
against both mycobacterial and P. acnes are present within
sarcoidosis BAL, but only mycobacterial signals are distinct
from disease controls. These immunologic and molecular
investigations support further investigation of the microbial
community within sarcoidosis granulomas.
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Introduction

Sarcoidosis is a non-caseating granulomatous disease for
which the role of infectious antigens continues to evolve.
There are several lines of evidence suggesting an infectious
origin, including clustering of cases, seasonal and geograph-
ic incidence, transmissibility, and the presence of oligoclo-
nal TCR-αβ+CD4+ T cells at sites of granulomatous
inflammation [1–7]. Multiple infectious agents have been
suggested over the years as the etiologic agent; however,
most recent reports favor either mycobacteria or propioni-
bacteria as having a role in sarcoidosis pathogenesis.

Since the first description of sarcoidosis over a century
ago, mycobacteria has been associated with the disease.
Both the clinical presentation and histology demonstrate
similarities to mycobacterial infection [8]. However, the
many attempts to culture mycobacteria from sarcoid tissues
have been unsuccessful. Advances in technology have
renewed the association between mycobacteria and sarcoid-
osis. Mycobacterial proteins have been detected in sarcoid-
osis tissue samples using PCR, immunohistochemistry, and
mass spectrometry [9–11]. Furthermore, independent labo-
ratories have demonstrated mycobacterial-specific peripher-
al and pulmonary T cell immune responses [12–18].

There are also several studies in support of Propionibac-
terium acnes (P. acnes) having a role in sarcoidosis patho-
genesis [19]. P. acnes is the only organism to have been
cultured from sarcoidosis biopsy specimens [20]. In addi-
tion, a quantitative distinction in P. acnes DNA has been
detected in sarcoid lymph nodes by both PCR and in situ
hybridization, compared to control specimens [19, 21, 22].
Immune responses to P. acnes protein RP35 has been
reported in ~18 % of sarcoidosis subjects, however these
responses were not distinct from controls [23].

While a few studies have conducted molecular analysis
of sarcoidosis specimens for both mycobacteria and propio-
nibacteria, none to date have conducted both molecular and
immunologic investigations for both organisms [19, 21]. In
this study, we assessed for the presence of mycobacteria and
propionibacteria in sarcoidosis bronchoalveolar lavage
(BAL), using the complementary means of imaging mass
spectrometry and flow cytometry. We analyzed for antigen-
specific responses to mycobacterial early secreted antigenic
target protein (ESAT-6) and P. acnes supernatant from
BAL-derived T cells. In conjunction, we examined sar-
coidosis tissue specimens for the presence of signals
consistent with mycobacterial ESAT-6 and propionibac-
terial proteins using Matrix-Assisted Laser Desorption/
Ionization (MALDI) Imaging Mass Spectrometry (IMS)
[MALDI-IMS]. MALDI is a powerful tool for investi-
gating the distribution of proteins and small molecules
within biological systems through the in situ analysis of
snap-frozen tissue sections [24].

Materials and Methods

Study Subjects

The study participants were recruited from The Cleveland
Clinic (Cleveland, OH) and Vanderbilt University Medical
Center (Nashville, TN). We prospectively enrolled patients
who were undergoing bronchoscopy where sarcoidosis was
a diagnostic consideration. All subjects provided written
informed consent that was approved by the appropriate
Institutional Review Boards. For the immunological re-
sponse data, 50 subjects were enrolled in this study: 27
sarcoidosis subjects, 14 disease controls with a negative
PPD test (PPD-), and 9 subjects with a nontuberculosis
mycobacterial infection (NTM) such as Mycobacterium
avium (Table I). Kruskal-Wallis analysis indicated there
was a significant difference in age distributions across pa-
tient groups (p<0.001; Table I); a Pearson test performed
across patient groups indicated no difference according to
race or sex (Table I; bi-racial subjects were omitted from the
race analysis). For the mass spectrometry analysis, 19 snap-
frozen specimens (15 sarcoidosis and 4 controls) were ana-
lyzed (Table II). Demographic characteristics of the patient
group and specimens are listed in Tables I and II, respec-
tively. For each sarcoidosis subjects who underwent tuber-
culin skin testing at the discretion of their physician, all were
skin test negative. None of the sarcoidosis specimens were
culture positive for infectious agents.

Synthesis of Mycobacterium Peptides

The ESAT-6 peptide, NNALQNLARTISEANTIGENQA-
MAS, was synthesized as described previously [25]. Each
peptide was synthesized by solid-phase F-moc chemistry
(Genemed Synthesis, San Diego, CA, USA), to a purity
of>70 %. Identity was confirmed by mass spectroscopy,
and the purity was assessed by high performance liquid
chromatography.

Synthesis of Propionibacterium Acnes Supernatant

One mg of Propionibacterium acnes (P. acnes) dried culture
(ATCC # 6919) was transferred to a UV sterilized eppendorf
tube. Six hundred μl of 1× PBS was added to the vial and
reconstituted. The solution was boiled in water at 100°C for
10 min, then centrifuged at 14000 rpm for 10 min. The
supernatant, at a concentration of 20 μg/ml, was used to
stimulate sarcoidosis and control BAL cells.

BAL Cell Isolation and Culture

BAL fluid was obtained from diagnostic bronchoscopy
and centrifuged at 1500 rpm for 15 min. The BAL cell
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pellet was washed with RPMI 1640 supplemented me-
dium. BAL cells were either stored in liquid nitrogen in
freezing media for future analysis or analyzed immedi-
ately. The culture medium used in all experiments was
RPMI (Cellgro) and was prepared as previously de-
scribed [26].

Flow Cytometry—Cytokine and Proliferation Assays

Intracellular staining was performed in order to identify IFN-γ
secreting BAL-derived T cells in response to microbial stim-
ulation. For the intracellular cytokine assay, 1–2×105 BAL
cells were incubated in RPMI 1640 supplemented medium

Table I Characteristics of the study population tested for immunologic response

Characteristics Sarcoidosis PPD- NTM p value*

Number 27 14 9

Sex, female/male 17/10 11/3 5/4 0.46

Age (yr), median (min, max) 43 (25,64) 49 (24,61) 67 (51,75) <0.001

Race 8AA:18 C:1AA/H 3AA:10 C:1A/S 1AA:8 C 0.56

Stage 0/I/II/III/IV 1/10/15/1/0 ND ND

IS at Bronch 10/17 ND ND

Extrapulmonary disease, yes/no 5/22 ND ND

CD4+ response to ESAT-6 17 2 5 0.008

CD4+ response to P. acnes 6 6 3 0.38

CD8+ response to ESAT-6 15 2 3 0.03

CD8+ response to P.acnes 6 5 2 0.68

Percent CD4 of Total CD3+ cells median (min,max) 65.2 (48.9,81.2) 54.8 (34.6,68.7) 70.9 (45.4, 90.2)

Percent CD8 of Total CD3+ cells median (min,max) 30.4 (17.1,50.8) 42.7 (31.8,63.9) 25.4 (12.7, 53.8)

CD4/CD8 ratio, median (min,max) 2.60 (0.56,70.54) 1.30(0.19,36.57) 2.95 (0.49,9.01)

NTM non-Tuberculosis mycobacterial infection; yr years, min minimum, max maximum, ND not done, A Asian, AA African American, C
Caucasian, H Hispanic, S Samoan, IS immunesuppressants. *The p values listed are for testing across all three patient groups. Statistical differences
for age were assessed using the Wilcoxon rank sum test and for sex and race using the Pearson test. Statistical difference for the CD4+ and CD8+
response to ESAT-6 and P. acnes were calculated using Fisher’s exact test. CD4+ or CD8+ response was defined as positive when the frequency of
recognition was at least twice background fluorescence and greater than 0.5 %

Table II Demographic and
pathologic information for
sarcoidosis and control tissue
specimens

Age age in years; F Female, M
Male, A Asian, AA African
American, C Caucasian

Diagnosis Age/Race/Sex Source of specimen Pathologic diagnosis Microbial signal

Sarcoid PP 59AAF Breast Sarcoidosis ESAT-6, P. acnes

Sarcoid RR 39CF Lymph Node Sarcoidosis ESAT-6

Sarcoid ZZ 68CM Lymph Node Sarcoidosis P. acnes

Sarcoid 09 60CF Lymph Node Sarcoidosis ESAT-6, P. acnes

Sarcoid 1 41AAF Cutaneous Sarcoidosis

Sarcoid 2 55AF Cutaneous Sarcoidosis P. acnes

Sarcoid 7 56AAF Cutaneous Sarcoidosis

Sarcoid 10 57CF Cutaneous Sarcoidosis ESAT-6

Sarcoid 11 64CF Cutaneous Sarcoidosis P. acnes

Sarcoid 14 65CF Cutaneous Sarcoidosis

Sarcoid 15 49CM Cutaneous Sarcoidosis ESAT-6

Sarcoid 17 39AAF Cutaneous Sarcoidosis P. acnes

Sarcoid 19 60AAF Cutaneous Sarcoidosis

Sarcoid 20 53CF Cutaneous Sarcoidosis P. acnes

Sarcoid 21 62CF Cutaneous Sarcoidosis

Control AH 74CF Lung Squamous cell carcinoma

Control D 15M Lymph Node Hodgkin’s lymphoma

Control N 56CF Lymph Node Normal lymph node P. acnes

Control T 65CF Lung Squamous cell carcinoma
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with or without antigen (ESAT-6 peptide or P. acnes superna-
tant; 20 μg/ml) or staphylococcal enterotoxin B (SEB;
10 μg/ml; Sigma) as positive control and the anti-CD28 and
anti-CD49d Abs (1 μg/ml each; BD Biosciences) at 37°C
under 5 % CO2 for 1 h before addition of BD GolgiStop
(BD Biosciences). In addition, to assess for nonspecific rec-
ognition, neoantigen Keyhole Limpet Hemocyanin (KLH;
10μg/ml; Calbiochem) was included as an additional negative
control. Following a 6 h incubation at 37°C under 5 % CO2,
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 washing, fixation, and permeabilization, using a
Fix & Perm Kit according to the manufacturer’s instructions
(BD Biosciences), anti-IFN-γ (BD Biosciences) was added at
4°C for 45 min. Cells were washed and analyzed via flow
cytometry. The IFN-γ frequency was defined as the subject’s
percentage of stimulated CD3+CD4+ or CD3+CD8+ T cells
minus their unstimulated background frequency. Based upon
previous studies, a response was considered positive when the
frequency of recognition was at least twice background fluo-
rescence and greater than 0.5 % [27–29].

For the extracellular cytokine assay, 1–2×105 BAL cells
were incubated in RPMI 1640 supplemented medium with
or without ESAT-6 peptide orP. acnes supernatant (20 μg/ml),
SEB, or KLH and the anti-CD28 and anti-CD49d (1 μg/ml
each; BD Biosciences) at 37°C under 5 % CO2 for 24 h.
Supernatants were then collected and analyzed for extracellu-
lar cytokine by using cytokine bead array according to the
manufacturer’s instructions (BD Biosciences).

All flow cytometry experiments were acquired with a
FACSCalibur or LSR-II flow cytometer (BD Biosciences).
Live cells were gated based on forward and side scatter
properties and analysis was performed using FlowJo soft-
ware (Tree Star). A minimum of 30,000 events were
acquired per sample.

To determine proliferation and quantitate cell division,
purified BAL cells were labeled with carboxyfluorescein
succinimidyl ester (CFSE; Molecular Probes). Purified cells
were first washed and resuspended in PBS. While vortexing
the cells, CFSE was added at a final concentration of 5 μM.
The mixture was vortexed for an additional 15 s and incu-
bated 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 PBS, followed by two washes with RPMI
1640-supplemented medium. CFSE-labeled BAL cells were
stimulated in RPMI 1640 supplemented medium with or
without 10 μM peptide or SEB as positive control.

MALDI Analysis

MALDI-IMS was performed as previously described [30].
Basically, imaging mass spectrometry utilizes matrix-
assisted laser desorption ionization time of flight mass

spectrometry (MALDI-TOF-MS) to profile and map the
distribution of proteins present in thin tissue sections.
Nineteen snap frozen sarcoidosis specimens were analyzed
using a histology directed mass spectral profiling approach
[30]. In this technique, two sections of a tissue sample are
collected; one that is stained for histological analysis and a
serial unstained section on a MALDI target. Mass spectro-
metric analyses were performed in the linear, positive mode
at +20 kV accelerating potential on a time-of-flight mass
spectrometer (Bruker Autoflex II; Bruker Daltonik, Bre-
men, Germany), which was equipped with a SmartBeam™
laser (Nd:YAG, 355 nm) capable of operating at a repetition
rate of 200 Hz. Image data were collected by coating the
tissue section with sinapinic acid matrix in a regular array
with a 300 μm center-to-center spacing using a Portrait 630
acoustic robotic spotter (Labcyte, Inc. Sunnyvale, CA).
Spectra were acquired as described above and the protein
ion images were viewed using FlexImaging (Bruker).

Statistical Analysis

Comparisons of the distribution of T cell frequencies were
performed using the Wilcoxon rank sum test. Categorical
comparisons, such as immune reactivity to mycobacterial
antigens by individuals within a group, were analyzed using
Fisher’s exact test. Multiple comparisons were performed.
All performed comparisons are reported, all p values are
two-sided, and all analyses were performed using R
(Version 2.1.1).

Results

Sarcoidosis CD4+ T Cells Exhibit Significant Distinctions
in Microbial-Specific Recognition

BAL cells from sarcoidosis subjects, disease controls with a
negative PPD test (PPD-), or subjects with a nontuberculous
mycobacteria (NTM) infection were stimulated with ESAT-6
peptide or P. acnes supernatant, then the CD4+ T cells were
analyzed for intracellular cytokine production of IFN-γ by
flow cytometry. Bronchoalveolar lavage (BAL) cells stimu-
lated by staphylococcal enterotoxin B (SEB) served as the
positive control, and BAL cells alone as the negative control.
In order to assess for nonspecific recognition, neoantigen
keyhole limpet hemocyanin (KLH), was included as an
additional negative control. Seventeen of the 27 sarcoidosis
BAL samples displayed a CD4+ IFN-γ response to ESAT-6
compared to two of the 14 PPD- controls and five of nine
NTM controls (p00.008, Fisher’s exact test) (Table I). The
distribution of the CD4+ T cell responses against ESAT-6
was significantly higher in the sarcoidosis subjects, com-
pared to PPD- controls (p00.003, Wilcoxon) (Fig. 1A, B).
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In contrast, the response to P. acnes was not significantly
distinct between these two groups (p00.15) (Fig. 1B). Six of
27 BAL samples displayed a CD4+ IFN-γ response to P.
acnes compared to six of the 14 PPD- controls and three of

the nine NTM controls (Table I) (p00.38, Fisher’s exact
test). No responses to KLH in any of the populations were
observed (Fig. 1B). Comparing CD4+ T cell responses to
ESAT-6 and P. acnes antigen among the sarcoidosis subjects,
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Fig. 1 Sarcoidosis BAL T cells demonstrated higher CD4+ T cell
specific recognition of mycobacterial antigen compared to P. acnes.
Intracellular cytokine staining for IFN-γ was performed on BAL cells
from sarcoidosis, PPD-, and NTM subjects, after stimulation with
neoantigen (KLH), ESAT-6 peptide, P. acnes supernatant, or SEB
(positive control). a Shown are representative flow cytometry dot plots
indicating percentage of CD3+CD4+ T cell responses to mycobacterial
antigen from a sarcoidosis subject who demonstrated dual recognition
of ESAT-6 and P. acnes (Sarcoidosis AA), a subject who recognized
ESAT-6 solely (Sarcoidosis BB), a subject who displayed no recogni-
tion of either bacteria (Sarcoidosis CC), a NTM control, and a PPD-
control. b Percent of CD3+CD4+ T cells that produced IFN-γ in

response to KLH, ESAT-6, or P. acnes stimulation with no peptide
control subtracted out for all 27 sarcoidosis subjects, 14 PPD- controls,
and 9 NTM controls. Differences in the distributions of immune
recognition of mycobacterial antigen by BAL CD3+CD4+ T cells
were noted between sarcoidosis and disease controls, using the Wil-
coxon rank sum test. Medians depicted by lines on figure. A response
was considered positive when the frequency of recognition was at least
twice background fluorescence and greater than 0.5 %. Stimulation of
BAL cells with SEB resulted in a positive IFN-γ response for sarcoid-
osis subjects and disease controls. c The six sarcoidosis and three NTM
subjects who displayed P. acnes recognition also recognized ESAT-6
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there was a significant difference in the percentage of sar-
coidosis subjects recognizing ESAT-6 antigen (17/27) versus
P. acnes (6/27) (p00.003, McNemar’s test). It was interest-
ing to note that the six sarcoidosis and three NTM subjects
who displayed P. acnes recognition also recognized ESAT-6
(Fig. 1C). Among the sarcoidosis subjects who recognized
both antigens, there were distinctions in the number of ESAT-
6-specific CD4+ T cells, compared to P. acnes (p00.03,
Wilcoxon signed rank test) (Fig. 1C). No sarcoidosis or
NTM subject recognized P. acnes solely.

To extend these results, extracellular Th-1 cytokine expres-
sion following stimulation with ESAT-6 peptide or P. acnes
supernatant for 24 h was obtained from BAL cells from three
subjects who recognized P.acnes and mycobacterial-specific
response and compared to three who displaced only immune
responses against ESAT-6 peptide. The cells were chosen
solely based upon cell availability. The ESAT-6 peptide eli-
cited quantitatively higher levels of IFN-γ and IL-2 produc-
tion as compared to the P. acnes supernatant (Fig. 2A, B).
Furthermore, the cytokine levels induced by the P. acnes
supernatant in the sarcoidosis subjects were similar to those
of the PPD- controls who displayed a P. acnes specific re-
sponse (Fig. 2A, B). In addition, BAL cells from the three
subjects who displayed a P. acnes and mycobacterial-specific
response demonstrated increased proliferation in response to
ESAT-6 stimulation as compared to P. acnes stimulation
(Fig. 2C). Taken together these results suggest that mycobac-
terial antigens elicit a stronger antigen-specific response as
measured by cytokine production and proliferation, compared
to P. acnes antigens.

Sarcoidosis CD8+ T Cells Possess Stronger Responses
to Mycobacterial Antigen than P. Acnes

Recently, mycobacterial-specific CD8+ T cell responses
have been demonstrated in sarcoidosis subjects [12, 17].
To determine if mycobacterial and propionibacterial anti-
gens elicit a CD8+ T cell immune response in sarcoidosis or
control subjects, BAL cells were stimulated with ESAT-6
peptides or P. acnes supernatant, then the CD8+ T cells were
analyzed for intracellular cytokine production of IFN-γ by
flow cytometry. There was lack of significant immune
responses to the neoantigen KLH; however strong CD8+ T
cell responses were observed to ESAT-6 (Fig. 3A). Indeed,
15 of the 27 sarcoidosis subjects exhibited CD8+ IFN-γ
responses compared to two of the 14 PPD- controls and
three of the nine NTM controls (p00.02 and 0.44 respec-
tively, two-tailed Fisher’s exact test) (Table I). The distribu-
tion of the CD8+ T cell responses against ESAT-6 was
significantly higher in the sarcoidosis subjects, compared
to PPD- controls (p00.009, Wilcoxon) (Fig. 3A, B). In
contrast, the response to P. acnes was not significantly
distinct between these two groups (p00.81) (Fig. 3A, B).

Six of 27 BAL samples displayed a CD8+ IFN-γ response
to P. acnes compared to five of the 14 PPD- controls and
two of the nine NTM controls (p00.46 and 1.0 respectively,
two-tailed Fisher’s exact test) (Table I). There was a signif-
icant difference in the percentage of sarcoidosis subjects with
CD8+ T cell responses to ESAT-6 (15/27) compared to P.
acnes (6/27) (p00.008, McNemar’s test) (Table I). Congruent
with the CD4+ T cell responses, the same six sarcoidosis and
two NTM subjects who displayed CD8+ antigen-specific
responses against P. acnes also recognized ESAT-6 (Fig. 3C)
and no sarcoidosis or NTM subjects recognized P. acnes
solely. There was not a statistical difference in the magnitude
of responses to ESAT-6 as compared to P. acnes in the sar-
coidosis subjects who recognized both (p00.25, Wilcoxon
signed rank test) (Fig. 3C). Interestingly, for the dual respond-
ers there was a trend that the magnitude of the CD8+ T cell
response was greater as compared to the CD4+ Tcell response
for both ESAT-6 and P. acnes stimulation (p00.13 and
p00.001, respectively, Wilcoxon signed rank test) (Fig. 3D).

Presence of Bacteria Does Not Correlate with Radiographic
Stages of Sarcoidosis

To rule out the possibility that the presence of mycobacteria
and propionibacteria correlates with a specific radiographic
stage, we analyzed the CD4+ and CD8+ T cell immune
response data across stages I and II (Fig. 4A and B).
We omitted stage 0 and stage III from the analysis
because each stage only had one subject, and there were
no subjects with stage IV. We previously showed no
correlation with mycobacterial recognition and radio-
graphic stage [17]. These results were confirmed in this
study as well for both mycobacterial and propionibacte-
rial recognition (Fig. 4A, B).

Signals Consistent with ESAT-6 and P. Acnes Are Present
within Sarcoidosis Granulomas

Prior reports noted the presence of mycobacterial and pro-
pionibacterial proteins within sarcoidosis specimens, how-
ever precise localization within sarcoidosis and control
specimens has not been performed to date. MALDI-IMS is
a powerful tool for investigating the distribution of proteins
and small molecules within biological systems. We utilized
MALDI-IMS technology to localize ESAT-6 and propioni-
bacterial proteins in tissue sections. We analyzed 15 snap-
frozen sarcoidosis specimens [lymph node (3), skin (11),
and breast (1)] and four snap-frozen control specimens [lung
(2), lymph nodes (2)] (Table II), in conjunction with analysis
of ESAT-6 protein and P. acnes protein supernatant. A
protein signal possessing a mass-to-charge ratio (m/z) of
11,190 was detected in some sarcoidosis specimens and
consistent with a signal from ESAT-6 whole protein, which
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exists as dimer. Signals consistent with the P. acnes super-
natant (m/z 4561) were detected also (Table II). We detected
signals consistent with ESAT-6 and/or P. acnes within 10 of
15 sarcoidosis samples. Representative analyses are shown
in Fig. 5A, B. MALDI-IMS localized signals consistent with
ESAT-6 to sites of granulomatous inflammation within the
sarcoidosis specimens (Fig. 5C). For example, in a lymph
node specimen that possessed granulomas throughout the

specimens, signals consistent with ESAT-6 and P. acnes
were seen throughout; however, in the breast biopsy which
possessed discrete sites of granulomatous involvement,
MALDI-IMS of this sample revealed that no ESAT-6
signal was detected outside of sites of granulomatous
inflammation (Fig. 5C), whereas P. acnes signals (m/z
4561) were. It was also notable that variation in signal
intensity was observed between samples, as well as

a

b

c

Fig. 2 Sarcoidosis BAL cells
secrete Th1 cytokines and
proliferate in response to
mycobacterial antigen
stimulation. Supernatants were
collected from BAL cells 24 h
after stimulation with
neoantigen (KLH), ESAT-6
peptide, P. acnes supernatant, or
SEB (positive control). Data for
three sarcoidosis subjects who
displayed immune responses
(IR) to ESAT-6 and P. acnes,
three sarcoidosis subjects who
displayed responses to ESAT-6
but not P. acnes, and three PPD-
controls who displayed
responses to only P. acnes. a
IFN-γ. b IL-2. There was a
significant difference in extra-
cellular Th1 cytokine produc-
tion to mycobacterial antigens
between sarcoidosis and control
subjects. c Sarcoidosis BAL
cells from subject who dis-
played responses to both ESAT-
6 and P. acnes (Sarcoidosis AB)
and subject who displayed
responses only to ESAT-6 (Sar-
coidosis BD) were CFSE-
labeled and activated with neo-
antigen (KLH), ESAT-6 pep-
tide, P. acnes supernatant, or
SEB. Day 4 post-activation,
antigen-specific proliferation of
CD4+ cells was assessed by
gating on CD3+CD4+ T cells
and analyzing the CFSE ex-
pression of this subset by flow
cytometry. Percent proliferation
is indicated by bracket above
peaks. Similar results were
found in the three other tested
subjects
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within a given sample, suggesting variation in protein
expression as well. Signals consistent with the P. acnes
supernatant (m/z 4561) were detected throughout the
sarcoidosis lymph node and breast biopsy specimens
(Fig. 5B and C). Localization of the signals occurred
irrespective of granulomatous involvement. Again there
was variation in the signal intensity, insinuating varia-
tion in protein expression between samples, as well as
within a given specimen. Signals consistent with P. acnes
was noted in a single control lymph node (Table II).

Discussion

This study is the first to perform dual molecular and immu-
nologic analysis for mycobacteria and propionibacteria in
sarcoidosis specimens. This study confirms that while
CD4+ and CD8+ immune responses to mycobacteria and
propionibacteria are present within sarcoidosis BAL, they
are distinct for mycobacterial recognition but not P. acnes,
when compared to disease controls. Using MALDI-IMS,
localization of signals consistent with mycobacterial
ESAT-6 are present within sarcoidosis granulomas, whereas
nonspecific localization of signals consistent with propioni-
bacterial proteins was noted.

A prior report found an association between sarcoidosis
and propionibacteria in sarcoidosis specimens [31]. In this
study, we found that the six sarcoidosis and three NTM
subjects who demonstrated CD4+ T cell specific recognition
of P. acnes also recognized the mycobacterial antigen,
ESAT-6 (Fig. 1). This was also true for the CD8+ T cell

recognition (Fig. 3). All the sarcoidosis specimens were
culture negative for M. tuberculosis. The detection of im-
mune responses against ESAT-6 among subjects with non-
tuberculous mycobacterial infection is noteworthy. The ge-
nome of organisms such as M. kansasii, M. szulgai, M.
marinum, and M. riyadhense contain Region of Difference-

CD4 

P
er

ce
nt

 IF
N

-γ

p=0.30 p=0.15

P.acnesESAT6

0
1

2
3

4
5

Stage 1 Stage 2

CD8 

P
er

ce
nt

 IF
N

-γ

p=0.56 p=1

P.acnesESAT6

0
1

2
3

4

Stage 1 Stage 2

a

b

Fig. 4 Presence of bacteria does not correlate with radiographic stages
of sarcoidosis. Tested immune responses to ESAT-6 and P. acnes
across radiographic stage. Medians depicted by lines on figure. Differ-
ences in the distribution of immune recognition in sarcoidosis patients
across radiographic stage I and II were assessed using the Kruskal-
Wallis rank sum test. There was no significant difference in the strength
of response between stages. a CD4+ T cell immune response. b CD8+
T cell immune response

Fig. 3 Sarcoidosis BAL CD8+ T cells display antigen-specific Th1
immune responses to mycobacterial antigen. Intracellular cytokine
staining for IFN-γ was performed on BAL cells from sarcoidosis
subjects and disease controls, after stimulation with neoantigen
(KLH), ESAT-6 peptide, P. acnes supernatant, or SEB. a Shown are
representative flow cytometry dot plots indicating percentage of CD3+
CD4+ T cell responses to mycobacterial antigen from a sarcoidosis
subject who demonstrated dual recognition of ESAT-6 and P. acnes
(Sarcoidosis AA), a subject who recognized ESAT-6 solely (Sarcoido-
sis BB), a subject who displayed no recognition of either bacteria
(Sarcoidosis CC), a NTM control, and a PPD- control. b Percent of
CD3+CD8+ T cells that produced IFN-γ in response to KLH, ESAT-6,
P. acnes supernatant stimulation with no peptide control subtracted out
for sarcoidosis subjects and disease controls. Differences in the distri-
butions of immune recognition of mycobacterial antigen by BAL CD3
+CD8+ T cells were noted between the sarcoidosis and control subjects
using the Wilcoxon rank sum test. Medians depicted by lines on figure.
Stimulation of BAL cells with SEB resulted in a positive IFN-γ
response for sarcoidosis subjects and disease controls. c The six sar-
coidosis and two NTM subjects who displayed P. acnes recognition
also recognized ESAT-6. d In the six sarcoidosis subjects who demon-
strated dual recognition of the antigens, the trend was the CD8+ T cell
response was stronger than the CD4+ T cell response. Differences in
the distributions of immune recognition of ESAT-6 and P. acnes by
BAL CD3+CD4+ and CD3+CD8+ T cells were measured using the
Wilcoxon signed rank test
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1(RD-1), which encodes ESAT-6 and CFP-10. Secretion of
ESAT-6 by NTM has also been previously reported [32, 33].
We chose NTM as a positive control because of these obser-
vations. Prior work has suggested an association of myco-
bacteria and propionibacteria in other granulomatous
diseases such as tuberculosis and leprosy [34]. In this study,
a direct association with P. acnes and sarcoidosis in BAL was
not found. However, six sarcoidosis subjects demonstrated

concomitant recognition of mycobacteria and propionibacte-
ria. It is possible that systemic immune responses against
ESAT-6 and P. acnes may also be present within sarcoidosis
systemic responses.

Interestingly, our immunologic data demonstrates that
mycobacteria elicit a stronger IFN-γ response compared to
P. acnes. There are several studies suggesting that the
strength of the immune response correlates with disease
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Fig. 5 MALDI-IMS localizes signals consistent with mycobacterial
ESAT-6 and P. acnes within sarcoidosis granulomatous inflammation
of a lymph node and a breast biopsy. Distinct protein signals
corresponding to ESAT-6 and P. acnes were present within sarcoidosis
specimens. (A/B) Signals consistent with ESAT-6 (~11,190 m/z) and P.
acnes (~4,560 m/z) were present within sarcoidosis specimens. A
representation of the peaks visualized with MALDI analysis of 15
snap-frozen sarcoidosis and four snap-frozen control specimens is
depicted; 10 of 15 contained either ESAT-6 and/or P. acnes, compared
to 1of 4 control specimen containing signals consistent with P. acnes.

No signals consistent with ESAT-6 were noted in the control speci-
mens. c Histologic staining of lymph nodes and the breast biopsy
revealed granulomas throughout the lymph node, but only distinct
areas of involvement within the breast biopsy (red circle). Localization
of signals consistent with ESAT-6 and P. acnes were detected through-
out both specimens. ESAT-6 signals were noted within areas of gran-
ulomatous involvement; whereas, signals consistent with P. acnes were
present irrespective of granuloma involvement in the sarcoidosis
specimen
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outcome in bacterial infections including tuberculosis
[35]. We did not find a significant difference in immune
responses across radiographic stages, however our anal-
ysis was performed on Stage I and II sarcoidosis BAL
due to limitations of diagnostic BAL available for other
sarcoidosis stages and thus these findings cannot be
generalized to Stages 0, III, and IV.

Furthermore, in a recent report the cell invasiveness of
P. acnes isolates from sarcoid lesions was studied and no
differences were found between sarcoidosis and disease
controls [36]. It is also noteworthy that despite the presence
of mycobacterial antigen-specific CD4+ T cell responses
in ~60 % of sarcoidosis subjects, the sarcoidosis BAL
specimens are culture negative. Possible explanations for
this include the following: 1) Although viable organisms
are absent from sarcoidosis specimens, persistent microbial
proteins remain. These proteins drive antigen-specific im-
mune responses. 2) Viable organisms are present within
sarcoidosis BAL that cannot be isolated under current cul-
ture conditions. This latter hypothesis will require the new
techniques to identify viable mycobacteria within sarcoid-
osis specimens. These observed responses do not reflect
active or latent tuberculosis infection. Each BAL specimen
was culture negative for mycobacteria confirming that this
is not M. tuberculosis infection. One also does not see
immune responses against ESAT-6 in the BAL of subjects
with latent tuberculosis [29] .

One argument in support of the role of P. acnes in
sarcoidosis pathogenesis is that there are quantitative differ-
ences in P. acnes DNA in Japanese and European sarcoid-
osis subjects as compared to disease controls [21]. A
counterargument to this is that the increased levels of P. acnes
DNA may reflect the replication of the organism to provide
co-factors to support another microbe, such as mycobacteria.
To address this point, we performed MALDI-IMS for micro-
bial proteins in order to assess in a complementary fashion for
mycobacteria and propionibacteria. Direct analysis of tissues
of biological and clinical interest usingMALDI-IMS has been
shown to be successful for the study of the mid- to low
molecular weight proteome and has been successfully used
to characterize the expression of proteins and other organic
biological compounds in numerous normal and diseased tis-
sues [37, 38]. MALDI has been demonstrated for ultrasensi-
tive detection to peptide amounts as low as 50×10−17 (50 ag).
Utilizing this technology, signals consistent with ESAT-6 or P.
acnes was detected in 10 of 15 sarcoidosis granulomatous
samples. MALDI-IMS localized these ESAT-6 signals to sites
of granulomatous inflammation while P. acnes proteins were
detected throughout the tissue specimens of sarcoidosis and
control samples (Fig. 5). ESAT-6 has been demonstrated to be
a nidus for granuloma formation within tuberculosis speci-
mens [39]. The work presented demonstrates only signals
consistent with ESAT-6 and not the actual protein. However,

the detection of signals consistent with ESAT-6 in sarcoidosis
granulomas and absent from control specimens supports a
more indepth investigation for ESAT-6 proteins within sar-
coidosis granulomas.

Another plausible scenario is that both mycobacteria and
propionibacteria cause sarcoidosis independently of each oth-
er. Several Japanese studies have identified propionibacteria
in sarcoidosis utilizing multiple techniques [19, 21, 22]. Dif-
ferences among this study and previously published workmay
be due to the racial composition of the study population.
Sarcoidosis in Japanese subjects is characterized by eye, skin,
and cardiac involvement, while in the United States and
Europe, mainly affects the lungs. In this study, all subjects
were from the United States and were either of African Amer-
ican or Caucasian background. Future investigations includ-
ing subjects from the United States and Japan need to be
conducted to determine if the different disease manifestations
are the result of different infectious agents.

The localization of signals consistent with microbial pro-
teins within sarcoidosis granulomas, as well as demonstration
that they are targets of the adaptive immune responses further
strengthens the role of infectious agents within sarcoidosis
pathogenesis. The presence of responses against mycobacteria
and propionibacteria, as well as evidence of signals consistent
with both proteins within sarcoidosis granulomas suggest that
these agents make important contributions. The relationship of
mycobacteria and propionibacteria in sarcoidosis pathogene-
sis requires further investigation. Dissecting this relationship
may lead to better therapeutic interventions, as well as identify
mechanisms which determine disease outcome.
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