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ABSTRACT

Sarcoidosis is an enigmatic multisystem disease characterized by the development and accumulation
of granulomas: a compact collection of macrophages differentiated into epithelioid cells, which are
associated with helper Th1l and Th17 cells. Although no single causative factor has been elucidated to
understand the occurrence of sarcoidosis in humans, its etiology has been related to microbial,
environmental, as well as genetic factors. Here, we examine how these factors play a role in
sarcoidosis pathogenesis; we propose that a dysfunction in mTOR, Racl, and autophagy-related
pathways could hamper pathogen or non-organic particle clearance, as well as participate in T-cell
and macrophage dysfunction, driving granuloma formation. This concept opens new avenues for

potentially treating sarcoidosis and may serve as blueprint for other granulomatous disorders.
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IS THERE A ROLE FOR AUTOPHAGY IN SARCOIDOSIS AND GRANULOMATOUS DISEASES?

Sarcoidosis in mammals is characterized by the accumulation of granulomas, a compact collection of
lymphocytes and macrophages that have differentiated into epithelioid cells (EC), and that
sometimes fuse to form multinucleated giant cells (MGC’s) [1]. The mechanism of granuloma
formation remains unknown but the contribution of an aberrant immune response to environmental
triggers has been implicated [2]. Granulomas are usually formed in response to external triggers,
such as parasites (e.g. Leishmania major) or foreign bodies, to eradicate the intruding agent.
Moreover, granulomas are thought to limit the spread of pathogenic bacteria such as Mycobacterium
tuberculosis (MBT) [3,4]. In sarcoidosis, various infectious and non-infectious agents have been
observed in granuloma cores, such as Propionibacterium acnes (PA) or serum amyloid A (SAA)
deposits [5]. Moreover, defective mechanisms driving the elimination of microbial-derived particles,
mainly autophagy [BOX 1], have been studied in Crohn’s disease (CD) -- a granulomatous disease
affecting the digestive tract (inflammatory bowel disease) [6-9]. Indeed, germline mutations in genes
encoding autophagy-related proteins, such as NOD2 (Nucleotide-binding and oligomerization-domain
containing 2), ATG16 (autophagy related protein 16) and IRGM (Immunity Related GTPase Family)
have been found in familial forms of CD [10-12]. In addition, gene-expression array analysis
performed in mycobacterial leprosy, a granulomatous disease, has shown significant upregulation of

ATG genes in anti-inflammatory T lymphocytes [13]. Recently, Whole Exome Sequencing (WES)



analysis of familial forms of sarcoidosis suggested that genetic predisposition to the disease might be
related to a cluster of germline mutations in genes encoding various regulators of mTOR (mammalian
Target Of Rapamycin) and autophagy-related proteins [14,15] [BOX 2]. Accordingly, mTOR signaling
has been previously implicated in sarcoidosis pathogenesis. For instance, in one study, spontaneous
formation of non-caseating granulomas, as well as restoration of normal tissue homeostasis
following mTOR inhibitor (rapamycin) treatment, was reported in a Tsc2-defective (Tsc27" knockout)
mouse model of constitutive mTORC1 activation in macrophages [16]. In another study, RNA-seq
data revealed mTORC1 (mTOR related Complex 1) signaling, in CD68 macrophages from a cutaneous
sarcoidosis patient who had exhibited clinical and histological remission of the disease following
treatment with the JAK (Janus Kinase 1) inhibitor Tofacitinib (which activates autophagy) [17].
Another patient who developed de novo systemic sarcoidosis also recovered, and exhibited normal
chest imaging and no granuloma-like lesions following administration of sirolimus (rapamycin), an
mTOR inhibitor [18]. As mTORC1 is a negative regulator of mTOR [19] (BOXES 1 and 2), the
contribution of aberrant autophagy processes and degradation of cargo (i.e. microbial products,
protein aggregates and damaged mitochondria) during sarcoidosis granuloma formation remains to

be elucidated [BOXES 1 and 2].

Here, we posit a multifactorial disease etiology hypothesis where environmental triggers, and
dysfunctional autophagy due to genetic mutations affecting mTOR and Racl pathways, contribute to

promoting sarcoidosis pathogenesis [Key Figure, Figure 1].

GENETIC SUSCEPTIBILITY in SARCOIDOSIS

The existence of familial forms of sarcoidosis suggests that genetic predisposition plays an important
contributory role in sarcoidosis pathogenesis in humans. A recent case—control—-family retrospective
study nested in Swedish population-based registers (Swedish Research Council) showed that having a
relative with sarcoidosis was a risk factor, and estimated the mean heritability of sarcoidosis at 39%
[20]. Despite many years of genetic association studies on large cohort of sarcoidosis patients, no
major genes have been implicated with a significant odd-ratio risk in predisposition [21]. To
overcome the issue of missing heritability, next-generation DNA sequencing techniques [BOX 3]
comparing affected family members versus unaffected familial internal controls have been recently
described to analyze whole exome sequencing (WES) in familial forms of the disease [14,22]. The
subtraction of genotypes between an affected child and his/her parents provided a series of
recessive and de novo variants in genes related to i) autophagy and intracellular trafficking (e.g.

Sec16A, AP5B1) ii) G-proteins regulation (e.g. OBSCN, CTNND2, ADGRV1), iii) T-cell activation (e.g.



IDO2, IGSF3) and iv) cell cycle and immunological synapses (e.g. SPICE1, KNL1) [14]. Recently, WES
screening of 5 families sharing at least two first-degree affected relatives compared the genotypes of
patients to intrafamilial healthy controls [22]. Analysis of exome data allowed to highlight mTOR
signaling and autophagy as the top pathways enriched amongst the transcripts affected by the
selected variants. Part of the results overlapped with WES data in German families, highlighting
enrichment in pathways related to cell survival and migration, calcium metabolism, as well as cell

adhesion processes [23].

Racl (Ras-related C3 botulinum toxin substrate 1) is an important regulator of autophagy and has
also been associated with sarcoidosis (15). Racl is a ubiquitously expressed member of the Rho (Ras
homologous) GTPase family that plays important role in cytoskeletal reorganization, gene expression,
cell morphology, cell motility, activation of the NADPH (Di hydro nicotinamide-adenine dinucleotide
phosphate) oxidase complex; it is regulated by GTPase Activating Protein (GAP) and Guanine
nucleotide exchange factors (GEFs) [24]. Of note, Racl is one of the main targets of the
immunosuppressive compound azathioprine (AZT), used in corticosteroid-resistant forms of
sarcoidosis and in CD treatment [25] [BOX 4]. In one of the studies segregating affected sarcoidosis
cases and healthy relatives, genomic subtraction of genotypes identified three rare and deleterious
mutations, one in the gene encoding the IL-17A (interleukin-17-A) receptor, and the two others in
main genes encoding Racl, EPHA2 (Ephrin Receptor EphA2) and KALRN (Kalirin) [15]. The activation
of Racl via EPHA2 and KALRN occurs downstream of various Pathogen Recognition Receptors (PRRs)
such as NOD2 and TLR4 and TLR9 Toll-like receptors (TLRs) [26,27]. TLRs play a critical role in innate
immunity by detecting invading pathogens and promoting autophagy [28,29]. Accordingly,
polymorphisms in different TLRs have been linked to sarcoidosis disease progression [30].
Specifically, NOD2, the first CD susceptibility gene to be discovered, belongs to a class of cytoplasmic
PRRs and responds to pathogen (bacteria and virus) associated molecular patterns (PAMPs) to
activate NFkB (Nuclear factor kappa B) and MAPK (mitogen-activated protein kinase) pathways [31]
[Figure 2]. NOD2 and NODI1 recruit the autophagy protein ATG16L1 to the plasma membrane at the

bacterial entry site, and contribute to autophagosome engulfing of invading pathogens [32].

In addition, many polymorphisms expanding throughout the extended HLA major histocompatibility
complex (MHC) region -- either in class | or Il -- have been described in sarcoidosis [1]. Among them,
polymorphisms occur in BTNL2 (Butyrophilin-like 2), a MHC class Il associated transmembrane
glycoprotein that acts as a negative regulator of T cell proliferation, and which shares a splicing
variant (rs2076530), commonly observed in control populations (allele frequency: 41,9%) but more
frequently in sarcoidosis patients with an odd-ratio of 2.0 (95% Cl: [1.32-3.09]) [33,34]. BTNL2 can

induce the expression of FOXP3 factor (forkhead box P3) — a key transcription factor responsible for
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the formation of regulatory T-cells [35]. In these cells, BTNL2 acts by inhibiting serine-threonine
kinase 1 (AKT) activity, with a putative impact on mTOR activity and therefore, autophagy regulation
[36] [Figure 2]. Taken together, sarcoidosis patients can harbor various non-related single-nucleotide
polymorphism (SNP) variants affecting innate activation of monocytes/macrophages and subsequent

autophagy induction.

INFECTIOUS and NON INFECTIOUS TRIGGERS OF SARCOIDOSIS

Other than genetic abnormalities, different triggers have been implicated in granuloma induction in
sarcoidosis and the disease develops probably in genetically predisposed individuals with exposure to
an as-yet unknown antigen [37]. Currently, defining the role of infectious agents in sarcoidosis
remains a major question. Are these causal factors, or are they themselves the result of a defect in
intracellular clearance? A large retrospective meta-analysis of sarcoidosis patients reported a
significant association between Propionibacterium acnes (PA), mycobacteria (MB) and sarcoidosis [5].
Evidence of PA bacteria in human sarcoidosis granulomas was reported [38]. Experimental
pulmonary granulomas mimicking sarcoidosis have been induced in a mouse model of sensitization
with heat-killed PA and complete Freund’s adjuvant after repeated injections in the footpads of mice
[39]. Mouse RAW-264.7 macrophages cell lines, infected by P. acnes were shown to increase
autophagy, largely killing bacteria through this process [40]. Furthermore, analysis of sarcoidosis-
associated lung microbiota in sarcoidosis patients revealed enrichment of two anaerobic bacterial
species, Atopobium (Gram+) and Fusobacterium (Gram-) bacteria, compared to healthy individuals
[41]. Fusobacterium targets TLR4 and MYD88 (myeloid differentiation primary response protein)
induced innate immune signaling to activate autophagy in human colorectal cancer cells [42].
Similarly, MBT infection can cause granulomatous disease, but usually leads to granulomas with
central ‘caseous necrosis’, which is absent in sarcoidosis [2]. MBT is an intracellular pathogen that
inhibits accumulation of autophagic vacuoles in macrophages [43]. Recent experiments in a mouse
model of MBT-infected bone marrow macrophages suggested that the molecular interactions linking
MBT to autophagy, implicated a process called ubiquitin-mediated xenophagy [44]. In this model,
further studies have shown physical interactions between ubiquilin 1 and MBT surface proteins such

as Rv1468c, which contain a eukaryotic-like ubiquitin-associated (UBA) domain [44,45].

Among non-infectious particles, amyloid deposits of Serum Amyloid A (SAA) have been detected in
various human lung granulomatous disorders, such a tuberculosis and non-tuberculosis mycobacteria
infection, leprosy and sarcoidosis [46]. Indeed, SAA has been proposed to contribute to persistent

immune responses in sarcoidosis by activating TLR2 in alveolar macrophages and transformed human

5



cell lines (such as HEK-293) [47]. Of note, SAA induces nitric oxide production and activates

autophagy, as shown in mouse RAW-264.7 macrophages cell lines [48].

From another angle, experimental mouse models have provided evidence of lung granulomatous
inflammation after inhalation of MWCNT (Multi Wall Carbon NanoTubes) nanoparticles (NNP)
[49,50]. Regarding NNPs, a link between NNP and sarcoidosis was also suggested during the NYC
World Trade Center disaster in September 2001, identifying a significant increase in "sarcoidosis-like"
granulomatous pulmonary disease among New York Fire Department rescue workers compared to
the basal incidence of the disease in non-exposed individuals [51]. Of relevance, autophagy can be
induced by NNP (MWCNT, amorphous silica or copper oxide) in mouse models and human cell lines
such as Human Umbilical Vein Endothelial Cells (HUVEC) [52]. Transmission Electron Microscopy
analysis of these NNP-charged cells has shown an impairment of autophagic flux related to
accumulation of NNP in autophagosomes and lysosomes, with the accumulation of undegraded
autophagosomes[53]. Along these lines, experimental inclusion of 30 nm polystyrene NNP in RAW-
264.7 murine macrophages blocked vesicle transport in the endocytic system as well as the
distributions required for cytokinesis, resulting in bi-nucleated cells, an interesting observation which

might be compared to the multinuclear aspect of MGCs in sarcoidosis [53].

Collectively, current evidence suggests that there is no single environmental trigger in sarcoidosis,
but all infectious and/or non-infectious triggers described so far are potent inducers of autophagy
[Key Figure, Figure 1]. Genetic defects in autophagy-related genes might be a potent factor for

deficient clearance of these triggers, thus resulting in granuloma formation.

FROM MACROPHAGES to GRANULOMAS: WHAT IS THE ROLE OF AUTOPHAGY IN SARCOIDOSIS?

A remarkable feature of sarcoidosis is the compartmentalization of macrophages in the affected
organs to initiate the formation and maintenance of granulomas [2]. Among PRRs, nucleotide-binding
domain, leucin-rich repeat containing family proteins (NLRs) and TLRs play a critical role in innate
immunity by detecting invading pathogens and interacting with the molecular pathways of
autophagy [54-56]. In CD patients carrying mutations in NOD2 and/or ATG16L1, monocyte-derived
macrophages are unable to restrict the replication of invasive Escherichia coli and release significant
amounts of interleukin IL-6 and TNF-a (Tumor Necrosis Factor alpha) [6] [Figure 3]. Similar to CD, a
role for TLRs and NLRs has been suggested by the observation that human blood monocytes express
high amounts of TLR2 and produce large amounts of TNF-3, IL-13 and IL-6 when stimulated with TLR2

ligands relative to unstimulated cells. [57]. In a TLR2 knockout (T/r2”°) mouse model, PA-induced



granulomatous lung inflammation was significantly reduced compared to wild type (WT) C75BL/6
animals, suggesting a role for TLR2 in immune activation and granuloma formation in mice [58].
Indeed, a genetic linkage between TLR2 gene polymorphisms and the risk of sarcoidosis has been

previously established [59].

The first steps of granuloma formation typically involve the aggregation of cells as seen by the
observation that treatment of peripheral blood mononuclear cells (PBMC) isolated from sarcoidosis
patients with purified protein derivative (PPD)-coated polystyrene beads results in the formation of
granuloma-like multicellular aggregates [60] [Figure 3]. This recently developed in vitro human
sarcoidosis granuloma model has allowed the identification of an IL-13-regulated M2 macrophage
polarization pathway, which may predispose to granuloma formation [61] [Key Figure, Figure 1].
Indeed, anti-inflammatory M2 macrophage polarization occurs in sarcoidosis granulomas [62]. In the
MTORC1-dependent mouse granuloma model, macrophages have been similarly polarized to an M2
profile [16]. Among signaling networks, STAT6 (Signal Transducer and Activator of Transcription 6)
plays a pivotal role in transducing IL-4 and IL-13 cytokine signals, both of which promote macrophage
cell-cell fusion [63]. This mechanism implicates the receptor-coupled intracellular JAK signaling
network, an interesting functional link, because JAK inhibitor (Tofacitinib or Ruxolitinib) therapy was
recently demonstrated to be efficient for resolution of cutaneous sarcoidosis in a JAK2 mutation—
positive patient [17,64]. Indeed, IL-13 activates autophagy in some models, such as airway epithelial

cells in ATG16L1 knockout (Atg16/17°) mice compared to WT controls. [65].

Inflammation-associated factors that stimulate macrophages have also been linked to sarcoidosis
pathogenesis [Figure 2]. For instance, monocytes of sarcoidosis patients show an enhanced ability to
aggregate in vitro after stimulation with TNF-3 and interferon-y, a process which has been associated
to ICAM-1 (Intercellular Adhesion Molecule 1) induction of in human alveolar macrophages (AM)
[66]. Other cytokines, such as CCL20 (Chemokine CC motif Ligand 20) produced by AM in sarcoidosis,
induce the aggregation of monocyte-derived dendritic cells (MoDCs) that further fuse to form MGCs
upon exposure to IL-17A [2]. In a mouse model of granuloma induced by Paracoccidioides
brasiliensis, increased amounts of Thl7-associated cytokines (IL-6, IL-23, IL-17A) were observed
relative to controls (67). Moreover, IL-17 was shown to promote M2 macrophage differentiation in

an IL-17 knockout (//177) mouse model [68] [Figure 3].

In summary, in sarcoidosis patients, M2 macrophage polarization and further cell aggregation can
involve PRRs such as TLR2, various cytokines such as IL-13, IL17-A, CCL20 and adhesion molecules
(e.g. ICAM1), closely linked to biochemical pathways including mTOR and STAT6, which can interfere

with autophagy. Genetic alterations in autophagy-related pathways can in turn lead to ineffective



clearance of the environmental triggers (such as bacteria, viruses and inorganic particles including

NNPs) and subsequently, initiate granuloma formation.

AUTOPHAGY AND T-CELL FUNCTION IN SARCOIDOSIS

The appearance of helper Th1/Th17 lymphocytes in sarcoidosis is well documented [75]. A
compartmentalization of CD4* Thl has been observed in lungs and other affected organs. Th17
effector T cells were evaluated in human BAL (bronchoalveolar lavage) cells by flow cytometry and
shown to contribute to alveolitis/granuloma formation and putatively, to the fibrotic process that has

been observed in some patients, under the control of cytokines such as CCL20 [69].

Several studies have suggested that activation of human alveolar T cells from sarcoidosis patients
occurs, with a clustering of these T-cells during the S/G2+M cell cycle phase, in addition to their
oligoclonality [70,71]. Indeed, T cell clones established from the BAL of sarcoidosis patients produce

high amounts of IL-1f3, IL-10, TNF-3 and GM-CSF [72].

Recent arguments have been proposed that link autoimmunity to sarcoidosis [73]; first, an
oligoclonal quota of antigen-specific AV2S3 -- a particular subset of alveolar T lymphocytes identified
in patients with an HLA-DRB1-0301 haplotype -- can recognize inherent peptides such as vimentin
[74,75]; secondly, a Th1/Th17-driven inflammatory process has been observed in sarcoidosis that
seems to be identical to that seen in certain auto-immune diseases such as rheumatoid arthritis and

multiple sclerosis [76].

In the context of autoimmune disorders or MBT infection, recent investigations suggest that Th17
cells might be implicated at all stages of granuloma evolution -- from the initial steps of fusion, to
further maintenance, and in some cases, resolution [77,78]. Survival and proliferation of Th17
effector CD4* T cells are IL-23 dependent as shown ex vivo, in a model of human autoimmune
arthritis [79]. This is of interest as both IL-17 and IL-23 are two markers of inflammation during the

course of human sarcoidosis [80] [Figure 3].

Indeed, increased expression of IL-17A has been described in patients with sarcoidosis relative to
controls [81]. IL-17A positive CD4* T cells have also been shown to infiltrate sarcoid lung lesions from
patients at different stages of disease evolution [69]. A recent case report suggested the efficiency
and safety of anti-IL17-A monoclonal antibody (secukinumab) treatment in a patient who had
developed certolizumab (TNF-a inhibitor)-induced sarcoidosis [82]. Evidently, further testing will be

required.



Indeed, the precise mechanisms of IL-17A signaling in autophagy regulation remain unknown and
discordant data have been reported on this functional link. In fact, IL-17A stimulates autophagy in
MBT-infected monocytes from patients with active tuberculosis and more specifically in severe forms
of this infectious disease [78]. Conversely, a novel IL-17A-mediated signaling pathway has been
shown to inhibit autophagy through activation of PI3KCA (Phosphoinositide-3-kinase catalytic alpha),
a key factor involved in cell growth, survival, proliferation, motility and morphology [83]. JAK/STAT
signaling may have an essential mediating role by transducing signals from IL-17 receptors, as shown
in human U-937 monocytic leukemia cells [84]. The JAK/STAT pathway inhibits autophagy, and
STAT1 expression is increased in human sarcoid tissues relative to controls [17]. Autophagy can
influence Th17 cell differentiation and more generally, it plays a role in T-cell homeostasis through
the regulation of calcium and nutrient metabolism [85]. Therefore, deleterious mutations in
autophagy-related genes and mTOR signaling pathways could impact T lymphocyte homeostasis and

expansion [Figure 3].

Sarcoidosis patients are characterized by exhibiting negative tuberculin skin-tests, suggesting a T-cell
hypo-responsive state which might be related to an intrinsic defect in CD4* and FoxP3* regulatory T
cells (Treg) [86]. In a Tsc1 knockout (Tsc17") mouse model, mTOR signaling has been deemed to play a
critical role in dictating the outcome of Treg and Th17 cell proliferation and maturation; loss of Tsc1,
a negative regulator of the mTORC1 complex, enhances mTOR activity which appears downstream of
the IL-2R pathway, as a major regulator of anergy versus activation [87]. In a mouse model of
ovalbumin-induced intestinal inflammation, mTOR regulated autophagy and FoxP3* Treg cells
impaired the autophagic machinery of dendritic cells in a CTLA-4 (cytotoxic T-lymphocyte associated
protein 4)-dependent manner [88]. This is relevant, as CTLA-4 is a negative regulator of T-cell
activation expressed on activated T-cells, and exon 1 polymorphisms have been associated with
sarcoidosis susceptibility [89]. Moreover,anti-CTLA4 monoclonal antibody (Ipilimumab) treatment in

melanoma patients can induce cutaneous and bronchial granulomas, mimicking sarcoidosis [90].

Of clinical relevance, the occurrence of sarcoid lesions during immune checkpoint blockade
treatment by anti-PD-1/PD-L1 (Programmed cell Death ligand 1) antibodies (Nivolumab) in various
human cancers such as melanoma and lung adenocarcinoma has been documented [91]. In a murine
model of fatal visceral Leishmaniasis, PD-1/PDL-1 blockade inhibited autophagy in CD4* and CD8* T
cells [92]. In patients presenting thoracic and cutaneous sarcoid-like reactions associated with anti-
PD1 therapy for cancer, a rapid decrease of PD-L1 expression preceded the spontaneous resolution
of sarcoid-like reactions [91]. Taken together, it is reasonable to speculate that defective autophagy

in T-cells due to PD-1/PD-L1 signaling blockade might play a putative role in eliciting sarcoidosis by



controlling T-cell activity and proliferation [Figure 3]. However, robust testing is evidently warranted

to analyze this hypothesis.

Autophagy and its regulation by mTOR play a crucial role in T cell fate. Genetic abnormalities in these
pathways might help explain imbalances between Treg and Th17 functions. We posit that this

crosstalk might contribute to promoting Th17-mdiated inflammation in sarcoidosis patients.

OTHER SIGNAL TRANSDUCTION PATHWAYS INFLUENCING AUTOPHAGY IN SARCOIDOSIS

Aside from the previously detailed pro-inflammatory pathways, other processes of clinical relevance
in sarcoidosis, have been implicated in mediating T cell disorders, macrophage activation and
granuloma formation. These include NFkB (Nuclear factor kappa B)[93], IFNY/STAT1 [94], Gal (Gi
protein alpha subunit )[95], RIP2/IRAK (receptor interacting protein 2, Interleukin-1 receptor-
associated kinase 1 )[96], p38 MAP kinase (p38 mitogen-activated protein kinase) and MKP1
(Mitogen-Activated Protein Kinase Phosphatase 1) [97], some of them being closely related to

autophagy pathways [Figure 2].

The immune response in sarcoidosis is mediated by type | inflammatory cytokine pathways such as
TNFa, IL1[3, IL-6, promoted by NFkB [93], and by CXCL9, CXCL10 or CXCL11, promoted by STAT1
dependent signaling [94]. Moreover, STAT1 signaling plays a critical role in modulating the

polarization of T helper cells [98].

MicroRNA gene expression analysis in PBMC from sarcoidosis patients has shown activation of the
JAK/STAT pathway [99]. JAK/STAT inhibits the expression of Unc-51-like kinase (ULK-1) and
autophagosome formation in human fibrosarcoma cells [100]. Increased expression of MAP kinase 4,
IRAK1, and RIP2 have also been observed in AM of sarcoidosis patients relative to cells obtained from
control individuals [96]. Enhanced activation of the p38 MAPK pathway occurs in BAL cells from
sarcoidosis patients in response to TLR or NLR stimulation, and has been linked to a failure in the
expression of MKP-1 (MAP kinase phosphatase 1) compared to control individuals [97]. This last
model suggests that in sarcoidosis, MKP-1 deficiency might lead to overexpression of STAT1 and thus,
inhibition of autophagy. Inhibition of JAK by Tofacitinib has been successful in treating cutaneous
sarcoidosis and this might be explained in part by downregulation of STAT1 in treated patients,

although this remains to be further assessed [14].

In the intestinal environment, chronic NOD2 stimulation in human macrophages induces

upregulation of NF-kB and a significant decrease of cytokine expression, such as TNFa, IL-6, IL-8, IL-
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10, relative to non-stimulated cells. [31]. As previously mentioned, this regulation can be impaired in
CD patients harboring NOD2 mutations, and potentially, in sarcoidosis patients bearing an NOD2
Gly908Arg missense variant [15], which might account for some of the biochemical abnormalities

observed.

A defect in the negative regulation of adenylate cyclase mediated by the inhibitory G-protein Gal
was also observed in human sarcoidosis peripheral blood purified T cells, which might help explain
the low proliferative response of lymphocytes to mitogenic lectins during this disease [101].
Activation of CXCR4 signaling in lymphoid cells increases autophagic activity by stimulation of the
autophagic regulator LC3 (microtubule-associated protein light chain 3) through a Gai-RAS (rat

sarcoma)-VAV oncogene-racl pathway [101] [Figure 2].

Given the presumed importance of IL-17 in sarcoidosis, understanding this pathway of regulation is
important. Accordingly, Racl Rho GTPase regulates IL17A transcription by binding to the IL17A
promoter in a complex with RORyt (Retinoic Acid Receptor related Orphan nuclear receptor gamma),
-- a crucial factor for pro-inflammatory Th17 cell differentiation [102]. In this study, Tiam1”- knockout
mice were used to demonstrate the regulation of Racl; with Tiam1, acting as a GEF. We hypothesize
that genetic mutations observed in some regulatory factors of Racl might potentially disturb the

expression of IL17A, favoring a pro-inflammatory state that might promote sarcoidosis [15].

T-cell antigen receptor (TCR), CD28 and CXCR4 interact within immunological synapses -- the
interface between an antigen-presenting cell or target cell, and a lymphocyte [103] [Figure 2].
CD4*CD28" T cells are expanded in BAL cells from sarcoidosis patients [104]. Upon ligation, the TCR
associates with and activates CXCR4 in order to activate PREX1 (Phosphatidylinositol 3,4,5-
trisphosphate-dependent Rac-exchanger 1 protein) to stabilize cytokine expression [105]. Racl
appears to bind directly to mTOR in response to growth-factor stimulation and regulates its activity
by mediating mTORC1 and mTORC2 localization at specific membranes [106]. Autophagy potently
inactivates Racl and conversely, active Racl competes with LC3, which might in turn, prevent

formation of autophagosomes [107].

Taken together, several biochemical pathways have been shown to be disturbed in human
sarcoidosis. Many of them interact with autophagy. Pharmacological approaches to target some of

these pathways are currently in development [BOX 4].

CONCLUDING REMARKS
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Current research has suggested that both environmental and genetic factors play a role in
sarcoidosis. We hypothesize that genetic mutations observed in this multifactorial disease mostly
occur on autophagy-related genes and two regulatory hubs, mTOR and Racl, which can hamper the
clearance of pathogens (opportunistic viruses or bacteria) or non-organic particles, and alter both
macrophages and T cell responses. In agreement with this hypothesis, different authors have
reported the presence of bacteria, viral nucleic acids, endogenous amyloid aggregates and/or NNP in
sarcoidosis granulomas and have assessed autophagy as a stress-response and quality control
pathway. We posit that Racl plays a spatiotemporal role, and mTOR, a fundamental nutritional role
during intracellular vesicle trafficking; these pathways may modify autophagy in sarcoidosis.
Consistent with this theory, some studies suggest that multifactorial diseases such as CD might be
determined by a susceptibility-gene interaction in combination with additional environmental factors
and commensal bacteria. This might add another layer of complexity to partly explain why the
disease occurs in only a small proportion of individuals carrying common risk alleles of disease
susceptibility genes. However, many questions remain unanswered (see outstanding questions). We
clearly need functional studies focusing on sarcoidosis patients’ macrophage and T cell biochemical
disturbances (both blood and alveolar), and to exploit the experimental granuloma models

established to date.
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LEGENDS TO FIGURES

Key Figure, Figure 1. Autophagy and granuloma crosstalk. The diagram illustrates the interplay
between autophagy and granuloma formation in human diseases and in experimental animal
models, using various external triggers. Natural triggers can saturate the endolysosomal system with
the formation of granulomas, especially in patients with functional abnormalities in the autophagy
process. The experimental models are described in the text and highlight the potential physiological
pathways involved, such as mTOR signaling.
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Abbreviations: SAA: Serum Amyloid Protein A; mTOR: Mechanistic Target of Rapamycin; Racl: Ras
Related Botulinum Toxin Substrate 1; S6K1: Ribosomal Protein S6 Kinase; JAK: Janus Kinase; STAT1:
Signal Transducer and Activator of Transcription 1; TSC2/KO: Tuberin or Tuberous Sclerosis 2 knock-
out mouse model; IL-13: interleukin 13;

Figure 2. Biochemical pathways involved in sarcoidosis. For each of the functional networks,
depicted are: the triggers, the cytokines and their receptors, and the main metabolic axes involved in
mechanisms leading to inflammation and regulation of autophagy. As stated in the main text, whole
exome studies of families predisposed to sarcoidosis followed by gene-enrichment screening have
identified pathogenic constitutional mutations in genes associated with the three main regulatory
pathways of autophagy or the autophagic process itself, e.g. those encoding: mTOR: DDIT-4 (DNA
damage-inducible transcript 4), BRSK2 (BR Serine/Threonine Kinase 2), CDH23 (cadherin 23), PREX2
(Phosphatidylinositol-3,4,5-Trisphosphate Dependent Rac Exchange Factor 2), TOP3B (DNA
Topoisomerase Il Beta) , or RAC1: KALRN (Kalirin), EPHA2 (Ephrin Receptor EphA2), PLXND1 (plexin
D1), ITGA3 (Integrin Subunit Alpha 3), DOCK6 (Dedicator Of Cytokinesis 6), GRK4 (G Protein-Coupled
Receptor Kinase 4), EPHB 6 (Ephrin Receptor EphB6), or autophagy: ANXAS (annexin A5), SEC31B
(SEC31 homolog B, COPII coat complex component), DMXL2 (DMX - Drosophila melanogaster like 2),
ATGI9B (Autophagy related 9B), UNC93B (Unc-93 C. Elegans homolog B1) [11,12,57]. Other
abbreviations: TLRs: Toll Like Receptors; NOD2: Nucleotide-binding and oligomerization-domain
containing 2; CXCR4: C-X-C Motif Chemokine Receptor 4, receptor of CXCL12 or SDF-1: stromal cell-
derived factor 1; TCR: T-cell receptor; IL-2/R: interleukin 2 and its receptor; PI3K: Phosphatidyl
inositol 3 kinase; RIPK2: Receptor-Interacting Serine/threonine Kinase; Gai : G alpha-i protein; ZAP70
(zeta Chain Of T Cell Receptor Associated Protein Kinase 70); LCK: lymphocyte specific protein kinase;
ERK (MAPK1): Extracellular signal-regulated kinase 1; AKT : serine/threonine kinase 1; BTNL2:
butyrophylin like 2 protein; TAK1: Transforming growth factor beta-activated kinase 1 adaptor; TBK1:
TANK binding kinase; RAS: rat sarcoma viral oncogene homolog; MKP1: MAP Kinase phosphatase 1;
RHEB: Ras Homolog Enriched in Brain; TSC2: tuberin or Tuberous Sclerosis 2 gene; VAV: Vav Guanine
Nucleotide Exchange Factor 1; AKAP: A kinase anchoring protein; PKA: protein kinase A; JNK:
INK/MAPKS: Mitogen-activated protein kinase 8 mTOR: mammalian target of rapamycin; RAC1: Ras
Related Botulinum Toxin Substrate 1; STAT1: Signal Transducer and Activator of Transcription 1;
ULK1: UNC51 like kinase 1; LC3Il: microtubule-associated protein light chain 3; NFkB: Nuclear Factor
Kappa B; IL-17A: interleukin 17A; IFNy: gamma interferon; interleukins IL-6 and IL-8; CXCL1:
chemokine (C-X-C motif) ligand 1; MIP2: macrophage inflammatory protein 2 or CXCL2; CCL2:
chemokine ligand 2; RANTES: Regulated upon Activation, Normal T cell Expressed, and Secreted

Figure 3. Major mechanisms involved in the formation of granulomas . Under the
influence of microbial or non-microbial triggers, tissue inflammation leads to activation of
CD4~* T cells undergoing a chemotactic attraction towards inflamed tissues, inducing
lymphopenia and participating in anergy induction. These inflammatory triggers induce tissue
resident macrophage activation. IFNy and IL-17A produced by activated Th1 and Th17 T
lymphocytes drive macrophage M1 polarization. These cytokines act through specific
receptors which induce different pathways and mainly JAK/STAT, mTOR, RAC1 related
networks. Activated macrophages produce another set of pro-inflammatory cytokines, TNFa,
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IL-1B, IL-6 and IL-13 that lead to aggregation of epithelial cells and further induction of
multinucleated giant cells. Interactions with fibroblasts and surrounding T and B lymphocytes
build the granuloma. The three (JAK/STAT, mTOR and RAC1) pathways regulate autophagy
and it may be hypothesized that pathogenic decrease of autophagy decrease the clearance
of external triggers (microbial or non-microbial) and enhance the inflammatory process both
at the macrophage and T-cell levels. TH17: T helper cells; Treg: Foxp3+ T regulatory cells;
IFNy: gamma interferon; IFNy-R: gamma interferon receptor; IL17A: interleukin 17A; JAK:
Janus Kinase; STAT1: Signal Transducer and Activator of Transcription 1; TSC2: Tuberin or
Tuberous Sclerosis 2; mTOR: Mechanistic Target of Rapamycin; Rac1: Ras Related
Botulinum Toxin Substrate 1; TNFa: Tumor Necrosis Factor alpha; interleukins: IL-1(3: 13; IL-
6: IL-13; M-CSF: monocyte colony-stimulating factor; IL-2, IL-23: interleukin 23; TGFp:
Transforming Growth Factor 8 ; ICAM: Intercellular Adhesion Molecule; DCSTAMP:
Dendrocyte Expressed Seven Transmembrane Protein; MGC: multinucleate giant cells; B: B
lymphocytes; F: fibroblasts; MBT: Mycobacterium Tuberculosis; SAA: Serum Amyloid Protein
A; NNP: nanoparticles; GPCR: G protein coupled receptors; PD1/PDL1: Programmed death-
1/programmed death ligand 1.

Abbreviations

AKAP: A kinase anchoring protein
AKT: serine/threonine kinase 1

AM: alveolar macrophage

AMBRAL1: autophagy/beclin-1 regulator 1
AMPK: AMP-activated protein kinase
ANXAS: annexin A5

ATG9B: autophagy related 9B
ATG13: autophagy related 13
ATG14: autophagy related 14
ATG16: autophagy related 16

AZT: Azathioprine

BAL: bronchoalveolar lavage

BRSK2: BR Serine/Threonine Kinase 2
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BTNL2: butyrophylin like 2 protein
cAMP: cyclic adenosine mono phosphate

CCL20: Chemokine CC motif ligand 20

CDH23: cadherin 23

CXCL9, 10, 11: chemokine CXC motif ligand 9, 10, 11
CD: Crohn Disease

CD4+: cluster differentiation 4 T cell

CD28: cluster differentiation

CTLAA4: cytotoxic T-lymphocyte-associated protein 4
CXCL1: chemokine C-X-C motif ligand 1

CXCR4: C-X-C Motif Chemokine Receptor 4

DDIT4: DNA damage-inducible transcript4

DMXL2: DMX - Drosophila melanogaster like 2
DOCKS®6: Dedicator of Cytokinesis 6

EC: epithelioid cell

EPHAZ2: Ephrin Receptor EphA2

EPHB6: Ephrin Receptor EphB6

ER: endoplasmic reticulum

ERK (MAPK1): Extracellular signal-regulated kinase 1
FOXP3: Forkhead box P3

Gdai: G-alpha-i-protein

GAP: guanosine activating protein

GEF: guanosine exchanging factor

GMCSF, MCSF: granulocyte/macrophage colony stimulating factor and monocyte colony stimulating
factor

GRK4: G protein-coupled receptor Kinase 4
HLADR: Major Histocompatibility Complex Class Il

ICAM-1: Intercellular Adhesion Molecule 1
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IFy: gamma interferon

II-13: Interleukin-1-beta

1l-4: Interleukin-4

1I-6: Interleukin-6

1I-13: Interleukin-13

IL-17A: Interleukin-17-A

IL-23: Interleukin-23

1I-2R: Interleukin 2 receptor

IRAK: Interleukin Receptor-associated kinase
ITGA3: Integrin Subunit Alpha 3

JAK: Janus Kinase

JNK/MAPKS: Mitogen-activated protein kinase 8
KALRN: Kalirin

LC3II: microtubule-associated protein light chain 3lI
LCK: lymphocyte specific protein kinase

MAP: mitogen-activated-protein

MBT: mycobacterium tuberculosis

MGCs: multinucleate giant cells

MHC: Major Histocompatibility Complex

MIP2: macrophage inflammatory protein 2

MKP1: MAPK phosphatase

mTOR: Mechanistic Target of Rapamycin

mTORC1: mTOR related Complex 1

MWCNT: Multi wall carbon nanotubes

MYD88: Myeloid differentiation primary response protein
NADPH oxidase: Nicotinamide-Adenine Dinucleotide-phosphorylated

NFkB: Nuclear Factor Kappa B



NNP: nanoparticles

NLRs: Leucine rich repeat receptors

NOD2: Nucleotide-binding and oligomerization-domain containing 2
PAMPs: Pathogen associated associated molecular patterns

PBMCs: peripheral blood mononuclear cell

PD1/PDL1: programmed death 1/programmed cell death ligand 1
PIK3CA: Phosphatidyl inositol 3 kinase catalytic alpha

PPD: purified derivative protein

PKA: protein kinase A

PLXND1: Plexin D1

PREX1: phosphatidylinositol 3,4,5-triphosphate-dependent RAC exchanger 1 protein
PRRS: pathogen recognition receptors

QDOTs NNP: Quantum DOTs nanoparticles

Racl: Ras Related Botulinum Toxin Substrate 1

RANTES: Regulated upon Activation, Normal T cell Expressed, and Secreted
RHEB: Ras Homolog Enriched in Brain

Rho-GTPase: Ras homologous GTPase

RIPK2 (RIP2): Receptor-Interacting Serine/threonine Kinase 2

RORVt: Retinoic-acid-receptor-related Orphan nuclear Receptor gamma
SAA: Serum Amyloid Protein A

SDF-1: stromal cell-derived factor 1

SEC31B : SEC31 homolog B, COPII coat complex component

STAT1: Signal Transducer and Activator of Transcription 1

STAT3: Signal Transducer and Activator of Transcription 3

STAT6: Signal Transducer and Activator of Transcription 6

TAK1: Transforming growth factor beta-activated kinase 1 adaptor

TBK1: TANK binding kinase; RAS: rat sarcoma viral oncogene homolog



T cells: T lymphocytes

TCR: T-cell antigen receptor

Th1/Th17: T helper cells

TGFf: Transforming Growth Factor béta
Tiam1: T-cell ymphoma invasion and metastasis-inducing protein-1
TLRs: Toll Like Receptors

TNF&: Tumor Necrosis Factor alpha
TOP3B: DNA Topoisomerase Ill Beta
TORC1: mTOR complex 1

Treg: Foxp3* T regulatory cells

Tsc2: Tuberin or Tsc2 Gene

Tscl: Hamartin or Tscl Gene

UBA: Ubiquitin-associated domain

ULK1: UNC51 like kinase 1

UNC93B: Unc-93 C. Elegans homolog B1
Vps34/15: Vacuolar Protein Sorting 34/15
WES: Whole Exome Sequencing

ZAP70: Zeta Chain of T Cell Receptor Associated Protein Kinase 70

GLOSSARY
M2 macrophage polarization: alternatively activated anti-inflammatory macrophages

Missing heritability : refers to the problem whereby genetic variants in genotype analysis cannot
completely explain the heritability of complex traits; e.g. single genetic variations cannot account for
much of the heritability of diseases, behaviors, and other phenotypes.

Non-caseating granulomas: granuloma without caseous necrosis

Xenophagy: type of selective macro-autophagy used for eliminating invading pathogens

BOX 1
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AUTOPHAGY

Autophagy is an innate defense mechanism acting as a cell-autonomous system for the elimination
of intracellular pathogens and foreign bodies (including bacteria, parasites, viruses and NNP [17-19,
61]. Autophagy promotes cellular senescence and cell surface antigen presentation, protects against
genome instability and prevents necrosis, giving it a key role in preventing diseases such as cancer,
neurodegenerative disorders, cardiomyopathy, diabetes, autoimmune diseases and infections. This
“housekeeping” process is involved in both host defense and regulation of inflammation. The
regulation of autophagy is under the strict control of a specialized protein network including ATG
related proteins (ATG). The molecular machinery of autophagy includes multiple steps. The initiation
step leads to the formation of the phagophore, in close vicinity with the endoplasmic reticulum (ER).
This first step requires the ULK1/2-ATG13- FAK Family Kinase-Interacting Protein 200-KD (FIP200)
complex, which is regulated by the autophagy suppressor TOR complex 1 (mTORC1). The second step
of vesicle nucleation requires the Beclinl- Vacuolar Protein Sorting 34-15 (Vps34-Vps15)-ATG14
complex and promote membrane elongation. The third step, closure and maturation, associates with
engulfment of cargo molecules by double-membrane vesicles, called autophagosomes, transported
by the microtubule system. In a fourth step, late endosomes fuse with lysosomes, forming
autolysosomes in which cargos are sequestrated and degraded by the action of lysosomal hydrolases.
Active at a basal level, autophagy is upregulated following a number of stimuli and stress conditions:
amino acid deprivation, serum starvation and growth factor deprivation, hypoxia, exposure to
various chemicals and toxins. Inducing signals converge at the level of mTOR protein complexes
(mTORC1) that coordinate anabolic and catabolic processes. Under nutrient-rich conditions, mTORC1

limits the level of autophagy activity through inactivation of the ULK1/2 autophagy complex.

BOX 2

mTOR regulates autophagy

The mTOR kinase complex is a key component that regulates the balance between growth and
autophagy in response to cellular physiological conditions and environmental stress [16,24,25]. It is
negatively regulated by an upstream complex, TSC1-TSC2 (Tuberous Sclerosis Complex or HAMARTIN
and TUBERIN, respectively) through its GTPase-activating protein activity towards a small G-protein,

Rheb (Ras homologue enriched in brain) [16,26]. Inhibition of autophagy by mTOR works through an
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initial step of this process involving AMBRA1 (autophagy/beclin-1 regulator 1) and various ULK (unc-

51 like autophagy activating kinase).

The PI3K/AKT/mTOR pathway is a powerful inhibitor of autophagy by inactivation of ULK1 and
autophagosome formation [114]. Following amino-acid starvation or mTOR inhibition, the activated
ULK1 phosphorylates Beclin-1 and stimulates autophagosome formation. There are pathogenic
variants of genes encoding regulators of mTOR [22]. For example, DDIT4 and DDIT4L (DNA damage-
inducible transcript 4/L) are negative regulators of mTORC1 and modulate the phosphorylation of
AKT [115]. Similarly, BRSK2 (Serine/Threonine Kinase 2) inhibits mTORC1 activity in a TSC2-mediated

manner [116].

The NLRs (NOD1/2) related pathway activates NF-kB through RIPK2 (Receptor-interacting
serine/threonine-protein kinase 2), TAK1 (TGF-B-activated kinase 1) and TBK1 (Tank or Tumor
necrosis factor receptor-associated family member-associated NF-kappa-B activator Binding Kinase

1) [117] (Figure 2B).

BOX 3

Whole Exome Sequencing of multifactorial diseases

Next generation sequencing (NGS) describe a DNA sequencing technology which allows whole exome
(WES) or genome (WGS) analysis of genomic sequences. This new technology has revolutionized
genomic research and the diagnosis of inherited diseases. In addition to an accurate and rapid
analysis of genetic variants responsible for hereditary diseases, the WES method makes it possible to
characterize genes sharing rare and/or frequent pathogenic variants associated to complex
multifactorial diseases such as neurological and immunity-related syndromes. Many single nucleotide
polymorphisms (SNPs) and copy number variations (CNVs) are associated with disease. In
multifactorial diseases such as sarcoidosis, genetic, infectious and environmental factors are closely
linked; hence, it is more necessary to identify a functional deficit in a molecular pathway(s) that may
explain the sensitivity of patients to various environmental aggressions, rather than characterization
of a single gene. To overcome the issue of missing heritability in multifactorial diseases, different
strategies to unravel the genetic complexity can be applied. These include i) a select focus on

sequencing high susceptibility individuals with young age-at-onset, or with positive family history [8],
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ii) analyzing a cohort of stringent, well-phenotyped families and the availability of unaffected control
subjects, either in a cohort of the general population, or preferably from healthy relatives in a
predisposed family with accessible sibships, iii) pooling of rare variants for analysis, and iv)
elucidating the gene regulatory network of identified disease-genes by functional pathway gene
analyses [7, 9]. Pathogenic effects of gene variants can be evaluated by using a series of online
available software as SIFT, POLYPHENv2, Mutation TASTER, PROVEAN or more complete commercial
systems as ALAMUT VISUAL. The list of candidate genes thus produced can then be analyzed by
enrichment methods using PPI (Protein-Protein Interaction) networks databases and functionally-
related gene sets, such as gene ontology (GO) categories, suggesting that member genes are involved

ina common process.

BOX 4

PHARMACOLOGICAL TARGETS IN SARCOIDOSIS

Autophagy and its two regulatory pathways Racl and mTOR are targeted by some of the therapeutic
regimens proposed in steroid-resistant forms of sarcoidosis in humans. Proliferation of immune cells
requires anabolic reactions and the synthesis of nucleic acids and proteins, which is mediated by
activation of mTOR signaling [118]. Anti-metabolites such as Azathioprine that shows efficacy in
some sarcoidosis patients interfere with these anabolic processes by up regulating autophagy via
MTORC1 and the Unfolded Protein Response (UPR) (127). Glucocorticoids such as dexamethasone
consistently induce autophagy in various cells and disease settings [119, 120]. Methotrexate inhibits
DiHydroFolate Reductase (DHFR), which is needed for amino acid and nucleic acid synthesis under
nutrient-rich conditions and induces autophagy [121]. Leflunomide inhibits S6K1 (Ribosomal Protein
S6 kinase 1), an mTORC1 substrate [122]. Azathioprine inhibits purine synthesis and can also block
Racl signaling [28]. Chloroquine, used in cutaneous forms of sarcoidosis, targets lysosomes and
interferes with autophagy, potentially blocking human blood CD4* purified T cell [123]. Antibodies
against TNF-a are used in severe forms of sarcoidosis and a close functional link between TNF
receptors and the PI3/KT/mTOR pathway has been previously described [124, 125]. Nevertheless, the
therapeutic effect of anti-TNF drugs remains obscure in some patients, and they may induce sarcoid-
like lesions [126]. These pharmacological observations suggest that an induction of autophagy occurs
in many therapeutic processes with the possibility of differential actions depending of the cellular

context, T cells or macrophages.
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