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ABSTRACT
Introduction: Sarcoidosis and tuberculosis are granulomatous pulmonary diseases characterised by
heightened immune reactivity to Mycobacterium tuberculosis antigens. We hypothesised that an
unsupervised analysis comparing the molecular characteristics of granulomas formed in response to M.
tuberculosis antigens in patients with sarcoidosis or latent tuberculosis infection (LTBI) would provide
novel insights into the pathogenesis of sarcoidosis.
Methods: A genomic analysis identified differentially expressed genes in granuloma-like cell aggregates
formed by sarcoidosis (n=12) or LTBI patients (n=5) in an established in vitro human granuloma model
wherein peripheral blood mononuclear cells were exposed to M. tuberculosis antigens (beads coated with
purified protein derivative) and cultured for 7 days. Pathway analysis of differentially expressed genes
identified canonical pathways, most notably antigen processing and presentation via phagolysosomes, as a
prominent pathway in sarcoidosis granuloma formation. The phagolysosomal pathway promoted
mechanistic target of rapamycin complex 1 (mTORc1)/STAT3 signal transduction. Thus, granuloma
formation and related immune mediators were evaluated in the absence or presence of various pre-
treatments known to prevent phagolysosome formation (chloroquine) or phagosome acidification
(bafilomycin A1) or directly inhibit mTORc1 activation (rapamycin).
Results: In keeping with genomic analyses indicating enhanced phagolysosomal activation and predicted
mTORc1 signalling, it was determined that sarcoidosis granuloma formation and related inflammatory
mediator release was dependent upon phagolysosome assembly and acidification and mTORc1/S6/STAT3
signal transduction.
Conclusions: Sarcoidosis granulomas exhibit enhanced and sustained intracellular antigen processing and
presentation capacities, and related phagolysosome assembly and acidification are required to support
mTORc1 signalling to promote sarcoidosis granuloma formation.
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Introduction
The clinical presentation of pulmonary sarcoidosis and tuberculosis (TB) share similar features, including
granulomatous inflammation of the lungs and lymphatics, and Mycobacterium tuberculosis exposure is
incriminated in the pathogenesis of both diseases [1, 2]. However, closer examination reveals that
sarcoidosis and TB granulomas have distinct features. In contrast to TB granulomas, featuring large
macrophage aggregates with central necrosis and robust surrounding lymphocytic inflammation,
sarcoidosis granulomas are typically non-necrotising, often with peripheral fibrosis, and exhibit sparse
surrounding lymphocytic inflammation. These distinct granuloma features are probably influenced by
macrophage phenotype variation; central necrosis and surrounding inflammation in TB granulomas are
features of classically activated (M1), pro-inflammatory macrophages [3]. Alternative (M2) macrophage
polarisation is more prominent in sarcoidosis compared to TB [4], which favours macrophage aggregation
[5], lung fibrosis [6] and suppression of lymphocytic inflammation [7].

The mechanisms explaining these distinct macrophage responses in sarcoidosis and TB are unknown.
Potential insight into sarcoidosis disease pathogenesis was provided by a recent study by LINKE et al. [8]
wherein a systemic, sarcoidosis-like disease was serendipitously documented in genetically modified mice
that had abnormally increased mTORc1 (mechanistic target of rapamycin complex 1) signal transduction,
and mTORc1 activation was further demonstrated in humans with progressive sarcoidosis. mTORc1
promotes alternative activation of macrophages, as observed in diseased human sarcoidosis tissues [4] and
in our established in vitro human granuloma model [9]. However, the mechanisms regulating mTORc1
signalling and the role of mTORc1 signalling during early sarcoidosis granuloma formation remain
unknown.

In order to elucidate the mechanisms driving the formation of different granuloma types in sarcoidosis
and TB, we used an established human in vitro granuloma model and performed an unbiased
assessment of molecular responses based upon gene expression analysis. Pathway analysis of differentially
expressed genes revealed a canonical pathway that regulates phagolysosomal functions in sarcoidosis
compared to TB granulomas, and the expression of these molecules was abnormally sustained. Given
that mTORc1 signalling is incriminated in sarcoidosis pathogenesis [8] and is dependent upon the
formation of a signalling complex within acidified phagolysosomes [10], we hypothesised that
experimental conditions that would indirectly prevent mTORc1 activation, including inhibition of
phagolysosome formation or acidification, or direct pharmacological inhibition of mTORc1 activation
would attenuate early granuloma-like cell aggregate formation and suppress pro-inflammatory molecule
release in sarcoidosis.

Materials and methods
Please refer to the supplementary material for additional methodological details.

Study subjects
The study was conducted in accordance with the amended Declaration of Helsinki, and donors were
enrolled after first obtaining informed written consent in compliance with the Ohio State University
biomedical sciences institutional review board (# 2014H0380) and National Institutes of Health guidelines.
Sarcoidosis inclusion criteria were based upon informed consent and established diagnostic criteria;
namely, biopsy-proven, noncaseating granulomatous tissue inflammation in the absence of other likely
causes [11]. We recruited 12 nonsmoking sarcoidosis patients with signs of active lung disease and no

TABLE 1 Patient demographics

Subjects Age
years

Sex
male/female

Race
White/Black/other

Hispanic/non-Hispanic

Human in vitro granuloma model: PPD-treated PBMCs
LTBI 5 31.4±2.2 3/2 2/2/1 1/4
Sarcoidosis high responders 6 53.8±5.1 3/3 6/0/0 1/5
Sarcoidosis low responders 6 48.2±4.1 2/4 5/1/0 0/6

Human lymph node tissue
Control 5 43.0±6.1 3/2 3/2/0 N/A
Sarcoidosis 8 40.0±4.8 3/5 5/3/0 N/A

Data are presented as n or mean±SD. PPD: purified protein derivative; PBMCs: peripheral blood mononuclear cells; LTBI: latent tuberculosis
infection; N/A: not applicable.
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evidence of latent TB, based upon pulmonary symptoms (cough, shortness of breath) and radiographic
evidence of active (nonfibrotic) lung disease and negative screening for M. tuberculosis (purified protein
derivative (PPD) skin test and/or interferon-γ release assay-negative using the Quantiferon test (Qiagen,
Venlo, the Netherlands)). The study patients were receiving no or minimal immune-suppressant treatment
(⩽10 mg prednisone daily). In addition, five nonsmoking subjects with latent TB infection (LTBI) were
recruited based upon having a positive PPD skin test and/or Quantiferon test, no clinical symptoms and
absent chest radiographic evidence of active TB.

Peripheral blood mononuclear cell (PBMC) immune responses to PPD-coated beads in sarcoidosis
patients lead to granuloma formation in most cases; however, some sarcoidosis patients are “low
responders”, producing far fewer granuloma-like cell aggregates [9]. Thus, for mechanistic studies relating
to granuloma formation, we separately analysed high and low responders based upon the extent to which
they formed granuloma-like cell aggregates 7 days after treatment with PPD-coated beads (detailed in the
supplementary material). The demographic features of all study subjects in each group are summarised in
table 1.

Human PBMC isolation and culture conditions
PBMCs were isolated from whole-blood samples using Ficoll-Paque Plus (Cytiva, Cambridge, MA, USA)
[9, 12]. PBMC preparations (2×106 cells·mL−1 (∼20% monocytes/80% lymphocytes)) were then cultured in
RPMI 1640 medium containing 10% human AB serum and either uncoated (PBS-washed) or PPD-coated
beads for 7 days with or without inhibitor pre-treatment. The following inhibitors were employed and
administered 30 min prior to PPD treatment: rapamycin (RAP, 100 nM), bafilomycin A1 (BAFA1,
500 nM), chloroquine (CLQ, 10 µM) or ammonium chloride (NH4Cl, 50 µM).

Granuloma gene expression analysis
Granuloma-like cell aggregates were harvested into TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and
total RNA was purified of DNA contamination using the SpinSmart RNA purification kit (Thomas
Scientific, Swedesboro, NJ, USA). RNA libraries were prepared using the Ion Torrent AmpliSeq
Transcriptome Human Gene Expression Kit (Life Technologies, Rockville, MD, USA) from 10 ng RNA.
Quantitative gene expression analysis was performed using the AmpliSeq platform [9, 12], as specified in
the supplementary material.

Gene network analysis
Functional and network analyses of gene expression data derived from the AmpliSeq results were
performed using Ingenuity Systems’ ingenuity pathways analysis (IPA) software (www.ingenuity.com).

Extracellular cytokine analysis
Human cell-cleared supernatants were analysed 7 days post-treatment for interferon (IFN)-γ, tumour
necrosis factor (TNF)-α, interleukin (IL)-1β and IL-10 by ELISA according to the manufacturer’s
recommendations. Likewise, correspondingly prepared cell lysates, collected 24 h post-treatment in freshly
prepared cell lysis buffer were analysed for p-mTORc1, p-S6 and p-STAT3 expression by ELISA.

Lymph node tissue
The lymph node tissue samples were obtained from organ donors (controls) or sarcoidosis patients
undergoing surgical biopsies and provided by the Midwestern Division of the Cooperative Human Tissue
Network [13]. Total RNA extraction, gene expression analyses and IPA network results are described in
the supplementary material.

Results
Study subjects
Patient demographics are shown in table 1, based upon the diagnosis of sarcoidosis, broken down by high
and low responders and LTBI.

Gene expression profile of in vitro sarcoidosis granulomas
Comparison of RNA expression measured by AmpliSeq in sarcoidosis PBMCs incubated for 7 days with
PPD-coated beads to identically treated LTBI PBMCs yielded >5000 significantly differentially expressed
genes (unpaired group comparison; more than two-fold; p<0.05 by DESeq2). In contrast, no differentially
expressed genes were detectable when comparing sarcoidosis to LTBI following treatment with uncoated
beads for 7 days, indicating that the observed gene expression changes were related specifically to PPD.
Figure 1 presents mean normalised counts plotted against average fold-change (MvA plot) and the volcano
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FIGURE 1 Differential gene expression following purified protein derivative (PPD)-coated bead treatment of
peripheral blood mononuclear cell (PBMCs) from sarcoidosis patients compared to those with latent
tuberculosis infection (LTBI). a) The output type “MvA” plot of normalised gene expression data wherein each
point represents a gene, with the y-axis representing a log (base 2) fold-change in expression following 7-day
treatment with PPD-coated beads of identically treated PBMCs from patients with sarcoidosis compared to LTBI
subjects. The x-axis is the log average of gene expression level. All genes with an adjusted p-value of 0.05
(representing a 5% false discovery rate) and at least a two-fold change (highlighted by two horizontal grey lines)
in the magnitude of gene expression between sarcoidosis and LTBI are shaded red. The blue line represents
smoothed local mean expression (fitted using a generalised additive model) with the surrounding 95%
confidence level interval shaded light blue. Genes that were most differentially expressed (DE) in response to
PPD-coated beads in sarcoidosis compared to LTBI are highlighted in the top of the MvA plot, whereas those
genes most DE in LTBI compared to sarcoidosis are at the bottom (the top five most differentially expressed
genes in each case are labelled). b) A volcano plot wherein the y-axis corresponds to transcripts with high
statistical significance (-log 10 of p-value), and the x-axis corresponds with fold-change of gene expression (log
base 2) generated from the same data set. Labelled transcripts on the upper left side of the plot have strong
statistical significance with relatively low expression, whereas transcripts on the upper right are more highly
expressed with strong statistical significance following treatment of PBMCs with PPD-coated beads in
sarcoidosis versus LTBI. The dotted line corresponds with a p-value cut-off of 0.05, and genes failing to meet
this cut-off are shaded grey. Generated from all 17 experiments (12 sarcoidosis and five LTBI).
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plot of the gene expression data, demonstrating distinct gene expression characteristics under these
conditions.

Gene network analysis
Using an unbiased gene network analysis that is based upon known molecular interactions (IPA), it is
feasible to identify molecular patterns that provide insight into disease mechanisms. Employing a higher
level of this analysis based upon the IPA tool, which shows the strongest interactions among differentially
expressed genes between sarcoidosis and LTBI, an interactive network of molecules identified a canonical
endosomal/lysosomal antimicrobial pathway (figure 2). The significantly differentially expressed genes
represented molecules participating in all phases of microbial recognition and intracellular processing
supporting intracellular antimicrobial processing, including microbe opsonisation by complement (C1QA,
C1Qb, C1QB), recognition of potential pathogens by molecular pattern recognition receptors (CD206 or
mannose receptor, TREM/TYROBP complex) and scavenger receptors (CD163), step-wise intracellular
phagosome-lysosome-mediated pathogen killing, culminating in potential activation of T-cells via major
histocompatibility complex class II-mediated antigen presentation (figure 2, supplementary table S1). This
same pathway was similarly identified when comparing gene expression networks of sarcoidosis to
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FIGURE 2 Pathway analysis of gene expression identifies canonical phagolysosome and related antigen
presentation pathways. The gene network most highly overrepresented (see Methods, from AmpliSeq
analyses) in peripheral blood mononuclear cells from patients with sarcoidosis (n=12) relative to latent
tuberculosis infection (n=5) 7 days after purified protein derivative treatment was predicted to engage in the
formation and function of phagolysosomes, including genes encoding Rab GTPases (RAB5, RAB7) and
lysosome-associated membrane proteins 1 and 2 (LAMP1, LAMP2), and related lipid antigen presentation
(CD1A, CD1B, CD1C, CD1D) and major histocompatibility complex (MHC) class II molecule presentation. Note
that multiple genes encoding vATPase enzymes were highly expressed in sarcoidosis granulomas, and
vATPases promote acidification (lower pH) during progression from early to late phagosome to mature
phagolysosomes. LAMP1 and LAMP2 are markers of lysosome fusion with the phagosome to form
phagolysosomes.
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controls, indicating that this pathway was unique to sarcoidosis granulomas (supplementary table S2). The
relevance of the model findings to human sarcoidosis were further validated in diseased human tissues;
many of the differentially expressed genes involved in phagosome-mediated antimicrobial functions were
also identified to have significantly increased expression in human sarcoidosis mediastinal lymph node
tissue when compared to corresponding samples from normal control subjects (table 2).

mTORc1 pathway activation
p-mTORc1 expression significantly increased nearly 2.5-fold in sarcoid PBMCs 24 h after PPD treatment
compared to matching PBMCs exposed to uncoated beads (figure 3). Similarly, p-mTORc1 expression
significantly increased by 222±34% and by 298±64% 2 and 48 h post-treatment, respectively (p<0.05).
Corresponding downstream activation of S6 was also demonstrated by a four-fold increase in
phosphorylated expression 24 h following PPD exposure compared to uncoated bead treatment. Likewise,
p-S6 expression significantly increased by 191±50% and by 303±37% 2 and 48 h post-treatment,
respectively (p<0.05). In addition, 24 h after PPD treatment, p-STAT3 was observed to increase
significantly by ∼2.5-fold (figure 3). At 24 h post-treatment, RAP pre-treatment dramatically attenuated
phosphorylation of mTORc1 and S6, as well as at 2 and 48 h post-treatment, and STAT3 to levels similar
to or less than those measured following exposure to uncoated beads (figure 3), supporting the premise
that STAT3 activation is regulated by mTORc1/S6.

Inhibition of the mTORc1 pathway, intracellular acidification or phagolysosomal formation and
their effect upon granuloma formation
7 days after sarcoid PBMC exposure to PPD-coated beads, dramatic granulomatous cell aggregate
formation was observed in high responders compared to matching uncoated bead treatment (figures 4 and 5).
Pre-treatment of PBMCs for 30 min with either RAP, BAFA1 or CLQ prior to PPD exposure significantly
diminished granuloma formation to levels very similar to those demonstrated following treatment with
uncoated beads. NH4Cl pre-treatment had no effect upon PPD-induced granuloma formation (figure 5).
As expected, when there was no significant granulomatous cell aggregate formation following PPD
treatment (low responders), inhibitor pre-treatment had no significant effect (supplementary figure S1).

Inhibition of the mTORc1 pathway, intracellular acidification or phagolysosomal formation and
their effect upon cytokine release
As expected, following PPD bead treatment, significant increases in the release of IFN-γ, TNF-α, IL-1β
and IL-10 were observed within 7 days (figure 6). Whereas RAP and CLQ pre-treatment dramatically
decreased release for all the cytokines, BAFA1 and NH4Cl only significantly reduced IFN-γ and IL-10
release (figure 6). A similar overall trend was observed for the low responders (supplementary figure S2),
except that NH4Cl had no effect upon the release of any of the cytokines measured. The paradoxical
increase in TNF-α and IL-1β with vATPase inhibition (via BAFA1) observed in these experiments was
previously reported by THOMAS et al. [14]. It should be noted that IL-10 release was notably higher in the
low responders when compared to the high responders in nearly all groups (figure 6d and supplementary
figure S2d).

TABLE 2 Genes associated with the canonical phagosome-mediated antimicrobial pathway that are significantly increased in
sarcoid granuloma-like cell aggregates compared to those in the latent tuberculosis infection group (in the present model) and
in mediastinal lymph node tissues obtained from sarcoidosis patients (independent cohort) compared to the same tissues in
matching control subjects

Genes upregulated in the in vitro granuloma model Genes upregulated in human mediastinal lymph
node tissue

Microbial antigen recognition
promoting phagocytosis

C1QA, C1QB, C1QC, CD163, MMP12, MRC1, TREM2,
TYROBP

C1QA, C2, CD16, ITGAM, MMP12, TREM2, TYROBP

Microbial antigen presentation CD74, HLA-DMA, HLA-DOA, HLA-DPB1, HLA-DQA,
HLA-DRA, HLA-DRB1

CD74, HLA-DB61, HLA-DMB, HLA-DOA, HLA-DPB1,
HLA-DPB2, HLA-DQA, HLA-DRA, HLA-DRB1,

HLA-DRB6

Microbial antigen processing via
phagosomal formation,
maturation and fusion

ATP1B1, ATPV0D2, ATP6AP1, ATP6V0B, ATP6V0D1,
ATP6VAC, CALR, CTSA, CTSB, CTSC, CTSG, CTSH, CTSK,
CTSS, CTSZ, LAMP1, LAMP2, LGMN, LIPA, LYZ, MPO,
RAB5C, RAB7A, RAB20, RAB31, RAB34, RILB, TUBB6

ATPV0D2, ATP6AP2, ATP6V1A, ATP6V1B1,
ATP6V1B2, ATP6V1C1, CTNNB2, CTSC, CTSK,
CTSS, CTSZ, LAMP2, LIPA, LYZ, RAB6B, RAB7B
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Discussion
Despite morphological similarities of the granuloma-like cell aggregates formed by human PBMCs in
response to M. tuberculosis antigens in vitro, the molecular profile of sarcoidosis granulomas differs from
LTBI granulomas based upon gene expression analysis and is reflective of fundamentally different
macrophage features. In particular, sarcoidosis granulomas consist of macrophages featuring an
alternatively activated CD163 phenotype [14], exhibiting abnormal sustained phagolysosome activation,
predicted to promote enhanced antigen processing and presentation. Our findings are corroborated by
prior reports showing enhanced macrophage antigen presentation by sarcoidosis macrophages [15, 16].
Our data provide evidence that phagolysosomes promote signal transduction via mTORc1 (figure 3),
which has been shown to be essential for early sarcoidosis granuloma formation. Our findings expand
upon recent reports incriminating aberrant mTORc1 signalling in the pathogenesis of a sarcoidosis-like,
systemic granulomatous disorder in mice and in humans with progressive sarcoidosis disease [8].

The findings in the in vitro human granuloma model seem to contradict prior studies showing similar
gene profiles of PBMCs in sarcoidosis and TB [17, 18]. However, unstimulated PBMCs do not form
granulomas, and we have previously reported that unstimulated PBMCs of sarcoidosis and disease-free
controls have similar molecular signatures [12]. We have also shown that extracellular cytokine release
from unstimulated PBMCs is minimal and does not differ when comparing unstimulated PBMCs from
sarcoidosis to those of LTBI or controls [9]. However, there are interesting differences in extracellular
cytokine release following stimulation with M. tuberculosis antigens, as per figure 6, and conditions
promoting fusion of endosomes with lysosomes to yield acidified phagolysosomes are shown herein to
enhance mTORc1 signalling, which aligns with recent investigations by LINKE et al. [8].

The molecular mechanisms by which phagolysosomes promote mTORc1 signalling are well established
and are implicated by our genomic analysis of sarcoidosis granulomas. Whereas mTORc1 is also expressed
in T-cells, our data indicate that mTORc1 signalling in macrophages is of primary relevance during early
granuloma formation given that granuloma-like cell aggregates are primarily comprised of macrophages,
and disruption of phagolysosome formation or function (acidification) attenuates granuloma formation as
effectively as inhibition of mTORc1. In macrophages, uptake of microbial-associated antigens by
endosomes to form phagosomes is followed by fusion with lysosomes, mediated by Rab GTPases,
including Rab5 and Rab7 [19]. As indicated in figure 2 and supplementary table S1, Rab5 and Rab7 genes
are highly expressed in sarcoidosis granulomas compared to LTBI granulomas forming in response to M.
tuberculosis antigens. The next step in phagosome maturation is progressive acidification mediated by
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FIGURE 3 Activation of mechanistic target of rapamycin complex 1 (mTORc1)/S6 and STAT3 during sarcoidosis
granuloma formation. The phosphorylation status of mTORc1, its downstream signalling molecule, S6, and
STAT3 was evaluated 24 h after sarcoidosis peripheral blood mononuclear cells were incubated with either
uncoated beads (UNC), purified protein derivative-coated beads (PPD) alone or after a 30-min pre-treatment
with rapamycin (RAP). Increased phosphorylation of mTORc1, the downstream signalling molecule, S6, and
STAT3 was observed after PPD treatment (n=6 for each group, *: p<0.05, compared to matching UNC
treatment alone) and was suppressed in the presence of RAP (#: p<0.05, relative to corresponding PPD
treatment alone).
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vATPase enzymes derived from lysosomes [20]. Sarcoidosis granulomas exhibited higher expression of
multiple vATPase transcripts (figure 2, supplementary table S1). Finally, a specific vATPase enzyme
encoded by ATP6V1A, also highly expressed in sarcoidosis granulomas (six-fold higher compared to LTBI;
p<0.05) forms a complex with mTORc1 to promote mTORc1 signalling via S6 kinase (S6K) [10]. Once
activated, mTORc1/S6K promotes alternative macrophage polarisation characterised by increased
expression of CD163 [21], such as documented in these experiments (CD163 expression is 117-fold higher
in sarcoidosis compared to LTBI granulomas; p<0.001) (supplementary table S1). Reduced expression of
mTORc1 is a known feature of primary human macrophages from healthy donors in response to M.
tuberculosis and has implications for the control of infection [22]. Thus, enhanced mTORc1 signalling in
sarcoidosis suggests that the sarcoidosis immune phenotype may confer protection against M. tuberculosis
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FIGURE 4 Suppression of sarcoidosis granuloma formation by disruption of phagolysosome formation or
acidification or through direct inhibition of mechanistic target of rapamycin complex 1 (mTORc1).
Representative photomicrographs of granuloma-like cell aggregates forming 7 days after high-responder
sarcoidosis peripheral blood mononuclear cells were incubated with either uncoated beads (UNC) or purified
protein derivative-coated beads (PPD) alone, or following a 30-min pre-treatment with either rapamycin (RAP;
mTORc1 inhibitor), bafilomycin A1 (BAFA1; vATPase inhibitor attenuating acidification) or chloroquine (CLQ;
inhibitor of lysosome–endosome fusion to form a phagolysosome). a) Original, unfiltered images; b) MIPAR
image analyses (www.mipar.us/) demonstrating colour-coding of identified granulomas based upon cell
aggregate area, with larger cell aggregates represented in the red-yellow hues and smaller ones in the
blue-green hues; c) all but the MIPAR-identified cell aggregates are filtered out, showing the cumulative
granuloma area as a fraction of the total area of the image (area fraction (AF), as determined by MIPAR
analysis for each representative image).
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infection. STAT3, activated downstream of mTORc1 [23], is incriminated in the pathogenesis of
sarcoidosis granulomas [24] and was shown to be rapidly activated in response to M. tuberculosis antigens
and suppressed in response to the mTORc1 inhibitor, rapamycin, in this in vitro model (figure 3).
Together, our data support the role of mTORc1/S6/STAT3 pathway activation during the genesis of
sarcoidosis granulomatous cell aggregates.

Sarcoidosis granuloma macrophages exhibit abnormally enhanced and sustained antigen processing. The
normal progression from early microbe recognition through the late phagosome maturation stages
typically requires ∼10–30 min, whereas phagolysosomes may be sustained to promote microbial killing
[25]. As such, it is noteworthy that the genes regulating all stages of microbe recognition,
phagosome-lysosome-mediated intracellular killing and antigen presentation, remained highly expressed in
the sarcoidosis PBMC granulomatous cell aggregates 7 days after a single exposure to immunogenic M.
tuberculosis antigens in the form of PPD-coated beads. These findings are consistent with those of SPITERI
et al. [26] who reported increased macrophage phagocytic activity in bronchoalveolar lavage (BAL)
macrophages obtained from patients with active pulmonary sarcoidosis, as well as studies by LEM et al.
[27] showing enhanced antigen presentation capacity of sarcoidosis BAL macrophages.

Given that the study patients had no evidence of active or latent TB infection, these experiments support
the notion that sarcoidosis patients are predisposed to an exaggerated antimicrobial response to TB
antigens. These findings lead us to speculate that sarcoidosis patients are genetically predisposed, when
confronted with a critical microbial challenge, to respond with a potent bactericidal granulomatous
response aimed at intracellular pathogens at the expense of unremitting inflammation. This line of
reasoning would explain well-documented cases of sarcoidosis following the resolution of infections caused
by intracellular pathogens, most notably M. tuberculosis, Propionibacterium acnes [28] and Histoplasma
capsulatum [29], and explains why immune suppression therapy typically improves sarcoidosis
manifestations and rarely results in disseminated infection. Future studies are planned to determine
whether the exaggerated macrophage-mediated immune response of sarcoidosis patients is M.
tuberculosis-specific or if other pathogens (e.g. P. acnes, H. capsulatum) also promote granuloma
formation.

The uptake of antigens, presumably mediated by scavenger receptors such as CD163 or CD206, is linked
to granuloma formation through the formation of phagolysosomes. Interruption of any of the steps
required for phagolysosome formation and acidification was shown to disrupt mTORc1 signalling and
suppress granulomatous cell aggregate formation (figures 4 and 5) and inflammatory pathways in
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FIGURE 5 Group analysis of granuloma formation in high-responder sarcoid patients demonstrates significant
reduction following interruption of the canonical phagolysosome and related antigen presentation pathways.
Bafilomycin A1 (BAFA1), chloroquine (CLQ) or rapamycin (RAP) pre-treatments for 30 min were equally
effective in significantly suppressing purified protein derivative (PPD) bead-induced granuloma formation (as
per MIPAR analysis (www.mipar.us/) of identified granuloma-like cell aggregates, area fraction=cumulative
granuloma area as a fraction of the total area of the image), whereas ammonium chloride (NH4Cl; inhibits
phagosome–lysosome fusion) pre-treatment did not inhibit granuloma formation. n=6 for each group; *:
p<0.05, compared to the uncoated bead (UNC) treatment group; #: p<0.05, relative to the PPD-treated group.

https://doi.org/10.1183/13993003.02695-2020 9

INTERSTITIAL LUNG DISEASE AND BASIC SCIENCE | E.D. CROUSER ET AL.

http://www.mipar.us/


sarcoidosis (figure 6). CLQ and NH4Cl prevent lysosome fusion with endosomes [30, 31]; BAFA1 inhibits
vATPase-mediated acidification [32]; and RAP binds to a regulatory component of mTORc1 to suppress
its activation [33]. The paradoxical finding of near-complete inhibition of granuloma formation in the
setting of unchanged or enhanced TNF-α release by the vATPase inhibitor is probably related to the
induction of NF-κB signalling, as reported previously [14]. However, vATPase inhibitors strongly
suppressed IFN-γ production, which is vital for granuloma formation based upon prior studies of M.
tuberculosis-induced granuloma formation [34, 35]. Finally, the lack of granuloma inhibition by NH4Cl is
difficult to explain, because it should suppress phagolysosome-mediated signalling by preventing fusion of
lysosomes, thereby increasing pH, as per vATPase inhibitors. In this regard, it is interesting to note that
NH4Cl suppresses lysosome–phagosome fusion, but has been shown to concurrently induce phagosome–
endosome fusion in the setting of mycobacterial infection [36], suggesting that the fusion of phagosome
with endosome is sufficient to promote granuloma formation. Regardless of the mechanisms by which
NH4Cl influences phagosomes, compared to CLQ, NH4Cl treatment less effectively suppressed IFN-γ,
TNF-α and IL-1β, which may further explain the discrepant results [37–39].
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FIGURE 6 Extracellular cytokine release in the high-responder sarcoid group was mostly suppressed by disruption of phagolysosome formation or
acidification or through direct inhibition of mechanistic target of rapamycin complex 1 (mTORc1). Extracellular cytokine concentrations (of a)
tumour necrosis factor (TNF)-α, b) interleukin (IL)-1β, c) interferon (IFN)-γ and d) IL-10) as determined by ELISA 7 days after high-responder
sarcoidosis peripheral blood mononuclear cells were incubated with either uncoated beads (UNC) or purified protein derivative-coated beads
(PPD) alone, or following a 30-min pre-treatment with either bafilomycin A1 (BAFA1), chloroquine (CLQ), rapamycin (RAP) or ammonium chloride
(NH4Cl). In all cases, RAP and CLQ pre-treatment significantly reduced cytokine release, whereas only IFN-γ and IL-10 release were significantly
diminished by pre-treatment with BAFA1 and NH4Cl. n=6 for each group; *: p<0.05, compared to the UNC treatment group; #: p<0.05, relative to
the PPD-treated group.
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Although the roles of mTORc1 signalling and various cytokine and chemokines during the pathogenesis
of sarcoidosis appear to be complex, our data support the promotion of early granuloma formation by M.
tuberculosis antigens via phagolysosome-mediated mTORc1/S6/STAT3 signalling. However, a number of
important questions follow from these findings. For instance, are other signalling pathways working in
concert with mTORc1 during sarcoidosis granuloma formation; are sarcoidosis macrophage populations
homogeneous in terms of mTORc1 activation and related overactive phagosomal functions; and can
microbial antigens other than those derived from M. tuberculosis also promote sarcoidosis granuloma
formation? Furthermore, how does the cytokine milieu influence granuloma formation? In concert with
IFN-γ, it is likely that TNF-α and other cytokines, such as IL-13 [12] and IL-17 [40] can amplify
granuloma formation. Whereas IL-10 and transforming growth factor-β are reported to suppress
granuloma formation in models of M. tuberculosis infection [41], the role of these cytokines in sarcoidosis
remains unclear. The full consequences of dysregulated mTORc1 signalling as they relate to antigen
processing require further investigation. For example, enhanced mTORc1 and STAT3 signalling have
implications for the effective clearance of antigens via inhibition of autophagy [42], which may contribute
to sustained granuloma formation, as proposed by PACHECO et al. [43].

Conclusions
Despite the formation of similar appearing granuloma-like cell aggregates by PBMCs of sarcoidosis
patients or LTBI subjects upon exposure to M. tuberculosis antigens, the molecular profiles of the
granuloma structures are very different. In particular, in vitro sarcoidosis granulomas are distinguished by
a macrophage phenotype that features higher expression of molecules engaged in antigen recognition,
processing and presentation (supplementary table S1), which was correspondingly demonstrated in human
sarcoidosis lymph node tissues as well (table 2). Furthermore, early sarcoidosis granuloma formation is
shown to be regulated by phagolysosome-dependent signalling via mTORc1 and STAT3 (figure 3). Our
findings further suggest that sarcoidosis granulomas possess a greater capacity for intracellular pathogen
killing via sustained (⩾7 days) phagolysosome activation. In contrast, mTORc1- and STAT3-mediated
inhibition of autophagy may reduce microbial antigen clearance leading to a sustained granulomatous
response [42, 43], which could explain the paradoxical finding of microbial remnants in sarcoidosis
granulomas in the absence of viable organisms [44]. Additional research is needed to understand the
mechanisms by which mTORc1 signalling is sustained during sarcoidosis macrophage aggregation and
whether environmental exposures other than M. tuberculosis can trigger granuloma formation through
similar mechanisms in patients with sarcoidosis.
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