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1General introduction and outline of the thesis

Sarcoidosis � an in�ammatory disorder with unknown cause
Sarcoidosis is a systemic in�ammatory disorder of unknown cause characterized 
by the formation of non-caseating granulomas (1). It commonly affects the lungs 
and intrathoracic lymph nodes, but can affect virtually any organ leading to a 
variety of clinical symptoms (1). Diagnosis of sarcoidosis can be challenging due 
to the heterogeneity in disease presentation and lack of sensitive and speci�c 
diagnostic tests. The diagnosis of sarcoidosis is made based on exclusion of 
other causes of granulomas, since granulomas are also observed in, for example, 
infectious diseases, malignancies such as lymphomas, vasculitis and exposure 
to metals like beryllium or zirconium (2,3). In many ways, sarcoidosis remains an 
enigmatic disease with many knowledge gaps. The �rst main gap involves its 
unknown etiology. Sarcoidosis is thought to develop due to the interplay between 
genetic susceptibility, the immune system and exposure to particular etiologic 
agents (4). Various triggers or causes have been suspected, including bacterial 
components or environmental particles (5�7). However, it is unclear whether this 
goes for all sarcoidosis patients or if this is restricted by phenotype, environment 
or ethnicity, or a combination thereof.

Besides a very heterogeneous clinical presentation, the disease course of sarcoidosis 
can also be unpredictable. In most cases, the granulomatous in�ammation of 
sarcoidosis resolves within 2�3 years. In about 10�30% of the patients, however, 
the in�ammation persists, leading to a chronic, sometimes progressive and 
even �brotic disease for which treatment is required (8,9). Mortality attributable 
to sarcoidosis is estimated between 0.5 and 5%, which is clinically relevant for a 
disease affecting relatively young people (10).

Treatment of sarcoidosis
As the etiology of sarcoidosis is unresolved, treatment of sarcoidosis is not curative 
but aims to alleviate symptoms and/or prevent permanent organ damage 
related to in�ammatory activity of the disease. Oral glucocorticoids are mostly 
used as �rst-line therapy in the treatment of sarcoidosis. Other frequently used 
immunosuppressive drugs in the treatment of sarcoidosis are methotrexate (MTX), 
azathioprine and tumor necrosis factor (TNF) alpha blockers (11). At present, the 
role of MTX as potential �rst-line treatment in patients with pulmonary sarcoidosis 
is evaluated in the Dutch PREDMETH study (12). The rationale behind this study is 
based on the fact that MTX may have less side effects than prednisone while both 
treatments are expected to be equally effective. A retrospective study in low-risk 
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cardiac sarcoidosis already demonstrated that MTX as �rst-line treatment was 
as effective as prednisone in suppressing in�ammatory activity in the heart (13). 
Based on these studies, MTX will likely play an even more important role in the 
treatment strategy of sarcoidosis in the future.

In 2021, a new guideline on management of sarcoidosis was published 
recommending glucocorticoids as �rst line therapy, MTX as second line therapy 
and TNF-� blockers as third-line therapy (14). There is an unmet therapeutic 
need for a fourth-line therapy for a proportion of refractory or intolerant patients 
(15). Identifying new molecular targets for treatment should be a priority for 
personalized treatment in sarcoidosis (15). Newer immunomodulatory therapies 
have been given to patients with sarcoidosis, with evidence limited mostly to 
case series and case reports and anecdotal use in clinical practice without any 
recommendation from the guideline committee (16). However, most likely due 
to the heterogeneous aspect of this disease, response to treatment varies among 
patients. The �one-size-�ts-all� approach is not ideal for treatment of sarcoidosis, 
but up to date evidence is lacking to tailor clinical management based on disease 
speci�c phenotypes or endotypes. In order to improve clinical management such 
as initiating and evaluation the response of immunosuppressive drugs, there is a 
need for more speci�c and predictive biomarkers.

The pathological hallmark of sarcoidosis
The second major gap in knowledge is the nature of the granuloma formation in 
sarcoidosis, as its mechanisms related to complex immunopathogenesis are only 
partially understood (5,6). The identi�cation of signi�cant key cellular signaling 
pathways can help to understand the complexity of sarcoidosis. The activation 
of these signaling pathways already showed to be a potential biomarker for 
sarcoidosis (17�19). In the past �ve years, three signaling pathways were brought 
to light: the mammalian target of rapamycin (mTOR) pathway, the Janus kinase/
signal transducers and activators of transcription (JAK/STAT) pathway, and the NLR 
family pyrin domain containing (NLRP3) in�ammasome pathway. By embracing 
molecular data a molecular classi�cation of sarcoidosis could be identi�ed for 
potential use in clinical trials, enabling us to rationally develop therapies for each 
individual sarcoidosis phenotype in the future (20). In the last couple of years, 
several clinical trials were initiated targeting these signaling pathways. In a recent 
study in patients with cutaneous sarcoidosis, mTOR inhibitor sirolimus proved 
to be an effective treatment option for patients with persistent glucocorticoid-
refractory sarcoidosis (21). Furthermore, several case reports of JAK inhibitors 
showed successful treatment of cutaneous sarcoidosis, and these inhibitors are 
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1now being considered promising for a new era of targeted treatment (22�24). 
Finally, a small randomized controlled trial using canakinumab (anti-IL-1�) was 
conducted in patients with pulmonary sarcoidosis but the results haven�t been 
published yet (25).

Biomarkers in sarcoidosis
The National Institutes of Health Biomarkers De�nitions Working Group de�ned 
a biomarker as �a characteristic that is objectively measured and evaluated as an 
indicator of normal biological processes, pathogenic processes, or pharmacologic 
response to a therapeutic intervention� (26).

A biomarker can be used for one or multiple purposes, including diagnosis, 
prognosis, monitoring or predicting treatment response (27). For sarcoidosis, 
no speci�c biomarker has been identi�ed for any of these aspects. Biomarkers 
predictive for response to therapy will probably help to avoid overtreatment 
leading to unnecessary side effects or undertreatment leading to possible organ 
damage. Previous studies have suggested that the combination of biomarkers 
might improve sensitivity and speci�city compared to a single biomarker (28,29). 
In 2015, serological levels of ACE and sIL-2R showed potential in helping with 
clinical decision making during treatment, as a signi�cant correlation was found 
between decrease in levels of ACE and sIL-2R and improvement of pulmonary 
function parameters during treatment with MTX. Moreover, high baseline levels of 
ACE at the initiation of therapy with MTX showed to be predictive for lung function 
response after six months of treatment (30). Theragnostics, a term denoting 
the fusion of therapeutics and diagnostics, is receiving increasing attention. It 
focuses not on a singular marker set, but rather on the integration of information 
from a diverse set of biomarkers (31). Theragnostic biomarkers can be used as 
predictive markers to indicate whether patients will or will not respond to a certain 
therapy. Omics approaches combined with systems biology research could help 
in the search of biomarkers of sarcoidosis (32,33). A combination of measurable 
biomarkers and cytology would help to understand the changes within the body 
that are caused by sarcoidosis, as well as the occurrence and progression of the 
disease, and would enable personalized treatment (34).

Phenotyping and endotyping in sarcoidosis
Due to the heterogeneity of sarcoidosis, a lot of effort has gone into describing 
and studying different clinical phenotypes of sarcoidosis such as pulmonary 
sarcoidosis, Lofgren syndrome, cardiac sarcoidosis and neurosarcoidosis (35). Most 
phenotyping classi�cations rely on expert opinion (36). Phenotyping is a dynamic 
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process that evolves as further disease characteristics, biomarkers and genetic 
information are discovered (37). Endotyping is an emerging concept in which 
disease classi�cation is based on underlying molecular mechanisms. Identi�cation 
of molecular endotypes might shed new light on disease pathogenesis, diagnosis, 
strati�cation, prognosis, and development of new personalized therapies (38). 
Establishing clinical phenotypes or endotypes by identifying biomarkers with 
adequate predictive value is an important aim of research and will provide critical 
information for the development of new therapeutics (37�39). Omics studies 
(genomics, transcriptomics, proteomics, and metabolomics) could be applied to 
the identi�cation of candidate biomarkers, molecular endotypes, mechanisms, 
and druggable targets (38). The work�ow is initiated by collecting relevant 
biologic specimens, such as cells and tissues. However, in the last couple of years, 
more attention has been given to extracellular vesicles (EVs) as additional source. 
EVs are released into the blood stream by almost every cell of the human body. 
They are used for intercellular communication and are essential for maintaining 
cellular functions. By using EVs, the cargo from the originating cell remains the 
original stability, structure and sequence when being transferred to the cell of 
interest, this cargo includes nucleic acids, proteins and lipids (40). EVs re�ect 
the physiological and pathophysiological characteristics of the originating cell 
and their concentration in the �uid seems to be dependent of state of disease 
(40,41). For this, EV proteins are often better associated with the pathology then 
the same proteins in serum/plasma (42). Due to these features, EVs have recently 
been pointed out as promising biomarkers for diagnostics and monitoring of 
disease (41).
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1Aim and outline of this thesis

Despite decades of both basic and clinical research, our understanding of 
sarcoidosis is only beginning. At present, treatment options for sarcoidosis are 
both limited as well as hampered by a high prevalence of bothersome side effects. 
Consequently, there is need for more research to unravel the molecular basis of 
the disease, its various phenotypes/endotypes and identify associated biomarkers. 
This pursuit is not only important for improving patient care but also to provide the 
patient with better prediction of the long-term outcome (38). This thesis aimed 
to pave the way for precision medicine for sarcoidosis care by identifying novel 
predictive and therapeutic biomarkers in form of proteins or signaling pathways.

Chapter 2 will provide an overview of current knowledge on biomarkers and 
disease pathology in sarcoidosis. In addition to existing biomarkers, this overview 
will also explore new biomarkers for diagnosis and prognosis as well as predictive 
for response to treatment of sarcoidosis.

In the search for potential new biomarkers, there has been an increased interest 
in extracellular vesicles (EVs) (43�45). Chapter 3 will focus on the use of EVs as a 
new medium for predictive biomarkers. In this pilot study, the predictive potential 
of four proteins is studied, comparing their concentration in serum to that in EVs.

In Chapter 4 targeted proteomics by OLINK will be used to identify potential 
biomarkers predictive for treatment response. Of the 92 proteins studied in patient 
cohorts treated with either prednisone or methotrexate, twenty-�ve proteins are 
identi�ed. A replication cohort will be used to con�rm the predictability of the 
identi�ed proteins and to study their related pathways with the aim of �nding 
mechanisms of action of prednisone or methotrexate.

In Chapter 5 we will continue our search for potential biomarkers in EV proteins 
by performing a proteomics approach using LC-MS/MS. Proteins that are 
signi�cantly different between patients with sarcoidosis and healthy controls will 
be studied further to see what pathways are involved in the disease. In addition, 
proteins that are differently expressed between responders and non-responders 
to treatment with either prednisone or methotrexate are also identi�ed. The top 
10 differently expressed proteins will be validated by measuring them in a larger 
second cohort. Moreover, protein concentrations are measured over time in an 
additional prospective cohort to see how they behave during treatment.
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Data on successful treatment of sarcoidosis patients with JAK/STAT and mTORC1 
inhibitors (46�48) suggest that these immunological pathway could also be 
explored as predictive biomarkers or therapeutic targets. In Chapter 6 the 
activation of the mTORC1 signaling pathway will be studied with the use of 
immunohistochemistry in granulomas of Dutch patients with sarcoidosis, GPA, 
EGPA and HP. Results of the staining will be studied in relation to disease course.

Chapter 7 will continue the exploration of immunological pathways as predictive 
biomarkers and will demonstrate the activation of the JAK-STAT and the NLRP3 
in�ammasome signaling pathways in Dutch patients with sarcoidosis. In this 
chapter speci�c �signaling endotypes� will be evaluated in relation to disease 
course.
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Abstract

Sarcoidosis is a heterogeneous disease in terms of presentation, duration and 
severity. Due to this heterogeneity, it is dif�cult to align treatment decisions. 
Biomarkers have proved to be useful for the diagnosis and prognosis of many 
diseases, and over the years, many biomarkers have been proposed to facilitate 
diagnosis, prognosis and treatment decisions. Unfortunately, the ideal biomarker 
for sarcoidosis has not yet been discovered. The most commonly used biomarkers 
are serum and bronchoalveolar lavage biomarkers, but these lack the necessary 
speci�city and sensitivity. In sarcoidosis, therefore, a combination of these 
biomarkers is often used to establish a proper diagnosis or detect possible 
progression. Other potential biomarkers include imaging tools and cell signaling 
pathways. Fluor-18-deoxyglucose positron emission tomography and high-
resolution computed tomography have been proven to be more sensitive for 
the diagnosis and prognosis of both pulmonary and cardiac sarcoidosis than the 
serum biomarkers ACE and sIL-2R.

There is an upcoming role for exploration of signaling pathways in sarcoidosis 
pathogenesis. The JAK/STAT and mTOR pathways in particular have been 
investigated because of their role in granuloma formation. The activation of these 
signaling pathways also proved to be a speci�c biomarker for the prognosis of 
sarcoidosis. Furthermore, both imaging and cell signaling biomarkers also 
enable patients who might bene�t from a particular type of treatment to be 
distinguished from those who will not.

In conclusion, the diagnostic and prognostic path of sarcoidosis involves many 
different types of existing and new biomarker. Research addressing biomarkers 
and disease pathology is ongoing in order to �nd the ideal sensitive and speci�c 
biomarker for this disease.

Keywords: biomarkers, serum, bronchoalveolar lavage, imaging biomarkers, 
future biomarkers, sarcoidosis.
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Introduction

Sarcoidosis is a systemic in�ammatory disorder of unknown cause which can lead 
to a variety of clinical symptoms. It commonly affects the lungs and intrathoracic 
lymph nodes, and is characterized by the formation of non-caseating epithelioid 
cell granulomas (1). In case of pulmonary involvement, granuloma formation can 
result in a decreased lung volume and diffusing capacity, with further shortness of 
breath (2). In most cases, the in�ammation of sarcoidosis resolves within 2-3 years. 
In about 10-30% of the patients, however, the in�ammation persists, leading to a 
chronic, sometimes progressive and even �brotic disease for which treatment is 
required (3,4). Mortality attributable to sarcoidosis is estimated between 0.5 and 
5%, which is clinically relevant for a disease affecting relatively young people (5).

The diagnostic trajectory of sarcoidosis is long and complicated; it requires invasive 
methods like bronchoalveolar lavage and evidence of granuloma in lung or other 
tissue through a biopsy (6,7). The diagnosis of sarcoidosis is then established by 
excluding other diseases with similar clinical or histopathological features (8). The 
discovery of a speci�c biomarker for this disease would help diagnose sarcoidosis. 
According to the National Institutes of Health Biomarker De�nitions Working 
Group, a biomarker is �a characteristic that can be objectively measured and 
evaluated as an indicator of normal biological processes, pathogenic processes, 
or pharmacologic responses to a therapeutic intervention� (9). Such predicative 
biomarkers are already widely used to detect the presence and severity of a variety 
of in�ammatory diseases. However, no speci�c biomarker for sarcoidosis has so 
far been identi�ed (2). A predictive biomarker would also be useful for treatment 
decisions. Because of the heterogeneity of sarcoidosis, it currently remains unclear 
who will bene�t from a speci�c type of treatment (10).

The ideal biomarker should not be related to other diseases and should be highly 
sensitive. Moreover, it should not be invasive, and should be reproducible. Also, the 
ideal biomarker should be inexpensive (11). A combination of measurable biomarkers 
and cytology would help to understand the changes within the body that are 
caused by sarcoidosis, as well as the occurrence and progression of the disease, 
and would enable personalized treatment (2). In this review, we address current 
and possible future biomarkers in sarcoidosis. Serum and bronchoalveolar lavage 
biomarkers are discussed in terms of antigen presentation, granuloma formation 
and T-cell activation. As regards imaging, we focus on the value of chest X-ray, �uor-
18-deoxyglucose positron emission tomography (18F-FDG PET) and high-resolution 
computed tomography (HRCT) as diagnostic and prognostic tools in sarcoidosis.



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 24PDF page: 24PDF page: 24PDF page: 24

Chapter 2

24

Serum biomarkers

Most serum biomarkers found in sarcoidosis are produced by in�ammatory cells 
involved in granuloma formation. In this overview, biomarkers are discussed for 
each of the cell types associated with the biomarkers (supplementary Table S1).

Macrophages
Monocyte-derived macrophages are known to be key players in granuloma 
formation. In order to regulate granuloma formation, monocytes and macrophages 
produce a number of cytokines, chemokines and other signaling proteins. Many 
of these have been previously described as potential serum biomarkers in 
sarcoidosis and normally correlate with granuloma burden (12).

Serum angiotensin-converting enzyme
The most well-known serum biomarker in sarcoidosis is serum angiotensin-
converting enzyme (sACE). sACE is an acid glycoprotein which converts angiotensin 
I into angiotensin II. It is mainly produced by activated alveolar macrophages and 
correlates with granuloma burden and radiological stages II and III (13). Elevated 
serum levels of ACE have been intensively studied since 1975 and this is currently 
the most frequently used laboratory test in sarcoidosis (14). Roughly 30-80% of 
sarcoidosis patients have increased sACE levels, and sensitivity ranges between 22 
and 86% and speci�city between 54 and 95% (8). Due to the low sensitivity of sACE 
levels, their value as a diagnostic or prognostic tool remains a matter of debate. The 
low sensitivity of elevated sACE levels in sarcoidosis patients is partly due to the fact 
that sACE levels have been found to be increased in several other in�ammatory 
diseases, like tuberculosis, berylliosis, histoplasmosis, Gaucher�s disease and many 
others (15�18). Furthermore, ACE levels in the normal range could in fact be elevated 
in speci�c patients. This is based on the in�uence of an insertion (I) or deletion (D) 
polymorphism in the ACE gene on sACE levels (19). In healthy controls, subjects with 
an II genotype had a signi�cantly lower serum ACE concentration compared to 
subjects with a DD genotype. In clinical practice, a Z-score has been developed that 
corrects the ACE activity for the I/D polymorphism (19,20). Using the correction for 
this I/D polymorphism results in a different interpretation in 8.5% of measurements 
(19). ACE could also have a role in predicting treatment outcome. High serum levels 
of�ACE�before treatment correlate signi�cantly with lung function improvement after 
6 months of methotrexate treatment (21). What has to be kept in mind is the use of 
ACE inhibitors in patients with sarcoidosis (22). If patients with sarcoidosis use ACE 
inhibitors, serum ACE levels cannot be used in diagnosis or disease monitoring, and 
should be interpreted carefully (23).
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Lysozyme
Lysozyme is a bacteriolytic enzyme that hydrolyses glycosidic bonds in order to 
degrade peptidoglycans in bacterial cell walls. At the site of infection lysozyme 
activity limits the cause of in�ammation by rapidly degrading peptidoglycans 
(24). In sarcoidosis, lysozyme is produced by monocyte-macrophage systems and 
epithelioid cells, and is involved in granuloma formation. Increased concentration 
of lysozyme is mainly observed at onset of disease and has low sensitivity for 
sarcoidosis. Hence, lysozyme is more suitable as a prognostic rather than a 
diagnostic tool (25,26).

Neopterin
Neopterin is a non-speci�c marker of in�ammation produced by activated 
monocytes, macrophages, dendritic cells, and endothelial cells upon stimulation 
mainly by interferon gamma (IFN-�) (27). Neopterin is released in response to 
cytokines mostly produced by T-cells and natural killer cells. The interaction 
between T-cells, macrophages and dendritic cells in the process of granuloma 
formation could be due to the higher neopterin levels which have been found 
in sarcoidosis patients with active disease (28,29). Although serum neopterin 
levels seem to be increased in sarcoidosis patients, the speci�city of neopterin 
for sarcoidosis is low; therefore, it has little value as a diagnostic biomarker. 
Nevertheless, it could be a potential marker for disease activity and predictor of 
progression, but further research is required (30).

YKL40
The human cartilage glycoprotein-39 or YKL-40 is a growth factor for �broblasts 
and vascular endothelial cells and is secreted by macrophages and neutrophils. 
Increased serum YKL-40 levels have been found in patients with diseases 
characterized by in�ammation, tissue remodeling and ongoing �brosis (31). In 
sarcoidosis patients, serum YKL-40 levels have been found to be elevated and to 
inversely correlate with diffusing capacity of the lung for carbon monoxide (DLCO) 
at presentation. In addition, serum YKL-40 levels are higher in patients with 
active sarcoidosis than in patients with inactive sarcoidosis (32,33). A correlation 
has been found between YKL-40 levels and both sIL-2R levels and sACE levels in 
patients with active sarcoidosis, suggesting YKL-40 to be a marker for granuloma 
burden (33). At this moment, however, little is known about the value of serum 
YKL-40 levels, and more research is required to determine the value of YKL-40 as 
a diagnostic or prognostic biomarker in sarcoidosis (28).
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sCD163
CD163 is a transmembrane hemoglobin-haptoglobin scavenger receptor 
expressed selectively on most macrophages in human tissues and on at least 10-
30% of monocytes. Expression of CD163 is increased by IL-6, IL-10, glucocorticoids 
and most immunomodulatory factors. Expression of CD163 decreases under 
the in�uence of tumor necrosis factor (TNF), interferon gamma (IFN-�), and 
transforming growth factor beta (TGF-�). These are all cytokines involved in 
granuloma formation and disease activity. This may suggest a correlation 
between the expression of CD163 and in�ammatory status in sarcoidosis patients. 
Shortly after activation of toll-like receptor (TLR)-2, 4 & 5, CD163 is shed into the 
environment as soluble CD163 (sCD163) (34). This quick release of sCD163 into 
the environment after TLR activation implies a role in in�ammation, but no 
speci�c function of sCD163 has yet been identi�ed (35). sCD163 may inhibit 
T-cell proliferation and activation, although the exact mechanism for this effect 
remains unclear. Nevertheless, the increase of sCD163 levels after stimulation of 
TLR suggests that sCD163 may play a role in in�ammatory disorders mediated by 
monocyte-macrophage lineage cells. In sarcoidosis patients sCD163 was found to 
be signi�cantly increased in comparison to healthy controls and correlated with 
sIL-2R and sACE levels (36). Although little is known about the role of sCD163 in 
sarcoidosis, it may be a useful biomarker with potentially high sensitivity but low 
speci�city. In other diseases like RA, MS and Crohn�s disease, sCD163 has been 
associated with disease activity and suggested as a useful predictor of progression 
(35,37).

CC chemokine ligand 18
C-C motive chemokine ligand 18 (CCL18) is a CC chemokine produced primarily 
by antigen-presenting cells such as macrophages, dendritic cells, and peripheral 
blood monocytes. CCL18 is chemotactic for both naive and activated T-lymphocytes. 
Elevated levels of CCL18 have been detected in serum of patients with T-cell helper 
2 (Th2) predominant diseases like idiopathic pulmonary �brosis, bronchial asthma 
and scleroderma (38). CCL18 can stimulate the mRNA and protein production of 
collagen, possibly stimulating �brosis. In sarcoidosis patients, elevated levels of 
CCL18 have been found in patients with active disease (39). Unfortunately, CCL18 is 
elevated in most interstitial lung diseases, and also in Gaucher�s disease, so it is not 
suitable as a diagnostic biomarker for sarcoidosis. However, CCL18 has potential 
to be used as a marker to monitor disease and predict progression (39), as was 
already suggested by Prasse and colleagues, who demonstrated that CCL18 levels 
in bronchoalveolar lavage (BAL) correlate with the scadding stage (40).
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Serum amyloid A
Serum amyloid A (SAA) is produced by the liver during an acute phase reaction. 
In in�ammatory conditions, macrophages produce high levels of SAA, which 
indicates that elevated levels of SAA are a clinical marker of in�ammation. Elevated 
levels of SAA are found in several in�ammatory diseases like RA and Crohn�s 
disease (41). Elevated levels of SAA have also been found in sarcoidosis, and appear 
to correlate with a decline in lung function (42). Sarcoidosis has been suggested 
as a heterogeneous disease, with multiple potential triggers such as metals or 
micro-organisms (43). If in the future patients could be distinguished based on 
possible triggers, it would be interesting to study SAA as a biomarker in a speci�c 
subgroup of sarcoidosis patients with micro-organisms such as mycobacteria or 
propionic bacteria as suspected triggers (44).

Chitotriosidase
Chitotriosidase (CTO) is an enzyme of the chitinase family. It degrades chitin, 
a polymer found in cell walls of fungi and the exoskeletons of insects and 
crustaceans. Pulmonary neutrophils and macrophages can secrete CTO upon 
stimulation of toll-like receptors (TLRs) by IFN-�, TNF and granulocyte/macrophage 
colony-stimulating factor (GM-CSF). CTO serum levels directly correlate with 
sACE levels (45). Highest serum levels were found in patients with progressive 
disease and were found to decrease upon treatment with prednisone or other 
immunosuppressant therapy. As a diagnostic marker, CTO is less useful due to low 
speci�city. CTO serum levels have been found to be elevated in other diseases like 
Gaucher�s disease, malaria, multiple sclerosis, atherosclerosis, Alzheimer�s disease 
and tuberculosis (20). However, CTO sensitivity and speci�city are higher than 
those of other serum biomarkers, making CTO a potentially useful biomarker in 
sarcoidosis. CTO serum levels have prognostic value in sarcoidosis and can be 
used to monitor disease activity, with the potential to be used as a diagnostic tool 
for this disease (45,46).

Monocytes
As mentioned above, macrophages are key players in granuloma formation. 
However, macrophages are dif�cult to study or use as diagnostic/prognostic 
biomarkers, since they are predominantly found in tissue and granuloma. 
Monocytes are precursors of macrophages and are found in the bloodstream, 
making them accessible and interesting as biomarkers in sarcoidosis. There 
are three subtypes of monocytes, classical monocytes (CD14++/CD16-), 
intermediate monocytes (CD14+/CD16+) and non-classical monocytes (CD14-/
CD16++). Intermediate and non-classical monocytes are more in�ammatory 
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type monocytes, and have been found to be elevated in sarcoidosis (47). In 
addition, treatments with prednisone and in�iximab have been shown to have a 
downregulating effect on intermediate and non-classical monocytes, suggesting 
a role in disease activity and prognostic value for response to treatment (48,49). In 
addition to the CD14 and CD16 surface markers, many different monocyte surface 
markers have been studied, with promising results (50,51). However, circulating 
intermediate and non-classical monocytes have also been found to be elevated 
in other diseases, like cardiovascular diseases and other interstitial diseases, thus 
decreasing its speci�city (52,53). Circulating subtypes of monocytes are potentially 
interesting prognostic biomarkers, but further research is required.

T-cells
T-cells play an important role in the development of granulomas. Antigen 
presenting cells like macrophages present peptides to T-helper (Th) cells via 
MHC class II molecules. This activates T-cells and leads to greater proliferation and 
recruitment of neutrophils and monocytes (54). Based on T-cell activation, many 
T-cell cytokines and chemokines have been described as potential biomarkers 
for sarcoidosis. The activation of T-cells can be seen as a crucial step in the 
perpetuation of granuloma formation.

Serum soluble interleukin 2 receptor
Serum soluble interleukin 2 receptor (sIL-2R) is the circulating form of the 
membrane IL-2R, a proposed marker of disease activity in sarcoidosis. Upon 
activation, Th1 cells upregulate the expression of IL-2R on the cell surface, and 
are able to shed sIL-2R into circulation (55). Increased sIL-2R levels are therefore 
considered to be a marker of Th1 cell activation in the formation and perpetuation 
of granuloma (56). Increased levels of sIL-2R in sarcoidosis patients have been 
described since 1983 (57). Unfortunately, elevated sIL-2R levels are not speci�c for 
sarcoidosis, as elevated serum levels of sIL-2R are found in other granulomatous 
diseases, hematological malignancies and various autoimmune disorders (10). 
Even though the use of sIL-2R as a diagnostic marker for sarcoidosis remains a 
matter of debate, a recent study performed in patients suspected of sarcoidosis 
has shown a sensitivity of 88% and a speci�city of 85% (58). This indicates that 
sIL-2R can be a useful tool in the diagnosis of sarcoidosis when combined with 
other (imaging) biomarkers and clinical features in the process of diagnosis. sIL-
2R seems to correlate with active disease and multiple organ involvement, and 
can possibly predict progression and relapse after discontinuation of therapy 
(59�61) Furthermore, sIL-2R can be used as a prognostic tool to determine if 
therapy is needed and/or to predict relapse after discontinuation of therapy (21,59). 
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Moreover, sIL-2R can be used in serial measurements during therapy or in follow-
up to evaluate treatment effect (11). It is important to state that patients with 
impaired renal function have elevated sIL-2R. This can result in high sIL-2R levels 
in the absence of active disease. Since renal impairment can occur in sarcoidosis 
patients, this effect has to be kept in mind when sIL-2R is used as a marker to 
monitor disease activity (59).

B-cells
Although the innate immune system and T-cell immunity are known to be 
involved in the pathogenesis of sarcoidosis, it is becoming increasingly evident 
that B-cells are involved in granuloma formation as well. B-cell accumulation has 
been shown in granuloma and pulmonary lesions, and a positive effect of B-cell 
depletion has been reported (62,63).

B-cell activating factor
B-cell activating factor (BAFF) is a cytokine of the TNF family with a critical role 
in B-cell development and function. In vivo and in vitro studies have shown that 
blocking of BAFF results in reduced follicular and marginal zone B-cell numbers, 
while overexpression of BAFF in mice resulted in an increase in activated B-cells, 
activated T-cells, autoantibody production and hypergammaglobulinemia. In 
sarcoidosis patients, higher levels of BAFF have been found in serum in comparison 
to healthy controls (64�66). However, elevated BAFF levels are not speci�c for 
sarcoidosis, as these have also been found in other immunomodulatory diseases 
like systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) (67). In 
addition to elevated serum levels being found in sarcoidosis patients, a correlation 
between BAFF levels and disease severity has been shown. Highest levels of BAFF 
in sarcoidosis patients are associated with multiple organ involvement, decline 
in pulmonary function and more advanced chest radiographic stages (II/III) 
(64). In a different study, higher serum levels of BAFF were associated with a 
higher frequency of eye and skin involvement and with increased levels of sACE, 
lysozyme and IFN-� (66). Although much is still unknown about the mechanisms 
of BAFF in sarcoidosis patients, results reported so far seem promising enough to 
further explore the value of BAFF as a prognostic or even diagnostic biomarker 
in sarcoidosis.

Naïve and memory B-cells
The B-cell ablative rituximab targets CD20, a marker expressed on the surface 
of naïve and memory B-cells, and has been shown to yield clinical improvement 
in some sarcoidosis patients (63,68). This observation suggests a role for naïve 
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and memory B-cells in sarcoidosis pathophysiology. When phenotyping B-cells, 
subpopulations are distributed differently in sarcoidosis patients in comparison 
to healthy controls (62,69,70). Naïve B-cell populations have been found to be 
elevated in sarcoidosis patients, and memory B-cells have been found to be 
downregulated in sarcoidosis patients (62). However, not all studies found the 
memory B-cells to be downregulated (69). When comparing sarcoidosis patients 
with and without pulmonary involvement, only the naïve mature B-cells are 
different between the two groups: sarcoidosis patients without pulmonary 
involvement do not have increased numbers of naïve mature B-cells. Not only 
are numbers of naïve and memory B-cells altered, but sarcoid B-cells were also 
found to be anergic in chronic sarcoidosis. This anergy could be partly due to the 
reduced levels of NF-�B/p65 found in sarcoid B-cells. B-cells with reduced NF-
�B have an impaired response to antigens (69,71). Furthermore, when memory 
B-cells are reduced, this may lead to a defective antibody response that is not able 
to eliminate the antigens responsible for granuloma formation. These �ndings 
suggest an important and possibly pathogenic role for B-cells in sarcoidosis, 
but the involvement of the different B-cell populations in granuloma formation 
remains unclear (62).

Regulatory B-cells
Regulatory B-cells (Bregs) are IL-10 producing B-cells. This type of B-cell has 
been found to reduce in�ammation through cytoplasmic IL-10 expression (72). 
Phenotyping B-cell populations in sarcoidosis patients revealed that circulating 
numbers of IL-10 producing B-cells were elevated in patients with active 
sarcoidosis. Both the frequency and absolute numbers were signi�cantly higher 
in active sarcoidosis. Although current knowledge of IL-10 producing B-cells is 
insuf�cient to draw any conclusion on the role of Bregs, it seems that there is an 
altered B-cell homeostasis in active sarcoidosis. This observation does appear to 
be in line with �ndings in other in�ammatory diseases like SLE, RA, and multiple 
sclerosis. Furthermore, since IL-10 is important in the development of �brosis, 
this association could justify further research into this population of B-cells 
(62,65). In conclusion, B-cells are relatively new and somewhat unknown cells 
in sarcoidosis. However, since B-cells seem to be involved in several processes in 
sarcoidosis pathogenesis, the expectation would be that BAFF levels and memory, 
naïve and regulatory B-cell counts could be used to assess disease activity and 
could possibly be used in the diagnosis of sarcoidosis. However, further research 
is required before B-cell counts and BAFF levels can be used as biomarkers in 
sarcoidosis.
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Figure 1. An integrated overview of serum and bronchoalveolar lavage �uid biomarkers 
produced by cells of the innate and adaptive immune system, involved in the formation 
of granulomas in sarcoidosis. The sarcoidosis granuloma consists of a tightly formed core 
of epithelioid and multinucleated-giant cells (MGCs) encircled especially by T helper (Th) 
cells, but also by B cells, macrophages and dendritic cells (DCs). During this granuloma 
formation a variety of biomarkers is released by these in�ammatory cells. Macrophages are 
key players in granuloma formation and produce a number of in�ammatory biomarkers 
(e.g. serum angiotensin-converting enzyme (sACE), lysozyme, neopterin, CD163, C-C 
motive chemokine ligand 18 (CCL18), serum amyloid A (SAA)). Macrophages activate T-cells 
by presenting a triggering antigen, which results in an upregulated expression of soluble 
interleukin 2 receptor (sIL-2R). Apart from T-cells, B-cells also have shown to play a role 
in granuloma formation. Crucial for the B-cell maturation and function is the biomarker 
B-cell activating factor (BAFF). All these biomarkers may be useful for the diagnosis and 
prognosis of sarcoidosis. Figure created with Biorender.com

https://biorender.com/
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Combining serum biomarkers
All biomarkers mentioned above as serum biomarkers appear to have the same 
limitations, namely, insuf�cient sensitivity and speci�city. Since many biomarkers 
have shown a mutual positive correlation (25,28,73), different combinations are 
being explored. Using a combination of different biomarkers, various studies have 
already demonstrated an increase of both sensitivity and speci�city (74�76).



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 33PDF page: 33PDF page: 33PDF page: 33

Biomarkers in the diagnosis and prognosis of sarcoidosis

33

2

Bronchoalveolar lavage fluid

The diagnosis of sarcoidosis is often con�rmed by analyzing bronchoalveolar 
lavage �uid (BALF) (77). Various cells and soluble components in BALF, such 
as proteins and cytokines, have been addressed in different immunological 
studies. These studies have considerably increased our understanding of the 
immunopathogenesis of sarcoidosis (29,77) (supplementary Table S2).

CD4/CD8 ratio
In sarcoidosis, the percentage of lymphocytes in BALF is often increased. 
Sensitivity of lymphocytosis was found to range between 68% and 95% (78,79). 
This variation is related to the fact that an increase in lymphocytes in BALF is 
nonspeci�c for sarcoidosis, as it is also observed in other granulomatous and 
lung diseases (10,29,80). The observation that CD4+ T-cells play an important 
role in the development of sarcoidosis has helped distinguish sarcoidosis from 
other diseases (81). Measurement of the ratio of CD4/CD8 T-cells has been used 
to differentiate sarcoidosis from other diseases since the 1980s (29,80). Increased 
CD4/CD8 ratio was observed in sarcoidosis patients, with a sensitivity of between 
54% and 80% and a speci�city of between 59% and 80% (10,29,78,79). In the 
clinic, the diagnosis of sarcoidosis is supported by a CD4/CD8 ratio >3.5 and 
lymphocytosis > 15%. However, BALF lymphocytosis is not a universal �nding in 
sarcoidosis (81). A recent study by Darlington et al showed that the measurement 
of the proportion of T-cell receptor (TCR) CD4+ Va2.3+ T-cells in BALF could also be 
a biomarker in addition to the CD4/CD8 ratio, to support a sarcoidosis diagnosis 
(82). TCR Va2.3 gene segments were found to be increased in BALF, especially in 
patients with an HLA-DRB1*03 genotype, which is usually found in patients with 
Löfgren�s syndrome (LS). This biomarker therefore proved to be more useful for 
the diagnosis of LS, while the CD4/CD8 ratio is useful for the diagnosis of any type 
of sarcoidosis. On the other hand, speci�city proved to be higher for CD4+ Va2.3+ 
T-cells compared to the CD4/CD8 ratio in BALF (97% versus 92%), which will help 
with the diagnosis of sarcoidosis (82). Despite the frequent use of the CD4/CD8 
ratio for the diagnosis of sarcoidosis, this ratio does not re�ect the severity of the 
disease (29).

CD103+CD4+/CD4+ ratio
While the CD4/CD8 ratio is useful for the diagnosis of sarcoidosis, sensitivity and 
speci�city of this biomarker are low. Therefore, the expression of other cellular 
markers in this subset of T-cells have been explored. Expression of the aE�7/CD103�7 
integrin (CD103) has been related to the retention of intraepithelial lymphocytes (IEL) 
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in mucosal tissue of the lung. CD103 is expressed by lymphocytes within the bronchial 
epithelium, some alveolar wall lymphocytes and CD4+ T-cells in the BAL. Expression of 
CD103 on CD4+ T-cells in BAL �uid is found to be different in ILD patients, depending 
on the type of disease (83). In patients with sarcoidosis, numbers of CD103 CD4+ 
T-cells in BAL �uid are signi�cantly lower than in other lung diseases (83). Therefore, 
differential expression of CD103 on CD4+ T-cells could serve as a diagnostic marker 
for sarcoidosis. However, there is some controversy on the use of the CD103+CD4+/
CD4+ ratio as a diagnostic tool for sarcoidosis. The sensitivity and speci�city seems to 
depend strongly on the population used in the study. Heron et al and Bretagne et al 
show a signi�cant decrease in the CD103+ CD4+/CD4+ ratio in sarcoidosis patients in 
comparison to other ILD while a study by Hyldengaard et al does not show a similar 
decrease (79,84,85). The difference in outcome might be explained by the inclusion 
of patients without alveolar lymphocytosis by Hyldengaard et al (79).

While the CD103+CD4+/CD4+ appears to be a useful diagnostic tool in sarcoidosis 
caution should be taken with the interpretation of this ratio. Therefore, a 
CD103+CD4+/CD4+ �ratio 0.2 can be seen as additional evidence pointing towards 
a diagnosis of sarcoidosis.

T-helper 17.1 cells
For a long time, sarcoidosis was seen as a Th1-driven disease, because of the variety 
of type 1 speci�c cytokines present in BALF and serum of sarcoidosis patients, 
including IFN-�, IL-12 and IL-18. However, nowadays it is accepted that sarcoidosis 
is driven by a combination of Th1- and Th17-associated factors (86). Th17 cells 
normally produce IL-17A and IL-17F, but in sarcoidosis Th17 cells were also observed 
to produce IFN-� (12,87). These cells are referred to as Th17.1 cells and are thought 
to derive from classically polarized Th17 cells. Th17 cells have a high plasticity and 
were found to be able to differentiate into a Th1-like phenotype, in which the 
majority mainly produce IFN-� (87,88). Both Th17 and Th17.1 cells were identi�ed in 
sarcoidosis patients, and these Th-cells were found to express different chemokine 
receptors, and demonstrated different cytokine effector functions. The number 
of Th17.1 cells proved to be signi�cantly higher in the BALF, but not the blood, of 
sarcoidosis patients, compared to healthy controls (88). Th17.1 cells are promising 
immunological markers in the diagnosis of sarcoidosis, but results are based 
on small cohorts, so further research is required to determine the diagnostic 
value. Additionally, it was seen that there is a signi�cant association between 
the number of Th17.1 cells in BALF and the development of chronic sarcoidosis, 
making these cells an interesting prognostic marker for the development of 
(chronic) pulmonary sarcoidosis (87).
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Regulatory T-cells
Regulatory T-cells or Treg cells may also play an important role in the development 
of sarcoidosis. Treg cells normally suppress immune responses by the host 
immune system against self and foreign antigens. In the case of sarcoidosis, it is 
hypothesized that Tregs are functionally defective or exhausted, making them 
unable to fully suppress the immune responses (89). The dysfunction of Tregs in 
sarcoidosis, resulting in impaired self-tolerance and failed immune homeostasis, 
could be an important element in the pathogenesis of sarcoidosis (90). A Polish 
study showed that the dysfunction of Tregs resulted in an exaggerated Th1 
response in sarcoidosis patients (91). The diagnostic value of Tregs in sarcoidosis 
remains to be determined. A number of possible correlations between Tregs and 
disease activity have been described, with prognostic values. A Scandinavian study 
showed that a low Treg level in BALF was associated with a favorable prognosis 
(92). On the other hand, a German study reported that a decreased Treg level 
in BALF corresponded with the development of chronic disease (93). Although 
there are thus con�icting results on the presence and effect of Tregs in active 
sarcoidosis, what is clear is that an imbalance exists between Th17 and Tregs. Th17 
cells are elevated in the blood of sarcoidosis patients, while the number of Tregs 
is decreased (90). The Treg/Th17 ratio proved to be inversely related to disease 
activity, decreasing in those with relapsing pulmonary sarcoidosis and increasing 
in those with chronic active disease (12,94).

Neutrophils
Neutrophils are important players in the innate immune system, but their role in 
sarcoidosis is still little understood. Neutrophils are attracted by chemokines, such 
as IL-8, which are released by monocytes and macrophages (12). Patients in an 
advanced radiological stage of sarcoidosis (stage II or III), or with an unfavorable 
evolution, were reported to have an elevated percentage of neutrophils in 
BALF compared to healthy controls. Furthermore, BALF neutrophil levels were 
signi�cantly higher in patients with progressive disease compared to those 
with stable disease. Therefore, neutrophils may be useful markers of progressive 
disease (29,95). A possible origin of this correlation could be the large number of 
proteases, like collagenase or gelatinase, which may initiate collagen destruction 
and remodeling, leading to the development of pulmonary �brosis (12).

Natural killer (NK) cells
Other immune cells in BALF which are associated with poor outcome and an 
advanced radiological stage are natural killer (NK) cells (95). NK cells (CD3� 
CD16/56+) are part of the �rst-line defense of the immune system (96). They are 
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suspected to play a role in several in�ammatory pulmonary diseases because 
of their ability to produce cytokines (95). IFN-� is released by active NK cells and 
stimulates TNF-� secretion from alveolar macrophages, which is associated with 
progressive and corticosteroid resistant disease (95). An impaired lung function 
was shown to be associated with a high level of NK cells in the lungs. Furthermore, 
sarcoidosis patients requiring steroid treatment also had a higher percentage of 
these cells in BALF (95).

Natural killer T (NKT) cells
Natural killer T (NKT) cells (CD3+ CD16/56+) are a regulatory T cell lineage which 
both express T cell (CD3) and NK (CD16/56+) receptors on their surface membranes, 
thereby in�uencing both Th1 and Th2 cytokine systems and stimulating cell-
mediated immunity or suppressing autoimmune responses (96,97). NK cells 
are able to release a various cytokines determined by antigen signal strength, 
including IFN-�, TNF-� and a variety of interleukins (IL-4, IL-10, IL-13, IL-17, IL-21)
(97). In sarcoidosis patients reduced numbers of NKT cells were found in blood 
and BALF (98�100). However, there are also reports on the accumulation of NKT 
cell in granulomatous lesions of sarcoidosis patients (99). De�ciency and/or 
impaired function of NKT cells results in loss of the immunoregulation, which 
might contribute to the prolonged T-cell activity characteristic for sarcoidosis (101).

CXCL9, CXCL10, and CXCL11
The monocyte-macrophage cell lineage is the origin of the expression of a variety 
of cytokines and chemokines that play many different roles in the in�ammatory 
phenotype of sarcoidosis, including T-cell attraction and promotion of Th1/Th17 
differentiation (8). Some interesting chemokines were found to be elevated in 
the BALF and serum of sarcoidosis patients. These included chemokines that 
are part of the CXC chemokine subfamily; CXCL9, CXCL10, and CXCL11 (102,103). 
These chemokines bind to the CXCR3 receptor and thereby recruit CD4+ T-cells, 
monocytes and other in�ammatory cells to the site of in�ammation (103). 
Although these chemokines share common functions, there are differences in 
their biological properties (103,104). One major difference is the fact that CXCL9 
and CXCL11 can solely be induced by IFN-�, while CXCL10 can also be induced 
by TNF-�, IFN-� and LPS (103,104). These differences may in�uence the clinical 
outcomes of these chemokines (104). In tuberculosis, this chemokine subfamily 
was already found to represent useful biomarkers for the prediction of disease 
progression and therapy response (105,106). In the case of sarcoidosis, a recent 
study by Arger et al showed that CXCL10 correlates negatively with lung 
function, and that elevated CXCL10 also correlates with higher dyspnea scores 
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in longitudinal analyses (103). These correlations could not be found for CXCL9. 
However, CXCL9 proved to be positively associated with the total number of 
organs involved in sarcoidosis. CXCL11 proved to be negatively associated lung 
function and correlated positively with the number of organs involved (103). It 
was speculated that each of these chemokines could be used to help predict the 
clinical outcome of a sarcoidosis patient, as well as acting as biomarkers for both 
pulmonary outcomes and response to therapy (103).

Krebs von den Lungen-6
Krebs von den Lungen-6 (KL6) is a human high molecular weight MUC1 mucin 
protein derived from type II pneumocytes and respiratory bronchiolar epithelial 
cells (107). An increased level of KL-6 re�ects damaged or regenerating type II 
pneumocytes (108). Elevated levels of KL-6 have been found in BALF and serum 
in patients with idiopathic pulmonary �brosis, sarcoidosis and other ILDs (109�112).

The fact that it is not a disease speci�c marker indicates that it has no major 
role in diagnosing sarcoidosis However, in sarcoidosis patients both serum and 
BALF levels of KL-6 correlate with higher serum ACE levels and CD4+/CD8+ ratio 
(25,112). Suggesting usefulness as a disease monitoring tool. It is demonstrated 
that the highest level of KL-6 can be found in patients with radiological stage IV 
pulmonary sarcoidosis (25,76,111) suggesting a potential role as a marker of severity 
of pulmonary sarcoidosis

Combining BALF biomarkers
The biomarkers mentioned above give limited information about pulmonary 
sarcoidosis as individual biomarkers. However, combining some of these 
biomarkers may be helpful in the diagnosis and prognosis of pulmonary 
sarcoidosis. CD4/CD8 ratio and CD103+CD4+/CD4+ ratio appear to be useful 
diagnostic biomarkers to support the diagnosis of sarcoidosis, while disease 
severity can be predicted and monitored by a correlation between KL-6 and 
CD4+/CD8+ ratio. Furthermore, disease progression can be monitored trough the 
percentage of neutrophils, NK cells and NKT cells in BALF. In addition, Th17.1 cells 
and Treg cells are promising prognostic biomarkers, however, further research is 
required to determine the diagnostic value. The BALF chemokines CXCL9-11 in 
their turn may be useful biomarkers for treatment decisions.



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 38PDF page: 38PDF page: 38PDF page: 38

Chapter 2

38

Imaging biomarkers

Clinical manifestations of sarcoidosis are highly variable and any organ can be 
affected. For pulmonary sarcoidosis, chest X-ray and high-resolution computed 
tomography (HRCT) are frequently used. However, in sarcoidosis patients with 
extrapulmonary manifestations, such as cardiac sarcoidosis or neurosarcoidosis, 
other imaging modalities are warranted. For these patients, magnetic resonance 
imaging (MRI) and �uor-18-deoxyglucose positron emission tomography (18F-FDG 
PET) scanning are increasingly recognized as essential imaging techniques 
for adequately identifying sarcoidosis localization and determining disease 
management (113).

Chest X-ray
Conventional chest radiography is performed in most patients with sarcoidosis 
and is abnormal in over 90% of cases (114). Sarcoidosis is commonly staged 
according to its appearance on chest X-ray. This staging system was introduced 
by Scadding almost six decades ago (115), but still holds a prominent position 
in assessment of sarcoidosis. Scadding classi�ed chest radiography �ndings in 
sarcoidosis into �ve stages, shown in Table 1.

An interesting feature of the abovementioned Scadding stages is the fact that 
it gives prognostic information both on resolution of disease as well as mortality 
(1,114,116,117). Spontaneous resolution varies from 60-90% in stage I disease to 
no resolution in stage IV �brotic disease. Furthermore, Kirkil and colleagues 
demonstrated that mortality rates were correlated to Scadding stages with the 
highest mortality in patients presenting with stage IV disease (117).

Shortcomings of conventional chest X-ray is the fact that in absence of pathological 
con�rmation, clinical features together with chest X-ray can be diagnostic in stage 
I and II disease but are less accurate in stage 0, II and IV disease (1). Furthermore, 
only moderate agreement on Scadding stages is reported in literature (118). 
Finally, Judson and colleagues demonstrated that chest x-ray was inadequate 
to reliably detect acute exacerbations of pulmonary sarcoidosis (119). These are 
some reasons why the HRCT now has a prominent place in the diagnosis and 
monitoring of sarcoidosis.
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Table 1. Radiographic staging of sarcoidosis patients at presentation according to the 
scadding criteria. The estimated frequency at presentation is given as well as the probability 
of spontaneous resolution during disease course. (BHL = bilateral hilar lymphadenopathy) 
(1,114,116)

Radiographic stage Chest X-ray Frequency
(%)

Resolution
(%)

0 Normal 5-15

I BHL 25-65 60-90

II BHL and pulmonary in�ltrates 20-40 40-70

III Pulmonary in�ltrates without BHL 10-15 10-20

IV Advanced pulmonary �brosis 5 0

High-resolution computed tomography
HRCT has a solid position in the diagnostic approach and follow-up of sarcoidosis, 
as it provides high-resolution slides of the pulmonary parenchyma. Although 
widely used, quanti�cation of HRCT results remains a dif�cult task even for 
experienced radiologists and pulmonologists. A reliable inter- and intra-patient 
comparison of results requires standardized quanti�cation of HRCT �ndings. In 
a pioneering approach to objectively quantifying HRCT results, Oberstein and 
colleagues developed a scoring system based on the sum of typical patterns of 
parenchymal involvement, combined with lymph node enlargement and pleural 
involvement. The Oberstein score yielded high correlation coef�cients with BAL 
total cell count and sIL-2R (120). Drent et al, who also found a good interobserver 
agreement in a retrospective cohort of 80 sarcoidosis patients, later replicated 
the Oberstein score. They also found a correlation between pulmonary function 
and HRCT abnormality scores for all subgroups except lymph node enlargement 
(121). When used together with serum sIL-2R values, the HRCT scoring system can 
predict disease activity and could replace 18F-FDG PET (122). Although this �nding 
was not replicated, it could be an important �nding especially with regard to cost-
effectiveness and the fact that 18F-FDG PET is not universally available.

In order to objectively quantify HRCT results regarding the extent and activity of 
sarcoidosis, Benamore et al more recently developed the CT activity score (CTAS), 
which consists of CT extent scores for nodularity, ground-glass opaci�cation, 
interlobular septal thickening and consolidation. The total CTAS was found to 
predict response to treatment in FVC after 1 year in their cohort of 100 patients. 
Furthermore, CTAS had a high degree of interobserver agreement (123). A 
retrospective study of a cohort of 57 patient reproduced these results and found 
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signi�cant correlations with lung function changes after six months of therapy 
(Change in %VC: r= 0.543, P<.001). Furthermore, higher CTAS scores were seen 
in patients with high sACE levels (124). Even though the results of these HRCT 
scoring systems are promising, they are still not widely implemented in standard 
patient care.

Fluor-18-deoxyglucose positron emission tomography
Over the past decade, 18F-FDG PET has gained territory as an important and 
reliable imaging biomarker in severe sarcoidosis (125). Prior to 18F-FDG PET, 
gallium-67 (67Ga) scintigraphy was the most frequently used form of nuclear 
imaging in sarcoidosis, but 18F-FDG PET has replaced it, as it was shown to be more 
accurate in depicting extrathoracic lesions (126) and yields high quality images 
with superior contrast and spatial resolution compared to 67Ga scintigraphy (127). 
18F-FDG PET can be used as a diagnostic marker, but also to predict treatment 
response and prognosis.

18F-FDG PET as a diagnostic marker in pulmonary sarcoidosis
Although it is not necessary to obtain an 18F-FDG PET scan of every new sarcoidosis 
patient, it sometimes provides valuable information for the diagnostic process. In 
patients in whom the diagnosis of sarcoidosis is suspected, the extent of organ 
involvement and disease activity can be visualized using 18F-FDG PET. A prospective 
study of 36 newly diagnosed untreated sarcoidosis patients showed visual activity 
on 18F-FDG PET in 34 patients (94%). Furthermore, 18F-FDG PET was far more 
sensitive than ACE and sIL2R in this study (128). In a small retrospective study of 
23 biopsy-proven sarcoidosis patients with an indication to receive corticosteroid 
therapy, 91.7% had 18F-FDG PET positive �ndings. Sensitivity improved to 100% 
after skin involvement was excluded (129). In a large retrospective study of 158 
sarcoidosis patients, 75% had 18F-FDG PET positive �ndings (130). In some patients, 
new occult organ localizations such as cardiac or ossal sarcoidosis can be detected 
with 18F-FDG PET (131). As 18F-FDG PET can reveal occult localizations, it can also be 
used to determine the most suitable biopsy site (7). In a study of 89 patients with 
unexplained disabling symptoms, 73% had signs of disease activity on 18F-FDG 
PET, which were mostly extrathoracic (132).

18F-FDG PET as a marker of therapeutic response and prognosis in pulmonary 
sarcoidosis
The natural disease course of sarcoidosis is very unpredictable, with not all patients 
being in need of systemic therapy. It is highly important, but very dif�cult, to 
distinguish patients who might bene�t from treatment from those who will not. A 
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reasonable number of reports objectifying 18F-FDG PET as a predictor of treatment 
response have been published over the past few years. Keijsers et al studied 43 
newly-diagnosed sarcoidosis patients and found that patients with increased lung 
parenchymal activity on 18F-FDG PET had signi�cantly lower DLCO. Moreover, high 
parenchymal activity was a predictor of improvement in pulmonary function upon 
treatment with corticosteroids. Patients without parenchymal activity assessed by 
18F-FDG PET did not show decreasing pulmonary function when untreated (133). A 
prospective study included 56 severe sarcoidosis patients, refractory to �rst- and 
second-line treatment, who were treated with the anti-TNF drug in�iximab. High 
18F-FDG PET activity of the pulmonary parenchyma (SUVmax) at baseline was 
able to predict lung function improvement after 6 months of treatment (R=0.62, 
p=0.0004) (134) (Figure 2). As anti-TNF therapy is costly and known to cause side-
effects, 18F-FDG PET can be very useful in therapeutic decision making, especially 
for this group of refractory patients.

In a study of 90 sarcoidosis patients with persistent symptoms, 72% had signs 
of activity on 18F-FDG PET. Furthermore, 38 patients (51%) with positive 18F-FDG 
PET results had normal ACE levels, suggesting an added value of 18F-FDG 
PET as an adjunct to serum biomarkers (135). To date it is unknown what the 
optimal duration of systemic therapy should be. 18F-FDG PET is a potential 
tool to determine which patients are at risk for relapse of disease activity and 
symptoms. In a retrospective study, Vorselaars et al assessed the risk of relapse 
after discontinuation of in�iximab therapy in severe sarcoidosis patients, and 
found that high activity (SUVmax >6) of mediastinal lymphnodes on 18F-FDG PET 
is a predictor of relapse after discontinuation of in�iximab therapy, with a hazard 
ratio of 4.33 (p<0.001) (59). This suggests that high activity on 18F-FDG PET re�ects 
the burden of in�ammation and therefore the need for prolonged therapy. A 
small retrospective study of 23 newly diagnosed sarcoidosis patients showed that 
persistent disease activity on 18F-FDG PET during the �rst months of corticosteroid 
treatment is a predictor of relapse (129). Most studies have used the maximum 
standard uptake value (SUVmax) to quantify disease activity. Recently, a new tool for 
the quanti�cation of disease activity of the pulmonary parenchyma was proposed. 
Volumetric 18F-FDG PET analysis of global lung in�ammation was proposed by 
Adams et al, and possibly correlates better with conventional serum biomarkers 
ACE and sIL-2R than SUVmax (136). TluG (Total Lung Glycolysis) measures the total 
activity of the pulmonary parenchyma, and although this derivative from the total 
lesion glycolysis in oncology studies looks promising, it was not superior to SUVmax 
in predicting lung function change during in�iximab therapy (137).
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Figure 2. a)18F-�uorodeoxyglucose (FDG) by positron emission tomography (PET) activity 
and improvement in pulmonary function. Correlation between high activity of pulmonary 
parenchyma on 18F-FDG PET (maximum standardized uptake value [SUVmax]) at baseline 
and improvement in forced vital capacity (FVC) in patients with a pulmonary treatment 
indication (R=0.62, p=0.0004). Reproduced and modi�ed from (134) with permission. b) 
example of a PET-CT scan of a sarcoidosis patient with pulmonary involvement, before (i) 
and after (ii) 6 months of in�iximab therapy.
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Cardiac imaging biomarkers

Current improved imaging techniques are leading to higher rates of incidence and 
recognition of cardiac sarcoidosis than previously reported (138). Approximately 
5% of all sarcoidosis patients will have clinically relevant cardiac involvement (139).

Magnetic resonance imaging in cardiac sarcoidosis
The diagnosis of cardiac sarcoidosis can be challenging, as the diagnostic yield of 
endomyocardial biopsy is low and this procedure also has potential hazards (138). 
Cardiac Magnetic Resonance Imaging (CMR) is acknowledged in the diagnostic 
guidelines for cardiac sarcoidosis (140). Late gadolinium enhancement (LGE) on 
CMR (in a pattern consistent with cardiac sarcoidosis) in patients with known 
biopsy-proven sarcoidosis and no other explanation for cardiac disease can be 
used as a criterion to diagnose sarcoidosis (140). Formation of edema or scar tissue 
in the myocardium or pericardium shows late gadolinium enhancement on CMR, 
as gadolinium is an extracellular contrast agent. Late gadolinium enhancement 
can potentially be optimized with the use of T1/T2 mapping, which can potentially 
discriminate between �brosis (T1 mapping) and extracellular water/edema (T2 
mapping) (141). T1/T2 mapping for this use needs further evaluation. A large 
number of studies have found LGE on CMR to be an independent prognostic 
biomarker (142,143). A large prospective cohort study of 321 sarcoidosis patients 
by Kouranos and colleagues showed that LGE was an independent predictor 
of the primary endpoint (composite of death, life-threatening arrhythmias, 
admission for heart failure, and heart transplantation) with a hazard ratio of 5.7 
(P<0.004) (144). Moreover, a large meta-analysis including 10 studies and a total 
of 760 patients concluded that patients with LGE on CMR were at increased risk 
of events, compared to patients without LGE (11.9 vs. 1.1%; P<0.001), even if they 
had preserved left ventricle systolic function (11.6 vs. 0.7%; P<0.0011) (145). A study 
investigating both LGE on CMR and uptake on 18F-FDG PET in 56 sarcoidosis 
patients with high clinical suspicion of cardiac sarcoidosis showed that LGE alone 
was the primary risk factor for events (arrhythmia/death). The authors suggest 
that future events may be driven by the presence of myocardial �brosis instead 
of in�ammation (146).

18F-FDG PET in cardiac sarcoidosis
18F-FDG PET has an important role as a diagnostic marker for cardiac involvement 
and is included in the Hearth Rhythm Society Guideline for diagnosis of cardiac 
sarcoidosis. �Patchy uptake on dedicated cardiac PET (in a pattern consistent with 
Cardiac Sarcoidosis)� in the right context can point towards the diagnosis (140). Due 
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to the high rate of glucose metabolism in the human heart, cardiac assessment 
on 18F-FDG PET can be challenging. In a randomized trial of 82 patients, an 18-h 
fast with low carbohydrate diet preparation signi�cantly reduced diffuse cardiac 
left ventricle uptake (147). A large meta-review including 559 patients revealed 
that the diagnostic sensitivity and speci�city were signi�cantly improved by 
increased fasting time and heparin administration before scanning (p = 0.01, 0.02) 
(148). The added value of 18F-FDG PET in combination with CMR in the diagnostic 
process was studied in a cohort of 107 patients suspected of cardiac sarcoidosis. 
Added value was found in 45% of patients, as they were reclassi�ed as likely to 
have cardiac sarcoidosis, most of them (80%) being correctly reclassi�ed when 
compared with the �nal diagnosis (149). Combining cardiac 18F-FDG PET with 
rubidium-82 to evaluate perfusion defects can increase the prognostic value. In a 
study including 118 consecutive cardiac sarcoidosis patients, the presence of both 
perfusion defects and increased FDG uptake identi�ed patients at higher risk for 
VT or death HR 3.9 (p<0.01) (150). Newer PET/CMR scans are now available offering 
the possibility to perform cardiac 18F-FDG PET and CMR together, depicting 
both the pattern of injury and disease activity in a single scan (151). Furthermore, 
18F-FDG PET can be used to replace cardiac MRI in patients in whom the latter is 
contraindicated (e.g. devices, severe claustrophobia) (138).
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Neuroimaging biomarkers

Neurosarcoidosis (NS) refers to the involvement of the central nervous system 
(CNS) and is seen in approximately 5% of all sarcoidosis patients. It is a serious 
and devastating complication which is dif�cult to diagnose because of the many 
different ways in which this disease can present itself (152,153).

Magnetic resonance imaging in neurosarcoidosis
The Zajicek criteria are commonly used to de�ne the diagnosis of NS. In the Zajicek 
critera the diagnosis of NS is considered de�nite if there is biopsy con�rmation of 
neural tissue, probable if there is evidence of neurological in�ammation together 
with biopsy proven systemic sarcoidosis and possible when the presentation 
is typical and other potential causes have been excluded (154). In addition to 
histopathological tissue con�rmation, imaging is used for the diagnosis of NS. 
Positive gallium-67 scintigraphy, MRI, 18F-FDG PET and HRCT are used in different 
steps of the diagnostic process (155).

The gold standard to evaluate involvement of the CNS is the use of contrast 
enhanced MRI. The most common abnormalities seen in neurosarcoidosis 
patients at MRI are periventricular white matter lesions, meningitis or 
meningoencephalitis, solid parenchymal enhancing lesions, cranial neuritis and 
hydrocephalus (156). Unfortunately, NS is very hard to diagnose, especially in the 
absence of systemic sarcoidosis. In addition to a number of imaging methods the 
analysis of cerebrospinal �uid and blood are performed, despite the low sensitivity 
of these tests (157).

18F-FDG PET in neurosarcoidosis
As mentioned previously, MRI is the gold standard to evaluate CNS involvement 
in sarcoidosis. However, 18F-FDG PET can occasionally be helpful in demonstrating 
neurologic involvement not visualized on MRI (158). Furthermore, PET can help 
in detecting systemic manifestations of sarcoidosis other than neurological 
involvement (159) or assess disease activity during treatment of NS (160).
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Future biomarkers

JAK/STAT
The accumulation and activation of macrophages that form granulomas in 
sarcoidosis are driven by IFN-� secretion. IFN-� signaling is partly dependent on 
a speci�c signaling pathway named the Janus kinase/signaling transducer and 
activator of transcription (JAK/STAT) pathway (161). This pathway can activate a total 
of 6 STATs. Gene expression studies showed that the JAK/STAT signaling pathway is 
differentially expressed in most sarcoidosis patients, and that this pathway is more 
activated compared to healthy controls. Genes regulated by STAT1 in particular 
showed to be elevated in the blood of sarcoidosis patients (4,162,163). In addition 
to STAT1, STAT3 was also found to play a role in the granuloma formation. While 
STAT1 is primarily activated within granuloma macrophages, STAT3 is activated in 
between the granulomas in lymphocytes (162,164). Recently, various case reports 
have been published in which JAK/STAT inhibitors like tofacitinib and ruxolitinib 
were successfully used to treat patients with therapy-refractory sarcoidosis 
(165,166). It may be useful in the future to further unravel this pathway and focus 
on which speci�c patients may bene�t from this therapy and whether JAK/STAT 
activation markers can act as biomarkers.

mTOR
The mechanistic target of rapamycin (mTOR) signaling pathway is involved 
in cellular metabolism as well as proliferation and has been implicated in an 
increasing number of pathological conditions (167).

It has been demonstrated in a mouse model that granuloma can be formed 
spontaneously when the mTORC1-inhibitor TSC2 is depleted. It was also found 
that sarcoid granulomas from patients with active and progressive disease showed 
active mTORC1 signaling (168). A decreased expression of TSC1 was observed in 33% 
of the sarcoidosis patients studied, leading to increased mTORC1 activation (168). 
Interestingly, whole exome sequencing (WES) suggested that the mTOR signaling 
pathway could be involved in the development of familial sarcoidosis (169). In terms 
of clinical relevance, successful treatment of a sarcoidosis patient with the mTOR 
inhibitor rapamycin has been reported (134). As with JAK/STAT inhibition, it may also 
be useful in the future to further unravel the mTORC1 pathway in sarcoidosis, to see 
whether markers of mTORC1 activation can be used as therapeutic biomarkers in 
sarcoidosis. A focus of interest could be whether absence of mTORC1 activation can 
predict treatment response with rapamycin. Rapamycin has been successfully used 
to treat a patient suffering from sarcoidosis (89).
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NLRP3
Pattern recognition receptors (PRRs) represent an innate defense against 
infections within alveolus and are expressed on alveolar macrophages, epithelial 
and endothelial cells (170). PRRs recognize conserved microbial molecules, known 
as pathogen-associated molecular patterns (PAMPs) and sense microbial invaders. 
As a result, PRRs activate production of in�ammatory cytokines and chemokines 
which recruit and activate macrophages and neutrophils. Among the PRRs are 
Toll-like receptors (TLRs) and NOD-like receptors (NLRs). There are ten members 
of the human TLR family located either at the cell surface (TLRs, 2, 4�6, 10) or 
in lysosomal/endosomal membranes (TLR3, 7�9). Polymorphisms in TLR2, TLR4 
and TLR9 have been associated with granulomatous pathobiology and are of 
interest in sarcoidosis research as they recognize ligands of the mycobacterium, 
a possible trigger of sarcoidosis (92,171�173). NLRs are involved in recognition of 
host-derived and microbial �danger� associated molecules, which are produced 
under conditions of cellular stress or injury. Activation of a subset of NLRs leads 
to the assembly of high-molecular mass complexes called in�ammasomes 
(174). The role of NLRP3 in�ammasome in sarcoidosis is the most recent stone in 
understanding the complexity of sarcoidosis. In�ammasomes are present in the 
cytosol of stimulated immune cells that mediate the activation of in�ammatory 
caspases. In�ammasomes play a crucial role in host defense against pathogens, 
but dysregulation in their activation is linked to the development of cancer and 
autoimmune diseases (175). Basic functions of NLRP3 in�ammasome are to initiate 
the release of pro-in�ammatory cytokines IL-1� and IL-18, and to induce cell death 
(pyroptosis) (175). The role of IL-1� secretion by macrophages was already known 30 
years ago, but quite overlooked since. However, due to its role in the in�ammatory 
pathway it recently regained interest (176). Activation of in�ammasome and IL-1� 
was observed in sarcoid granuloma and activation of IL-1� positively correlated 
with disease severity (176). A mouse study showed that depletion of NLRP3 or 
its downregulator miR-223 resulted in decreased or increased lung granuloma 
counts, con�rming the pathological role of the in�ammasome (177).

Hair cortisol
In sarcoidosis, 50-70% of the patients experience fatigue, some even experience 
chronic fatigue. Fatigue can still be present when sarcoidosis has clinically 
resolved, causing an impaired quality of life (178). One of the factors which is 
suspected to play a role in fatigue is stress. When the body is under psychological 
or physical stress, the hormone cortisol is released. Cortisol levels are commonly 
measured in serum, saliva or urine, only acute changes are represented in this 
way. This could be overcome by measuring multiple samples during the day, but 
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this would be labor-intensive and invasive, which in itself would increase cortisol 
release (179,180). An emerging alternative technique is the analysis of scalp hair 
samples. Hair analysis has been done for decades, mostly to detect drugs of abuse. 
Hair samples are easy to collect in a non-invasive way and can be stored at room 
temperature. The average scalp hair grows by 1 cm/month, so this method can 
retrospectively measure the production of these hormones over months (179,180). 
The �rst study measuring cortisol levels of sarcoidosis patients in hair samples 
was performed by Van Manen et al (179). This study showed that hair cortisol 
and cortisone levels were signi�cantly higher in sarcoidosis patients compared to 
healthy controls, and that these increased levels related positively to the reported 
psychological distress, assessed by questionnaires. However, no differences in hair 
cortisol levels were found between sarcoidosis patients with and without fatigue. 
Hair cortisol levels could be a future long-term biomarker for the measurement 
of chronic stress in sarcoidosis. A great advantage of this biomarker is that it is 
non-invasive and easily available, and can be used in a retrospective way. Using 
only one or a few hair strings, it may be possible to screen for fatigue and physical 
distress as well as to measure it in follow-up measurements. This can be used as 
an alternative to the currently used questionnaires, preventing variations in scores 
as to when patients �ll in multiple questionnaires over time (179).

Labeled PET-tracers
A PET-traceable biomarker speci�c for sarcoid granulomas would expand the 
possibilities to diagnose this disease as well as response to treatment (127). 18F-FDG 
has been shown to be a useful PET-tracer in severe sarcoidosis. Other tracers, such 
as somatostatin receptors (SSTRs) like 68Ga-DOTA-NaI-octreotide (DOTANOC) 
or 68GA-DOTA-D-Phe-Tyr-octreotide (DOTATOC), would appear to be reliable 
alternatives to 18F-FDG. Multiple in�ammatory cells that are found in granulomas, 
including epithelioid cells and macrophages, have SSTRs on their surface, while 
normal monocytes have not. In the case of cardiac sarcoidosis, DOTANOC is taken 
up by sarcoid lesions but not by normal myocardium (181). More research is needed 
to determine the clinical value of these different PET tracers. Although PET is a 
useful technique, it might not be able to function as a diagnostic biomarker of 
sarcoidosis on its own. Nevertheless, this technique provides evidence supporting 
or refuting the diagnosis and gives additional information about active disease in 
speci�c organs. Another interesting application is speci�c labeling of the target 
drug used in sarcoidosis treatment with PET tracers. Radioactively labeling 
in�iximab with technetium-99 m (99mTC) allows responders to in�iximab therapy 
to be distinguished from non-responders. This imaging method is already being 
used in several TNF-� mediated diseases, such as RA, in�ammatory bowel disease 



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 49PDF page: 49PDF page: 49PDF page: 49

Biomarkers in the diagnosis and prognosis of sarcoidosis

49

2

(IBD) and spondyloarthropathy (182). In sarcoidosis, Vis et al quanti�ed serum 
TNF-� levels with 99mTC-in�iximab to evaluate disease activity and to identify 
responders, partial responders or non-responder priors to in�iximab therapy (182). 
They showed that 99mTC-in�iximab accumulation was highest in patients with an 
indication for systemic treatment (182). 99mTC-in�iximab has not yet found its way 
into clinical practice for sarcoidosis.

Omics
Sarcoidosis is a complex systemic disease re�ecting immunological responses 
to different antigens in patients with certain genetic susceptibility (8,183). Omics 
is an emerging �eld of research that encompasses genomics, epigenomics, 
transcriptomics, proteomics as well as metabolomics and is already widely used 
to understand polygenic and phenotypically diverse diseases and may also help 
identify more effective disease biomarkers in sarcoidosis (8,183,184). In sarcoidosis, 
multiple diagnostic and prognostic biomarkers are already being identi�ed by 
using single nucleotide polymorphism (SNP) technology, RNA sequencing and 
pathway analysis (183). Strong associations were found between sarcoidosis and 
various polymorphisms of the HLA allele and IL-1�. Various SNPs were also found to 
play a role in sarcoidosis pathogenesis, such as BTNL2, annexin A11 and NOTCH4, 
but the biological signi�cance of several identi�ed SNPs is unclear (noncoding) 
(183). A greater understanding of sarcoidosis may be obtained by moving beyond 
speci�c biomarkers to unbiased genome-wide analytic approaches. A study 
comparing lung tissue of sarcoidosis patients with that of healthy controls found 
that genes regulating macrophage-derived proteases and Th1 immune responses 
were differentially upregulated in sarcoidosis. Furthermore, IL-23 and IL-23R of 
the Th-17 pathway and IL-21 of STAT3 were also upregulated in sarcoidosis skin 
lesions compared to normal skin. Analyzing gene expression in peripheral blood 
proved to be a reliable surrogate for the use of tissue specimens, as it was able 
to reliably distinguish sarcoidosis patients from healthy controls, making this a 
useful approach to diagnosing and monitoring sarcoidosis (183). Based on current 
research, it is to be expected that the �eld of omics will further identify new 
promising biomarkers in sarcoidosis in the near future.

Extracellular vesicles
Intercellular communication is essential for maintaining cellular functions. In the 
last two decades, intercellular transfer of extracellular vesicles (EVs) has gained a 
lot of attention as a novel mechanism of communication (185). EVs can be released 
into the blood stream either by outward budding of the plasma membrane or 
by inward budding of the endosomal membrane. EVs from different cell sources 
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transmit different cargos to the target cell and can change their behavior and 
functions (186). By using EVs the cargo from the originating cell remains the 
original stability, structure and sequence when being transferred to the cell of 
interest, this cargo includes nucleic acids, proteins and lipids (187). EVs re�ect the 
physiological and pathophysiological characteristics of the originating cell and 
their concentration in the �uid seems to be dependent of state of disease (185,187). 
Due to these features, EVs have recently been pointed out as reliable biomarkers 
for diagnostics and monitoring of disease (185). With the upcoming improvement 
in proteomics techniques in the last decade EVs protein characterization has 
gained great interest from a biological and medical point of view. EVs have a 
broad spectrum of functions in cell signaling and can also in�uence the immune 
system. It is proposed that EVs released by normal cells always positively affect 
their target cell. In contrast, those released by cells under pathological conditions 
may exert dangerous, adverse and unknown effects. In the immune system, EVs 
are used for expression of speci�c types of genes, antigen presentation, anti-
tumor immunity and suppressing the immune system. Immune cells produce 
EVs to re�ect their properties and create an optimal microenvironment where 
they perform their function. Since many of the cells of the immune system trigger 
in�ammatory responses, their EVs can play a role in in�ammatory diseases (186).
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Conclusion

Although numerous biomarkers have been evaluated for patients with sarcoidosis 
in recent decades, no gold standard has been set for their use in diagnosis or 
predicting disease course. Combinations of several serum biomarkers have been 
explored, with promising results, but the Holy Grail remains to be discovered. 
Future research should focus on combining serum or BALF biomarkers and 
further re�ned imaging techniques such as CT, MRI and PET. Data on successful 
treatment of sarcoidosis patients with JAK/STAT and mTORC1 inhibitors suggests 
that these new immunological pathways should also be explored for new 
prognostic biomarkers in the near future.
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Supplement

Table S1. Serum Biomarkers

Study Inclusion Subtype Control group

ACE

Vorselaars, 
2015 (21)

(n=114) sarcoidosis 
patients started on 

second-line treatment 
with methotrexate. ACE 

was measured before 
and after methotrexate

(n=76) Patients 
with pulmonary 

treatment indication; 
(n=38) Patients with 

extrapulmonary 
treatment indication.

Kruit, 2007 
(19)

(n=89) sarcoidosis 
patients

(n=51) Patients 
normalized or improved 
to stage I; (n=21) Patients 

with persistent stage 
II/III; (n=12) Patients 
developing �brosis

Lopes, 2019 
(20)

(n=46) sarcoidosis 
patients

(n=27) sarcoidosis 
patients had active 
disease and (n=19) 
patients were in 

remission

Kahkouee, 
2016 (13)

(n=148) Sarcoidosis 
patients diagnosed in 
accordance with ATS/
ERS/WASOG criteria

Pulmonary sarcoidosis
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2Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation 
with Course

6 months Mean ACE decreased 
from 71.4 U/L to 54.2 

U/L

In patients with 
pulmonary treatment 

indication, ACE 
correlated with �VC, 
�FEV1, and �DLCO 
after methotrexate 

therapy

Median 
duration 

of 10 years 
(range 1-27 

years)

The DD group 
exhibited ACE levels 
that reached twice 
the value of that of 

the II group, whereas 
intermediate values 

were observed in the 
ID group.

ACE levels need to 
be correlated for I/D 
genotype. I/D allele 

frequencies can 
differ vastly between 

ethnicities.

2 years ACE concentrations 
were 341.18 ng/ml 
in control group, 
337.866 ng/ml in 

sarcoidosis remission 
group and 470.96 

ng/ml in active 
sarcoidosis group

88% 47% Highest ACE levels 
were seen in patients 
at stages 0, 1, and 2.

3 years There was a reverse 
correlation between 
chronicity and ACE 

level

Chronicity of 
sarcoidosis according 

to patients� HRCT 
presentations is 

inversely related to 
their ACE level
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Table S1. Continued

Study Inclusion Subtype Control group

Lieberman, 
1975 (14)

(n=28) Sarcoidosis 
patients with active 

disease

(n=200) Healthy 
controls

Brice, 1995 (15) (n=133) patients suffering 
from a variety of 

respiratory diseases

(n=51) sarcoidosis 
patients; (n=21) silicosis 

patients; (n=20) MTB 
patients; (n=12) cavitary 
tuberculosis patients; 
(n=26) COPD patients; 

(n=7) IPF patients.

(n=32) normal 
control 

volunteers

Studdy, 1978 
(17)

(n=90) Sarcoidosis 
patients

(n=80) healthy 
controls

Krasowski, 
2015 (23)

(n=1292) patients with 
sACE levels measured 

between 2009 and 2015

(n=108) patients received 
ACE inhibitors

Lysozyme

Bergantini, 
2019 (25)

(n=74) sarcoidosis 
patients

Persistent chronic 
disease

Tomita, 1999 
(26)

(n=110) sarcoidosis 
patients from central 

Japan

(=30) Controls 
with other 

granulomatous 
diseases
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation 
with Course

Serum ACE activity 
is both age and 

sex dependent; its 
activity is greater in 

men than in women 
of comparable age, 
and higher in those 

below 20 years of age

Determination of 
serum ACE activity 
should be useful for 

con�rming a diagnosis 
of sarcoidosis and as a 
guide for determining 

the effectiveness of 
therapy.

Signi�cantly 
elevated levels of 

ACE were found in 
MTB, silicosis and 

sarcoidosis groups

Serum levels 
re�ect the total 

granulomatous load

sarcoidosis patients 
who were not being 
treated with steroids 

had signi�cantly 
higher ACE activity 

than treated patients

ACE assays provide 
useful information 

on the course of 
sarcoidosis and 

response to steroid 
treatment.

54 months ACE levels measured 
in patients receiving 
ACEI therapy were 
substantially lower.

The use of ACE level to 
screen for sarcoidosis 
may result in missed 
or delayed diagnosis

2 years Lysozyme serum 
levels were elevated 
in 78% of sarcoidosis 

patients

Elevated lysozyme 
serum levels positively 

correlated with 
elevated KL-6 levels 

(r=0.35; p=0.004)

5 years 
(n=41) 

sarcoidosis 
patients

In sarcoidosis 
patients mean 

serum lysozyme 
value was 15.7 – 7.0 

(�g/ml) while in 
controls mean serum 
lysozyme value was 

11.0 – 6.6 (�g/ml)

79.1% The maximum 
serum lysozyme level 

had a tendency to 
increase signi�cantly 

according to the 
number of organs 

involved
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Table S1. Continued

Study Inclusion Subtype Control group

Neopterin

Gelisgen, 2018 
(28)

(n=59) sarcoidosis 
patients affected by 
chronic sarcoidosis

(n=20) Patients in active 
phase; (n=39) patients in 

inactive phase

(n=25) Healthy 
controls

Ziegenhagen, 
2003 (29)

(n=74) patients newly 
diagnosed with 

sarcoidosis

(n=10) Patients with 
Löfgren�s syndrome; 

(n=51) with stable disease; 
(n=13) with active disease 

requiring treatment

YKL40

Johansen, 
2005 (33)

(n=27) Sarcoidosis 
patients with histological 

diagnosis

(n=173) healthy 
age-matched 

controls

Kruit, 2007 
(32)

(n=63) sarcoidosis 
patients

Pulmonary sarcoidosis (n=333) Healthy 
controls

Gelisgen, 2018 
(28)

(n=59) Sarcoidosis 
patients affected by 
chronic sarcoidosis

(n=20) Patients in active 
phase; (n=39) in inactive 

phase

(n=25) Healthy 
controls
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation 
with Course

88.1% 76% While neopterin levels 
were increased in 

sarcoidosis patients 
in comparison to 

healthy controls, no 
differences were 

found between active 
and inactive disease

6 months Neopterin levels were 
slightly increased in 

sarcoidosis group

Neopterin levels were 
signi�cantly increased 
in patients with active/

progressive disease

Median serum 
YKL-40 levels were 

420��g/l (range 106�
1000) in sarcoidosis 

patients and 100��g/l 
(range 60�214��g/l) in 

healthy controls

Patients with highest 
serum YKL-40 levels 
had lower DLCO/VA

4 years Mean serum YKL-40 
levels were 181.3 ng/

ml (50.7-648.1 ng/
ml) in sarcoidosis 

patients and 36.6 ng/
ml in healthy controls

Serum YKL-40 levels 
correlated inversely 

with DLCO at 
presentation but not 
after 2-4 years follow-

up

83.1% 92% YKL-40 serum levels 
are elevated in 

patients with active 
sarcoidosis compared 
to inactive sarcoidosis
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Table S1. Continued

Study Inclusion Subtype Control group

sCD163

Tanimura, 
2015 (36)

(n=40) Sarcoidosis 
patients and healthy 

controls

(n=20) Sarcoidosis 
patients

(n=20) Healthy 
controls

CCL18

Sixt, 2013 (39) (n=199) patients with 
interstitial lung diseases

(n=54) IPF; (n=30) iNSIP; 
(n=11) RB-ILD/DIP; (n=26) 
COP; (n=34) HP; (n=44) 

sarcoidosis

(n=61) Healthy 
controls

Boot, 2010 (38) (n=34) sarcoidosis 
patients with 

histologically proven 
sarcoidosis

(n=18) Patients with 
extended disease; (n=16) 

Patients with limited 
disease

CTO

Boot, 2010 (38) (n=34) sarcoidosis 
patients with 

histologically proven 
sarcoidosis

(n=18) Patients with 
extended disease; (n=16) 

Patients with limited 
disease
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation 
with Course

Mean sCD163 
serum levels were 

signi�cantly higher 
in sarcoidosis 

patients (1638 – 134.8 
ng/ml vs 550.6 – 59.7 

ng/ml in healthy 
controls)

CCL18 serum levels 
were signi�cantly 

elevated in 
sarcoidosis patients: 

108 ng/ml (IQR 67 ng/
ml), in comparison to 

healthy controls 39 
ng/ml (IQR 44 ng/ml)

No differences in 
CCL18 serum levels 

found between 
different radiological 

stages

16-25 
months

CCL18 serum levels 
were elevated in 

sarcoidosis patients: 
median 259 ng/ml, 

range 71�1082 ng/ml; 
normal range 10�72 

ng/ml

93%

16-25 
months

CTO serum levels 
were elevated in all 
sarcoidosis patients: 
median 577 nmol/

ml h, range 74�3032 
nmol/ml h; normal 

median 42 nmol/ml h, 
range <70 nmol/ml h

100%
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Table S1. Continued

Study Inclusion Subtype Control group

Lopes, 2019 
(20)

(n=46) sarcoidosis 
patients

(n=27) sarcoidosis 
patients with active 

disease; (n=19) patients in 
remission

sIL-2R

Vorselaars, 
2015 (21)

(n=114) sarcoidosis 
patients started on 

second-line treatment 
with methotrexate. sACE 

was measured before 
and after methotrexate

(n=76) patients 
with pulmonary 

treatment indication; 
(n=38) patients with 

extrapulmonary 
treatment indication.

Grutters, 2003 
(61)

(n=14) Diagnosis was 
con�rmed by histologic 

evidence.

All patients had active 
disease

Ogata-
suetsugu, 
2017 (60)

(n=67) newly diagnosed 
sarcoidosis patients

(n=52) Patients were 
observed by chest 

radiography
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation 
with Course

2 years Mean serum CTO 
activities were 65.55 

U/ml in control 
group, 38.096 U/ml in 
sarcoidosis remission 
group and 297.11 U/ml 
in active sarcoidosis 

group

55% 100% mean CTO activity 
was higher in patients 

with active disease 
than in controls or 

patients in remission

6 months Mean sIL-2R 
decreased from 4840 
pg/ml to 2290 pg/ml

Signi�cant correlation 
was found between 
�sIL-2R and �FVC, 

�DLCO after 
methotrexate therapy 

in patients with a 
pulmonary treatment 

indication

2 years Positive correlation 
between change in 

sIL-2R and change in 
radiographic stage, 

which remained 
signi�cant after 

correction for 
treatment. The initial 
sIL-2R level correlated 

inversely with the 
extent of change in 
the follow-up sIL-3r 

level

37 months Serum sIL-2R values 
were elevated in 

45.9% of sarcoidosis 
patients. Mean 818.8 
– 453.1 U/ml (normal 

<206 U/ml)

Serum sIL-2R levels 
in patients with 

pulmonary scadding 
stages II and III were 
signi�cantly higher 
than stage 0 and I
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Table S1. Continued

Study Inclusion Subtype Control group

Vorselaars, 
2014 (62)

(n=47) sarcoidosis 
patients who started 

in�iximab therapy

BAFF

Ando, 2018 
(65)

(n=88) sarcoidosis 
patients

Pulmonary sarcoidosis (n=21) Healthy 
controls

Saussine, 2012 
(66)

(n=33) sarcoidosis 
patients

(n=18) Patients with 
active sarcoidosis; (n=15) 

patients with inactive 
sarcoidosis

(n=18) Healthy 
controls

Ueda-
Hayakawa, 
2013 (67)

(n=37) sarcoidosis 
patients

(n=21) Healthy 
controls

B-cells

Lee, 2011 (70) (n=22) sarcoidosis 
patients with biopsy-

proven sarcoidosis

Patients with severe 
chronic sarcoidosis
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Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation 
with Course

36.6 – 22.6 
months

Serum sIL-2R 
concentrations of 
�4000 pg•mL-1 at 

the start of therapy 
were found to predict 

relapse

Median BAFF 
serum levels in 

sarcoidosis patients 
were elevated 

(1553.0 pg/ml, range 
535.0-7958.0) in 
comparison to 

healthy controls 
(984.6 pg/ml, range 

585.0-1234.1)

Serum BAFF levels 
show a positive 
correlation with 
extrapulmonary 

involvement

BAFF serum levels in 
patients with active 
sarcoidosis (2343 – 
1079 pg/ml) were 

signi�cantly higher 
than in patients with 
inactive sarcoidosis 
(1239 – 376 pg/ml) 

and healthy controls 
(1352 – 526 pg/ml).

Serum BAFF levels 
were signi�cantly 

higher in sarcoidosis 
patients (1.59 – 

0.92 ng/ml) than in 
healthy controls (0.97 

– 0.21 ng/ml)

The frequency of skin 
and eye involvement 

was signi�cantly 
higher in patients 

with elevated BAFF 
serum levels

Memory B-cells were 
signi�cantly reduced 

in sarcoidosis 
patients
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Table S1. Continued

Study Inclusion Subtype Control group

Kudryavtsev, 
2020 (63)

(n=37) sarcoidosis 
patients with stage II 

sarcoidosis

Pulmonary sarcoidosis (n=35) Sex- and 
age-matched 

healthy 
controls

Kamphuis, 
2013 (71)

(n=32) sarcoidosis 
patients

Bregs

Saussine, 2012 
(66)

(n=33) sarcoidosis 
patients

(n=18) Patients with 
active sarcoidosis; (n=15) 

patients with inactive 
sarcoidosis

(n=18) Healthy 
controls

Kudryavtsev, 
2020 (63)

(n=37) sarcoidosis 
patients with stage II 

sarcoidosis

Pulmonary sarcoidosis (n=35) Sex- and 
age- matched 

healthy 
controls
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Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation 
with Course

The frequency 
of CD19+ B-cells 

was higher in 
sarcoidosis patients, 

memory B-cells 
were decreased 

and activated 
naïve B-cells 

were increased in 
sarcoidosis patients

CD271 memory 
B-cells were 

signi�cantly reduced 
in sarcoidosis 

patients while total 
B-cell numbers were 

not affected

Patients with active 
sarcoidosis had 

increased numbers 
of IL-10 producing 

Bregs compared to 
inactive disease and 

healthy controls

Sarcoidosis patients 
have increased 
percentages of 

regulatory B-cells
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Table S2. BALF Biomarkers and cytokines

Study Inclusion Subtype Control group

Lymphocytosis

Hyldgaard, 
2012 (80)

(n=18) Biopsy proven 
sarcoidosis patients

(n=73) Patients with 
other pulmonary 

diseases

Tanriverdi, 2015 
(79)

(n=68) Biopsy 
proven sarcoidosis 

patients.

Sarcoidosis patients 
with diffuse 

parenchymal lung 
disease

(n=72) non-sarcoidosis 
patients with diffuse 
parenchymal lung 

disease: (n=20) CTD-ILD; 
(n=14) pneumoconiosis; 

(n=12) IPF; (n=5) 
infections; (n=16) other 
ILD; (n=4) malignancy

CD4/CD8 ratio

Ziegenhagen, 
2003 (29)

(n=74) Sarcoidosis 
patients diagnosed 
in accordance with 
ATS/ERS/WASOG 

criteria

Pulmonary 
sarcoidosis

(n=48) Individuals 
who underwent 

bronchoscopy for 
diagnostic reasons and 

were retrospectively 
free of any infectious, 

in�ammatory or 
malignant lung disease.

Hamsten, 2016 
(78)

(n=251) Sarcoidosis 
patients with active 
disease, diagnosis 
based on ATS/ERS/

WASOG criteria.

Pulmonary 
sarcoidosis

(n=16) Healthy controls 
(never-smokers) with no 

respiratory infections

Tanriverdi, 2015 
(79)

(n=68) Biopsy 
proven sarcoidosis 

patients.

Sarcoidosis patients 
with diffuse 

parenchymal lung 
disease

(n=72) non-sarcoidosis 
patients with diffuse 
parenchymal lung 

disease: (n=20) CTD-ILD; 
(n=14) pneumoconiosis; 

(n=12) IPF; (n=5) 
infections; (n=16) other 
ILD; (n=4) malignancy
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation with 
Course

2 years Elevated 
lymphocyte 

percentages in 
BALF in sarcoidosis 
patients compared 
to other pulmonary 

diseases

71% 68% BAL lymphocytosis 
is not a universal 

�nding in 
sarcoidosis but 

proved useful for the 
diagnosis

10 years, 
retrospectively

BAL lymphocyte 
fraction was 

signi�cantly higher 
in sarcoidosis than 
in non-sarcoidosis 
ILDs (20.6% to 6%)

85% 72% BAL lymphocyte 
fraction and CD4/
CD8 ratio were 2.5 
- 3 fold greater in 

sarcoidosis than in 
non-sarcoidosis ILD 

patients

6 months The CD4/CD8 ratio 
was signi�cantly 
increased in the 

sarcoidosis group 
compared to 

controls.

Although the BALF 
CD4/CD8 ratio 
may be useful 
in establishing 
a diagnosis of 

sarcoidosis, it did not 
re�ect the severity of 

the disease

For CD4/CD8 ratio 
no associations were 
observed between 

patients and 
controls

Median CD4/CD8 
ratio in BALF was 

signi�cantly higher 
in sarcoidosis than 
in non-sarcoidosis 
ILDs (3.87 to 0.88)

76% 79% BAL lymphocyte 
fraction and CD4/
CD8 ratio were 2.5 
- 3 fold greater in 

sarcoidosis than in 
non-sarcoidosis ILD 

patients
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Table S2. Continued

Study Inclusion Subtype Control group

Hyldgaard, 
2012 (80)

(n=18) Biopsy proven 
sarcoidosis patients

(n=73) Patients with 
other pulmonary 

diseases

CD103+CD4+/CD4+ ratio

Kollop-Sarda, 
2000 (84)

(n=18) patients with 
CD4+�lymphocytosis 

and con�rmed 
pulmonary 
sarcoidosis 

according to clinical, 
radiological, and 

pathology criteria

(n=16) patients with 
CD4+�lymphocytosis 
without sarcoidosis, 

(n=48) Patients without 
CD4+�lymphocytosis, 
(n=11) patients with 

normal BAL outcome 
(lymphocytes < 10%, 
polymorphonuclear 

cells < 5%)

Heron, 2008 
(85)

(n=55) Biopsy proven 
sarcoidosis patients

(n=1) Löfgren�s 
syndrome, (n=22)
Hypersensitivity 

pneumonitis, (n=8) IPF, 
(n=3)

Other interstitial 
pneumonia, (n=13) 

Infection, (n=4)
TBC, (n=8)

Systemic disease, (n=6)
Malignancy, (n=1) Non-

hodgkin lymphoma, 
(n=1) multiple 

myeloma, (n=1) chronic 
lymphomatic leukemia, 

(n=3) other.
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation with 
Course

2 years Signi�cantly 
elevated CD4/CD8 
ratio in sarcoidosis 
patients compared 
to other pulmonary 

diseases

68% 73% The diagnosis 
of sarcoidosis is 

supported by an 
elevated CD4/CD8 

ratio

The percentage of 
CD103 expressing 
CD4+T-cells were 
signi�cantly lower 
in the sarcoidosis 
group (9.5 – 1.4%) 
compared to all 

other groups (33.8 – 
17.1%)

Sarcoidosis 
patients showed a 
signi�cantly lower 

CD103+CD4+/CD4+
ratio compared to 

patients with other 
ILDs (0.16–0.02 vs. 

0.4– 0.03).

57% 91%
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Table S2. Continued

Study Inclusion Subtype Control group

Bretagne, 2016 
(86)

(n=53) Sarcoidosis 
patients with 

con�rmed diagnosis

(n=22) by tissue 
biopsy, (n=25) by 
transbronchial 

needle aspiration or 
meadiastinal lymph 
nodes, (n=6) typical 
Löfgrens syndrome.

(n=22) Tuberculosis, 
(n=36) other pulmonary 

infections, (n=6) HP, 
(n=14) NSIP, (n=9) OP, 
(n=19) drug-induced 
pneumonia, (n=21) 

other ILDs, (n=25) other 
diagnosis.

Hyldengaard, 
2012 (80)

(n=19) Sarcoidosis 
patients with biopsy 
con�rmed diagnosis

(n=11) Scadding stage 
0/I, (n=8) scadding 

stage II/III

(n=88) other pulmonary 
diseases, (n=12) EAA, 

(n=10) IPF, (n= 6) NSIP, 
(n=2) desquamative 

interstitial pneumonitis, 
(n=1) lymphocytic 

interstitial pneumonitis, 
(n=10) collagen vascular 
disease with interstitial 

lung disease, (n=26) 
unclassi�ed interstitial 

lung disease, (n=2) 
tuberculosis, (n= 1) 
aspergillosis and 
(n=18) other non-

granulomatous lung 
diseases

CD4+ V�2.3+ T-cells

Darlington, 
2020 (83)

(n=749) Sarcoidosis 
patients diagnosed 
in accordance with 

WASOG criteria

(n=274) patients with 
Löfgren�s syndrome; 

(n=475) non-LS 
patients

(n=69) healthy 
volunteers; (n=39) 

patients with other 
pulmonary conditions
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation with 
Course

2.3 years The CD103+CD4+/
CD4+ ratio was 

signi�cantly lower 
in sarcoidosis 

compared to NSIP, 
HP and other 

ILDs. However, 
its discriminative 

power to distinguish 
between sarcoidosis 

and all other 
diagnoses was low

No signi�cant 
differences were 

detected in 
CD103+CD4+/

CD4+ in BAL �uid 
between the patient 

groups

35% 93%

An increased 
proportion of 
CD4+ V�2.3+ 

T-cells in BALF is 
highly speci�c for 

sarcoidosis

97% 36% This T-cell subset 
could be used in 

addition to the CD4/
CD8 ratio to support 

the sarcoidosis 
diagnosis, especially 

in LS
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Table S2. Continued

Study Inclusion Subtype Control group

Th17-cells

Facco, 2010 
(87)

(n=25) Biopsy proven 
sarcoidosis patients

Patients with 
pulmonary 

involvement

(n=10) Healthy controls

Ramstein, 2016 
(89)

(n=65) sarcoidosis 
patients

(n=35) Sarcoidosis 
patients from U.S. 

cohort; (n=30) 
sarcoidosis patients 

from Erasmus 
cohort

(n=18) Healthy controls 
from U.S. Cohort; (n=12) 
healthy controls from 

Erasmus Cohort

Broos, 2016 
(88)

(n=55) Sarcoidosis 
patients donated 
BALF, mediastinal 

lymph nodes 
(MLNs)-derived �ne 
needle aspiration or 

peripheral blood

(n=22) Lung 
transplantation 
donors without 

signs of pulmonary 
in�ammation

Treg

Kachamakoya-
Trojanowska, 
2018 (92)

(n=45) newly 
diagnosed 

treatment-naive 
sarcoidosis patients

patients with 
pulmonary stage I 

and II

(n=35) Healthy controls
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation with 
Course

6 months High expression 
of Th17 (CCR6) in 

sarcoidosis patients

Th17 cells in�ltrate 
sarcoid lung, 

localizing around 
and inside the 

granuloma, at the 
sites of disease 

activity, not only 
in the early phase, 

but also in the 
progression towards 
the �brotic phase of 

the disease

Numbers of 
Th17 cells were 

signi�cantly 
increased in 

sarcoidosis patients 
compared to 

healthy controls

In sarcoidosis 
BALF, Th17.1 cell 

proportions were 
higher than either 

Th1, Th2, Th17 or 
CCR6+ double-

positive cells

Th17 levels are 
highest in BALF 

compared to MLN

Patients with 
pulmonary 

sarcoidosis have a 
high percentage of 

Tregs
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Table S2. Continued

Study Inclusion Subtype Control group

Neutrophils

Tutor-Ureta, 
2006 (96)

(n=33) Non-smoking 
sarcoidosis patients 

diagnosed in 
accordance with 
ATS/ERS/WASOG 

criteria

Pulmonary 
sarcoidosis

Ziegenhagen, 
2003 (29)

(n=74) Sarcoidosis 
patients diagnosed 
in accordance with 
ATS/ERS/WASOG 

criteria

Pulmonary 
sarcoidosis

(n=48) Individuals 
who underwent 

bronchoscopy for 
diagnostic reasons 

and were free of 
any in�ammatory or 

malignant lung disease.

NK-cells

Tutor-Ureta, 
2006 (96)

(n=33) Non-smoking 
sarcoidosis patients 

diagnosed in 
accordance with 
ATS/ERS/WASOG 

criteria

Pulmonary 
sarcoidosis

CXCL9, CXCL10, CXCL11

Arger, 2020 
(104)

(n=108) Sarcoidosis 
patients who met 

criteria established 
by ATS

Arger, 2019 
(105)

(n=104) Sarcoidosis 
subjects who met 

established ATS 
diagnostic criteria

(n=49) Healthy controls 
from the Bay Area 

community
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation with 
Course

31 months Higher percentage 
of neutrophils in 

sarcoidosis patients 
with advanced 

disease

Patients with a poor 
outcome had a 

signi�cantly higher 
percentage of 

neutrophils

6 months A signi�cant 
increase in the % 
BALF neutrophils 
in sarcoid patients 
with progressing 

disease compared 
to controls

The percentage 
of neutrophils in 

BALF is signi�cantly 
elevated in 

sarcoidosis patients 
requiring systemic 

steroid therapy.

31 months NK-cells in BALF 
were lower in 

patients at Stage I 
than in patients at 

Stage II and III

Patients with a 
poor outcome 
and in need of 
corticosteroid 

treatment had a 
higher percentage 

of NK-cells

Higher CXCL9 and 
CXCL10 levels in 

BALF, lung tissue 
and blood of 

sarcoidosis patients

Higher levels 
of CXCL10 were 
associated with 

lower FVC, TLC and 
DLCO values while 
higher CXCL9 levels 

were associated 
with involvement of 

multiple organs

5 years CXCL11 is increased 
in BALF, alveolar 

macrophages 
and lung tissue in 

sarcoidosis patients

CXCL11 levels 
were signi�cantly 

increased in 
subjects with 

abnormal FVC, FEV1, 
and DLCO
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Table S2. Continued

Study Inclusion Subtype Control group

Busuttil, 2009 
(103)

(n=72) Sarcoidosis 
patients staged 

according to ATS/
ERS/WASOG criteria.

Pulmonary 
sarcoidosis

KL-6

Kunitake, 2001 
(111)

(n=41) sarcoidosis 
patients with biopsy 

evidence

(n=13) Healty controls

Janssen, 2003 
(112)

(n=79) Sarcoidosis 
patients with PA

(n=56) non-smokers, 
(n=23) smokers

(n=38) Healthy controls

Bergantini, 
2019 (25)

(n=74) sarcoidosis 
patients

Persistent chronic 
disease

d�Alessandro, 
2020 (113)

(n=100) Caucasion 
patients with ILD of 

suspected ILD

(n=41) Pulmonary 
sarcoidosis patients, 
(n=11 cHP) patients, 

(n=24) other ILD

(n=24) patients with no 
ILD

Myioshi, 2010 
(77)

(n=43) Pulmonary 
sarcoidosis 

patients diagnosed 
according to ATS/

ERS/WASOG criteria
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2

Duration of 
follow-up

Change in 
biomarker

Sensitivity Speci�city Correlation with 
Course

In sarcoidosis, 
CXCL9 levels were 

elevated compared 
to healthy controls

Sarcoid granulomas 
are made up of 

CXCR3-expressing 
lymphocytes and 
cells of monocyte 

lineage

KL-6 levels were 
elevated in BALF of 
sarcoidosis patients 

280 – 212 U/ml in 
comparison to 

healthy controls 137 
–61 U/ml

2 years 86% 84% KL-6 levels were 
highest in stage II/

III patients and/
or patients with 

parenchymal 
in�ltration

2 years KL-6 levels were 
elevated in 

sarcoidosis patients 
(573–480 IU/ml) 

in comparison to 
healthy controls 

(267.7–147.7 IU/ml)

78% 73% Elevated lysozyme 
serum levels 

positively correlated 
with elevated 

KL-6 levels (r=0.35; 
p=0.004)

KL-6 levels were 
signi�cantly higher 

in sarcoidosis 
patients than in 

other ILD

73% 69% Elevated KL-6 levels 
correlated with 

CD4+/CD8+ ratio

2 years Serum KL-6 levels 
signi�cantly 
elevated in 

sarcoidosis patients 
with parenchymal 

in�ltration

76.9% 70% KL-6 levels 
were predictive 

of increased 
parenchymal 

in�ltration.
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Abstract

Sarcoidosis is a systemic granulomatous disease of unknown etiology primarily 
affecting the lungs. Treatment is needed when disease symptoms worsen 
and organ function deteriorates. In pulmonary sarcoidosis, prednisone and 
methotrexate (MTX) are the most common anti-inflammatory therapies. 
However, there is large interpatient variability in response to treatment, and 
predictive response markers are currently lacking. In this study, we investigated 
the predictive potential of biomarkers in extracellular vesicles (EVs) isolated from 
biobanked serum of patients with pulmonary sarcoidosis stored prior to start 
of therapy. Protein concentrations of a four-protein test panel of in�ammatory 
proteins were measured in a discovery (n = 16) and replication (n = 129) cohort 
of patients with sarcoidosis and 47 healthy controls. Response to therapy was 
de�ned as an improvement of the absolute score of > 5% forced vital capacity 
(FVC) and/or > 10% diffusion lung of carbon monoxide (DLCO) after 24 weeks 
compared to baseline (before treatment). Serum protein levels differed between 
EV fractions and serum, and between sarcoidosis cases and controls. Serpin C1 
concentrations in the low density lipid particle EV fraction were lower at baseline 
in the group of patients with a good response to MTX treatment in both the 
discovery cohort (p = 0.059) and in the replication cohort (p = 0.032). EV Serpin C1 
showed to be a signi�cant predictor for response to treatment with MTX (OR 0.4; 
p = 0.032). This study shows that proteins isolated from EVs harbor a distinct signal 
and have potential as new predictive therapy response biomarkers in sarcoidosis.

Keywords: Extracellular vesicles; Sarcoidosis; Biomarkers; Therapy
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3

Introduction

Sarcoidosis is a systemic granulomatous disease of unknown cause mainly affecting 
the lungs, intrathoracic lymph nodes, eyes and skin (1). Diagnosis, monitoring, 
as well as predicting disease course or response to therapy is challenging in 
the management of patients with sarcoidosis. For decades, biomarkers such 
as angiotensin converting enzyme (ACE) and soluble interleukin-2 receptor 
(sIL-2R) have been studied to guide clinical management, unfortunately with 
modest sensitivity and speci�city (2,3). Pharmacological treatment of sarcoidosis 
is initiated to prevent further speci�c organ damage or alleviate symptoms. 
Immunosuppressing and immune-modulating drugs, most often in the form 
of prednisone and methotrexate (MTX) are the �rst- and second-line choice 
of therapy. When initiating therapy however, it is not possible to predict the 
treatment response for individual patients upfront, while a signi�cant part show 
no bene�t from therapy. Personalized prediction of treatment response is a 
clinical unmet need in light of protecting patients from exposure to ineffective 
drugs and their side effects.

Sarcoidosis is characterized by the formation of non-caseating granulomas, 
persistent in�ammation and activated monocytes/macrophages (4). Macrophages 
form the core of the granuloma, producing inflammatory cytokines and 
chemokines to attract lymphocytes resulting in an in�ammatory environment (5). 
These macrophages originate from circulating bone-marrow derived monocytes 
which are patrolling antigen presenting cells but have a secondary function as a 
reservoir to replenish the macrophage pool in the tissues when needed. Several 
studies have highlighted an increased in�ammatory status of monocytes in the 
blood of sarcoidosis patients (6�9). This increased in�ammatory status can also 
be induced through extracellular vesicles (EVs) as has been described previously 
by Wahlund et al (10). Furthermore, more monocytes are found in the circulation 
of patients with sarcoidosis and these cells have the capacity to activate other 
immune cells, not only through cell-cell interaction but also through monocyte 
derived EVs (11,12). Taken together, EVs isolated from whole blood serum may be 
particularly informative in sarcoidosis.

EV is an umbrella term for all vesicles found in body �uids, including exosomes, 
micro-vesicles and apoptotic bodies. In the last decade, it was found that EVs can 
functionally transfer molecules between cells (13). EVs contain nucleic acids, lipids 
and proteins from the releasing cells and are often referred to as liquid biopsies 
(14,15) re�ecting the status/pathology of the releasing cell. EV proteins are often 
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better associated with the pathology then the same freely circulating proteins in 
blood (16). In the search for new potential biomarkers, there has been an increased 
interest in EVs (17�19). Because of the relatively new stage of this emerging �eld of 
research there is a need for standardization in both methodology and technology 
to be able to validate the EV-associated biomarkers (20).

For this study a well-established EV-protein panel (21) was used, originally 
developed to predict adverse cardiovascular events. This panel consisted of four 
proteins, CD14, Serpin G1, Serpin C1 and Cysteine C. Although, the four proteins 
in this panel are mostly used in the �eld of cardiology, these proteins are also 
involved in in�ammation and coagulation (22�28). Therefore, this panel of proteins 
could be of interest in assessment of in�ammation and prediction of response 
to immunosuppressive treatment in sarcoidosis. The proteins were originally 
measured in form of a multiplex, however, for this study the proteins were 
measured separately to investigate the associations of the individual proteins to 
response to treatment.

In this exploratory study, we investigated the potential of in�ammatory biomarkers 
derived from serum-isolated fractions of EV using a well-established panel of 
proteins previously validated in EVs. The goal of the present study was three-fold. 
First, we investigated whether differences in levels of in�ammatory biomarkers 
exist between EV-isolates and serum. Second, we investigated whether EV-derived 
biomarkers differ between patients with sarcoidosis and healthy controls. Third, 
we assessed whether these in�ammatory biomarkers predict treatment response 
in patients using prednisone or MTX.
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Materials and Methods

Study population
Case and control samples were collected from the St. Antonius Hospital ILD 
biobank, screening all sarcoidosis patients (n = 2265) for eligibility. Cases were 
selected based on pulmonary treatment indication (decrease in lung function, 
dyspnea or pulmonary f ibrogenesis), treatment with prednisone or MTX, 
and presence of serum collected within 6 months prior to start of treatment. 
98 sarcoidosis patients were treated with MTX and 69 patients treated with 
prednisone. All patients were adults >18 years with sarcoidosis diagnosed 
according to the international ATS/ERS/WASOG criteria (1). Baseline characteristics 
(age at diagnosis, gender, co-morbidities as reported in the medical records), lung 
function, Löfgren syndrome as well as organ manifestation were recorded up to 
two years after start of treatment. Based on the results of the recently reported 
SARCORT trial (29) as well as the sarcoidosis treatment score (30), an improvement 
of the absolute score of >5% forced vital capacity (FVC) and/or >10% diffusion 
lung of carbon monoxide (DLCO) after 24 weeks compared to baseline (before 
treatment) classi�ed a patient as a �responder�. All other patients were classi�ed 
as �non-responder�. This study was performed in accordance with the Declaration 
of Helsinki and GCP guidelines. The study was approved by the Medical research 
Ethics Committees United (MEC-U) of the St. Antonius Hospital (R05-08A) and 
written consent was obtained from all patients.

Study cohorts
First the discovery cohort was composed, a cohort of 16 prednisone and 16 
MTX cases which were matched on age, sex, ethnicity and smoking history as 
best as possible. For each treatment, eight patients were responders and eight 
patients were non-responders to therapy. The replication cohort consisted of 
the remainder 49 prednisone and 80 MTX cases. In the replication cohort the 
prednisone treated group consisted of 29 responders and 20 non-responders, 
and the MTX treated group consisted of 42 responders and 38 non-responders. In 
addition, 47 healthy control samples were included. Blood samples were collected 
before any treatment was given. Serum was isolated by the centrifugation of 
serum separator clot activator tubes at 1800g for 5 minutes and stored at �80°C 
in the St. Antonius Hospital BIOBANK until further use.
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Figure 1. Flowchart showing procedure for identi�cation of patients and distribution of 
patients across the discovery and replication cohort. In brief, from 2265 patients with 
sarcoidosis and informed consent for ILD biobank 161 patients ful�lled the criteria to be 
included in the study. A total of 32 sex and age matched patients were selected for the 
discovery cohort. The remaining 129 patients were included in the replication cohort.
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EV isolation
EV fraction isolation was based on the protocol of Dekker et al (31); however, here 
serum instead of plasma was used (see detailed description in the supplemental 
materials). EVs were isolated from 25 �L serum with the use of magnetic beads 
(Nanomagfi-D plain, 130mm (1:25) (Micromod). For sequential isolation of the 
fractions Dextran Sulphate (DS) (MP Biomedicals, Illkrich, France) and Manganese 
(II) chloride (MnCl2) solution (Sigma Aldrich, St. Louis, MO, USA) were used. The 
presence of isolated EVs using this technique was previously con�rmed with 
electron microscopy and western blotting (32�34). Different fractions of EVs in 
serum were obtained by EV co-precipitation with monolayer low-density lipid 
particles (LDL fraction) and with bilayer membrane vesicles high-density lipid 
particles (HDL fraction). Previous performed experiments have shown that 
relatively small EVs (– 101 nm) are present in the LDL fraction while larger particles 
are found in the HDL fraction (– 120 nm) (34).

Protein concentration measurements
On a 96-wells plate, LDL, HDL and whole serum were measured simultaneously. 
Protein concentrations in EV fractions and serum were measured in a well-
established protein panel consisting of: CD14, cystatin C, serpin C1 and serpin 
G1 (35). Capture antibody, biotinylated detection antibody and antigen of all 
four proteins were purchased from R&D systems. Proteins were quantitatively 
analyzed by Luminex-based multiplex assay (Bio-Rad, Austin, USA). All EV protein 
levels were corrected for total amount of protein.

Statistical analysis
Non-parametric Mann-Whitney U test was used for non-normally distributed 
data. Categorical variables were compared using Chi-Squared and Fisher�s exact 
test, where appropriate. Log transformed values of the protein levels were used to 
reduce the effect of skewness in the distribution of the protein-levels. To calculate 
the odds ratio and enable the direct comparison between different proteins, EV-
protein levels were converted into standardized units, or the z-score, by using 
the observed value minus the mean value, divided by the standard deviation. To 
investigate the relationship between the protein levels and response to therapy, 
a logistic regression model was used with the outcome �response to medication�. 
Spearman�s rho correlations were calculated to assess direct relationships between 
protein concentrations and other parameters. For the analysis in the discovery 
cohort p-values <0.1 were considered of signi�cant interest, for the analysis with 
the replication cohort and the combined cohort p-values <0.05 were considered 
signi�cant.
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Results

Discovery cohort
Baseline characteristics
Baseline characteristics of the age, sex, ethnicity and smoking history matched 
discovery cohort of the patient groups treated with MTX or prednisone are shown 
in Table 1. For the MTX group the DLCO %pred was signi�cantly lower in the 
responding group (p=0.010).

Table 3. Baseline characteristics of discovery cohort of sarcoidosis patients with pulmonary 
treatment indication. Data is shown as whole numbers and percentages between 
brackets. Response to treatment was based on improvement in lung function (FVC 
%pred >10% or DLCO %pred >10%) after 6 months of treatment. Age, lung function, and 
biomarkers are shown as mean – SD. aAge at time of blood withdrawal. blung function and 
scadding stage were measured before start of treatment. Scadding stages: 0 = Normal 
chest radiograph; I = Bilateral hilar lymphadenopathy (BHL); II = BHL with pulmonary 
in�ltrates; III = pulmonary in�ltrates without BHL; IV = �brosis. SFN: Small �ber neuropathy. 
DLCO (%) was signi�cantly lower in patients responding to MTX therapy. *p<0.05

Parameter Prednisone treated group Methotrexate treated group

Non-responder
(n = 8)

Responder
(n = 8)

Non-responder
(n = 8)

Responder
(n = 8)

Agea (years) 43.3 – 6.7 37.4 – 8.5 48.3 – 7.0 52.6 – 13.0

Male sex 5 (62.5) 5 (62.5) 5 (62.5) 5 (62.5)

Ever smoker 2 (25.0) 2 (25.0) 2 (25.0) 2 (25.0)

Caucasian 8 (100) 8 (100) 8 (100) 8 (100)

Lofgren syndrome 0 (0.0) 1 (12.5) 1 (12.5) 0 (0.0)

Scadding stageb

0/I/II/III/IV
1/2/2/1/2

(12/25/25/12/25)
1/1/3/1/2

(12/12/37/12/25)
0/1/5/0/2

(0/12/62/0/25)
0/1/4/1/2

(0/12/50/12/25)

Lung functionb

FVC (%) 94.5 – 28.5 81.8 – 24.2 102.7 – 11.6 89.0 –21.8

DLCO (%) 75.8 – 25.0 66.1 – 13.2 86.1 – 12.6* 55.5 – 13.1*

Extra-pulmonary involvement

Lymph nodes 5 (62.5) 4 (50.0) 5 (62.5) 4 (50.0)

Skin 0 (0.0) 1 (12.5) 0 (0.0) 1 (12.5)

Liver 0 (0.0) 0 (0.0) 1 (12.5) 0 (0.0)

Spleen 1 (12.5) 1 (12.5) 1 (12.5) 0 (0.0)

SFN 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
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Differences in protein levels between EV and serum in sarcoidosis
The proteins from the protein test panel were measured in the EV-fractions LDL, 
HDL and in whole serum. Figure 2 shows the concentrations of the different 
proteins measured in the discovery cohort (n = 32). Compared with EV-fractions, 
whole serum protein concentrations were higher for CD14, Cystatin C and Serpin 
C1, but not for Serpin G1. Furthermore, protein concentrations for Serpin G1 and 
Serpin C1 were lower in the HDL fraction than in the LDL faction.
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Figure 2. Concentrations of proteins measured in different EV fractions (LDL and HDL) 
and in whole serum in the sarcoidosis discovery cohort (n = 32). For all proteins except 
serpin G1 serum concentrations were higher compared to EV-fractions (LDL and HDL). 
For both serpin G1 and C1 there was a difference between concentrations in LDL and HDL. 
LDL = low-density lipid, HDL = high-density lipid. **p<0.005
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EV-derived proteins are higher in sarcoidosis than in controls
The proteins from the protein test panel measured in the discovery cohort 
were compared to protein levels in healthy controls (HC) (n = 47). Baseline 
characteristics are shown in supplementary Table S1. The concentration of 
proteins was signi�cantly higher in sarcoidosis patients compared to HC when 
measured in whole serum (Figure 3). For the HDL EV-fraction only serpin C1 was 
signi�cantly different between patients and HC. For the LDL fraction, a signi�cant 
difference was observed for all proteins of the test panel. When compared to 
healthy controls, the concentrations of CD14 and cystatin C were higher in the 
LDL fractions of patients while concentrations of both serpin proteins were lower 
in LDL fractions.

Response to treatment
In the prednisone discovery cohort no differences were found in protein 
concentrations between responders and non-responders in either LDL, HDL 
fractions or serum. In the MTX discovery cohort, concentrations of serpin C1 were 
lower (p=0.059) in the group of responders while concentrations of CD14 were 
signi�cantly higher in the group of patients classi�ed as responders (p=0.014) 
in the LDL fraction. In the HDL fraction, cystatin C concentrations were lower 
in the group of patients classi�ed as non-responders (p=0.027) (Figure 4). No 
difference was found in serum protein levels of responders and non-responders 
(supplementary Figure S1).

Replication cohort
Baseline characteristics
In the second phase of the study, the EV proteins were quanti�ed in a larger 
replication cohort of 80 sarcoidosis patients treated with methotrexate and 49 
sarcoidosis patients treated with prednisone. Baseline characteristics are shown 
in Table 2. As with the discovery cohort, all included patients had a pulmonary 
treatment indication.

Supplementary Figure S2 shows the concentrations of all proteins measured 
in the replication cohort. Regarding the proteins of interest identi�ed in the 
discovery cohort, serpin C1 concentrations in the LDL fraction were signi�cantly 
lower in the methotrexate responder than in the non-responder group of the 
replication cohort (p=0.032; Figure 5a). Regarding CD14 in LDL and cystatin C in 
HDL, however, no difference between responders and non-responders was found 
(p=0.091 and p=0.215, respectively, Figure 5b,c).
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Figure 3. Concentrations of proteins from EV-protein test panel. Light triangles represent 
healthy controls and dark squares represent sarcoidosis patients from the discovery 
cohort. a) Concentrations of CD14; b) concentrations of cystatin C; c) concentrations of 
serpin C1; and d) concentrations of serpin G1 measured in EV fractions LDL and HDL and 
in whole serum. LDL = low-density lipid, HDL = high-density lipid. **p<0.005
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� Figure 4. Concentrations of proteins from EV-protein test panel in patients with 
sarcoidosis treated with methotrexate of the discovery cohort (n = 16). Figures a-d) 
represents EV-proteins measured in the LDL fraction, �gures e-h) EV-proteins measured 
in the HDL fraction and �gures i-l) proteins measured in whole serum. Filled squares 
represent non-responders (NR) and open squares represent responders (R) to treatment 
with methotrexate. *p<0.1

Table 2. Baseline characteristics of the replication cohort of sarcoidosis patients with 
pulmonary treatment indication. Data is shown as whole numbers and percentages 
between brackets. Response to treatment was based on improvement in lung function 
(FVC %pred >10% or DLCO %pred >10%) after 6 months of treatment. Age, lung function, 
and biomarkers are shown as mean – SD. aAge at time of blood withdrawal. blung function 
and scadding stage were measured before start of treatment. Scadding stages: 0 = Normal 
chest radiograph; I = Bilateral hilar lymphadenopathy (BHL); II = BHL with pulmonary 
in�ltrates; III = pulmonary in�ltrates without BHL; IV = �brosis. SFN: Small �ber neuropathy.

Parameter Prednisone treated group Methotrexate treated group

Non-responder
(n = 20)

Responder
(n = 29)

Non-responder
(n = 38)

Responder
(n = 42)

Agea (years) 43.6 – 10.0 43.5 – 9.6 49.0 – 10.0 47.9 – 10.9

Male sex 14 (70.0) 21 (72.4) 23 (71.9) 25 (59.5)

Ever smoker 5 (31.3) 10 (47.6) 15 (60.0) 18 (52.9)

Caucasian 18 (90.0) 26 (92.9) 28 (90.3) 36 (90.0)

Lofgren syndrome 0 (0.0) 2 (7.1) 2 (6.3) 2 (4.8)

Scadding stageb

0/I/II/III/IV
0/2/12/1/4

(0/11/63/5/21)
0/5/14/1/7

(0/19/52/4/26)
2/3/11/1/12

(7/10/38/3/4130)
2/7/18/0/7

(6/20/53/0/21)

Lung functionb

FVC (%) 94.5 – 19.1 83.5 – 20.4 97.1 – 22.2 91.1 – 23.1

DLCO (%) 70.3 – 16.3 66.6 – 17.8 72.3 – 15.0 67.7 – 15.5

Extra-pulmonary involvement

Lymph nodes 12 (60.0) 16 (55.2) 22 (68.8) 28 (66.7)

Skin 0 (0.0) 3 (10.3) 6 (18.8) 4 (9.5)

Liver 1 (5.0) 1 (3.4) 5 (15.6) 6 (14.3)

Spleen 5 (25.0) 5 (17.2) 7 (21.9) 7 (16.7)

SFN 4 (20.0) 2 (6.9) 5 (15.6) 3 (7.1)
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Figure 5. Concentrations of EV proteins in patients with sarcoidosis treated with 
methotrexate of the replication cohort (n = 82), measured in different EV fractions as well as 
in whole serum. Figure a) represents concentrations of Serpin C1 in the LDL fraction; �gure 
b) concentrations of CD14 in the LDL fraction, and �gure c) concentrations of cystatin C 
in the HDL fraction in non-responders and responders to treatment with methotrexate. 
Serpin C1 concentrations were signi�cantly higher in non-responders than in responders 
(p = 0.032). Black �lled squares represent non-responders (NR) and gray open squares 
represent responders (R) to treatment with methotrexate. *p<0.05

EV proteins to predict response to MTX
To determine the predictive value of serpin C1 for treatment response prediction 
we combined the MTX discovery and replication cohorts for further analysis. 
Values were log-transformed to stabilize the variance. Logistic regression revealed 
that serpin C1, when measured in the LDL sub fraction, was a signi�cant predictor 
for response to treatment (OR 0.42 [95%CI 0.19 � 0.93] p = 0.032). To investigate 
if there was a direct relation, Spearman�s rank correlations were computed to 
assess the relation between change in FVC 6 months after initiation of MTX 
therapy and protein concentrations at baseline. There was a positive correlation 
between change in FVC and CD14 concentrations in the LDL fraction, (R=0.35; 
p=0.004). None of the other proteins directly correlated with change in FVC and 
no correlation was found for change in DLCO.
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Discussion

In this study, we showed that concentrations of proteins in serum and in EVs 
fractions isolated from serum can differ signi�cantly from each other and that 
this depends on the analyzed protein. Second, we found that levels of proteins 
in EV fractions differed signi�cantly between sarcoidosis and healthy controls. 
Third, we showed that EV proteins, and particularly serpin C1 in the LDL EV-
fraction is signi�cantly lower at baseline in the group of patients that responded 
to treatment with MTX, which we veri�ed in a second cohort. Baseline serpin C1 
was shown to be a marker with predictive value of response to MXT therapy.

Our data demonstrates that measuring proteins speci�cally in EV can provide 
novel information in sarcoidosis research compared to measuring the same 
proteins in serum alone. Although EVs have the disadvantage of an extra isolation 
step, they do also have advantages such as stability, easy accessibility and minimal 
sample volumes (36). Furthermore, EVs are increasingly recognized to contain 
proteins involved in cellular processes directly linked to disease pathogenesis (37).

The difference in protein expression between patients and healthy controls is more 
evident in the LDL fraction than in the HDL fraction. A possible explanation for 
this observation lies in the difference in composition of the vesicles, HDL vesicles 
are larger and are suggested to contain more proteins from the originating cells 
(38,39). While the LDL fraction consist of smaller EVs including exosomes which 
are released by activated immune cells and have the capacity to activate other 
immune cells. The overly active immune system in sarcoidosis patients could 
lead to an increased release in exosomes eventually resulting in higher EV protein 
concentrations in patients versus healthy controls (40). Protein concentrations 
of pro-in�ammatory cytokines CD14 and Cystatin C have been shown to be 
elevated in multiple in�ammatory disorders (41,42) and were also elevated in the 
LDL fraction in sarcoidosis patients compared to healthy controls. Both serpin C1 
and G1 were elevated in healthy controls. These serpins exert anti-in�ammatory 
properties (22,43). However, as previous research describes a decrease in EV 
numbers with advancing age (44). We also have to take into account the possibility 
of an age effect on the differences in EV-protein concentrations between patients 
and healthy controls, since the healthy controls were signi�cantly younger. When 
comparing the concentrations of the proteins with the age of the healthy control 
subject, none of the proteins correlated with age, resulting in a minimal impact of 
age on the difference in EV-protein concentrations between patients and healthy 
controls.
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In light of diagnostic potential of these biomarkers, there was no added value of 
EV over serum since all four proteins also differed signi�cantly between patients 
and healthy controls in serum. Further analysis, using serum samples from time 
of diagnosis from patients with sarcoidosis and differential diagnoses are needed 
to determine the diagnostic potential of the markers. The EV proteins in our 
panel are general in�ammation markers, found on the cell surface, shed from 
the cells or actively involved in cellular in�ammatory processes. Therefore, it is not 
surprising that we found a difference in protein concentrations between healthy 
controls and patients. However, an interesting �nding was made for serpin C1. In 
the LDL and HDL EV-fractions, serpin C1 concentrations were lower in patients 
than in controls, while in whole serum, the serpin C1 concentration was higher in 
patients than in controls. The effect of serpin C1 is different in the circulation than 
as a cellular surface maker, where it has an increased anti-in�ammatory effect. 
As previously suggested, more serpin C1 may have been shed in patients with 
sarcoidosis compared to healthy controls (45), which corresponds to our increased 
levels in the serum of patients.

Further aim of investigation was to assess whether protein concentrations in EV 
could have a predictive value for response to therapy. To assess this, patients receiving 
either prednisone or MTX were divided in responders and non-responders, based 
on change in lung function. The protein test panel revealed no difference in EV-
fractions between responders and non-responders in the group of patients treated 
with prednisone. For the patient group treated with MTX, Serpin C1 concentrations 
were signi�cantly lower in the group of patients responding to treatment while 
CD14 concentrations were higher in the responder group, unfortunately for CD14 
the difference between responders and non-responder was no longer signi�cant. In 
addition, we found a positive correlation between CD14 concentrations at baseline 
and change in FVC over the course of 6 months of MTX treatment (p=0.004). This 
protein was previously identi�ed as an EV marker for sarcoidosis by Futami et al, 
who described CD14 levels in EVs to be signi�cantly increased in patients with 
sarcoidosis and showed that CD14 was up-regulated in the process of granuloma 
formation (46). In MTX treated patients with RA a positive correlation has been 
described between the concentration of soluble CD14 (sCD14) and response to 
MTX, RA patients with the highest sCD14 concentration at baseline responded best 
to MTX treatment. Our �ndings suggest a similar effect as responders have the 
highest concentration of CD14 in the vesicles at baseline and this correlates with 
highest change in FVC (47). In future, it would be interesting to see how the CD14 
concentration in EVs behave during the 6 months of treatment. However, due to 
lack of follow-up samples we were unable to measure this.
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Serpin C1 was the only of the four proteins with a difference in baseline concentration 
between responders and non-responders to treatment with MTX in both the 
discovery and the replication cohort. Signi�cantly lower protein concentrations 
of serpin C1 were found in the LDL EV-fraction of patients responding to MTX 
treatment than in non-responding patients. Serpin C1, also known as antithrombin 
III (AT III), is a protein involved in inhibition of activation of protease-activated 
receptors (PARs) by thrombin resulting in anti-in�ammatory activity (27). MTX has 
been described to exert its immunomodulatory properties through inhibition or 
activation of a number of pathways, including the adenosine monophosphate 
protein kinase (AMPK) signaling pathway (48). Part of the anti-in�ammatory effect 
of serpin C1 exerts part of its anti-in�ammatory effect through activation of the 
AMPK signaling pathway (49). Upregulation of the AMPK signaling pathway leads 
to inhibition of nuclear factor-kB (NF-kB) signaling, consequently leading to AMPK 
downstream alterations in cytokine production and leukocyte activation (50). In 
the group of sarcoidosis patients with an insuf�cient response to MTX we found 
higher concentrations of serpin C1 in the LDL fraction of the EVs. More serpin C1 
activity could lead to upregulated signaling of the AMPK pathway. If the AMPK 
pathway is already upregulated in patients with higher concentrations of serpin 
C1 this could lead to a decrease in available ATP in the cells (51). This ATP is needed 
for alteration of adenosine signaling as an effect of MTX therapy (52). If there is less 
ATP available due to sustained AMPK activation due to serpin C1 activity, this could 
have a negative effect on the effectivity of MTX in terms of adenosine signaling.

Previous studies on EV in sarcoidosis has been performed with EVs isolated 
from broncho alveolar lavage �uid (BALF), resulting in EVs derived from the cells 
present in the airways and alveoli. From these studies, it was seen that EVs were 
more abundant and proteins were upregulated in BALF from patients compared 
to healthy controls (10,53). Because there is a difference in composition of immune 
cells in BALF versus blood there will subsequently be a difference in composition 
between BALF and serum EV. Nevertheless, BALF derived EV from sarcoidosis 
patients are capable of activating PBMCs of healthy controls in vitro as has been 
demonstrated by Wahlund et al (10). Although assessment of the pulmonary 
compartment may better re�ect pulmonary in�ammation, the use of EV derived 
from peripheral blood would increase clinical applicability in the future.

Our study has a number of limitations. Firstly, the study has a retrospective 
design; therefore, not all patient information was available, such as missing data 
on Scadding Stage. Secondly, the analysis was done using samples from one 
time point; before start of treatment. Protein concentrations may change over 
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time, in response to disease activity. In case of serpin C1, it is not known how these 
levels behave prior to and after start of treatment with MTX. However, this article 
showed that biobanked samples of patients undergoing real world treatment 
are a valuable resource for EV biomarker discovery studies. Future dynamic and 
prospective studies are needed to further validate the value of this protein as a 
predictive biomarker for response to therapy.
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Conclusion

This study showed that measuring in�ammatory biomarkers in EV yield results 
highly different from measuring the same biomarkers in the original serum 
sample. EVs have high potential when searching for new diagnostic or predictive 
biomarkers in sarcoidosis. In future studies, serpin C1 deserves special attention 
as we found an association between EV-concentration of serpin C1 and treatment 
response in patients with pulmonary sarcoidosis treated with MTX.
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Supplement

Isolation of extracellular vesicle serum fractions
LDL and HDL fractions can be obtained from serum by a DS and MnCl2 solution 
of DS: 0.05%, MnCl2: 0.05M and DS: 0.65%, MnCl2: 0.2M, respectively. For LDL 
fraction isolation, 25uL serum was diluted in 95�l phosphate buffered saline 
(PBS) (Gibco), followed by addition of 5�L magnetic beads (Nanomagfi-D plain, 
130mm (1:25) (Micromod)). DS and MnCl2 were added into the total volume of 
125 �L and were mixed. The mixture was incubated 5 min at room temperature 
(RT). Subsequently, the samples were placed on a bio-plex handheld magnet 
(Bio-Rad) and incubated 15 min at RT. The formed pellet is LDL fraction. For HDL 
isolation, the protocol is repeated when using 115�L supernatant above the LDL 
pellet. The pellets were lysed with 125�L Roche complete lysis-M with protease 
inhibitors (Roche). To remove magnetic beads and other debris, samples were 
centrifugated at 3200xg, 10 min.

Table S1. Baseline characteristics of discovery cohort of sarcoidosis patients with pulmonary 
treatment indication and healthy controls. Data is shown as whole numbers and percentages 
between brackets. Age is shown as mean – SD. aAge at time of blood withdrawal.

Parameter Patients (n = 32) Healthy control (n = 47) p-value

Agea (years) 45.4 – 10.5 39.2 – 9.0 0.007

Male sex 20 (62.5) 21 (44.7) 0.122

Ever smoker 29 (34.5) 18 (38.3) 0.739

Caucasian 32 (100.0) 47 (100.0) 1.000
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Abstract

Approximately 30% of patients with sarcoidosis, a systemic granulomatous 
disease of unknown cause, need treatment to alleviate symptoms or prevent 
organ damage. Prednisone and methotrexate (MTX) are the most commonly 
used drugs, however, success of treatment varies from patient to patient. In this 
study, we search for biomarkers and pathways that predict response to treatment 
with prednisone or MTX in extracellular vesicles (EVs). A targeted proteomics 
approach (OLINK Bioscience) was used in which 92 proteins were measured 
in two base-line EV fractions in 32 patients treated for pulmonary sarcoidosis 
(8 responders and 8 non-responders each for prednisone and MTX). Top three 
proteins were replicated in 62 prednisone and 76 MTX treated patients. We 
identi�ed 11 differentially expressed proteins (DEPs) between responders and 
non-responders to prednisone treatment, and 16 DEPs for patients treated with 
MTX. Reactome pathway analysis showed DEPs in prednisone to be involved in 
NF-kB and interleukin signalling pathways. The DEPs in MTX were involved in 
transduction of GPI-anchored proteins and MAPK signalling pathway. CHI3L1 for 
prednisone and CPA1 for MTX were replicated as signi�cant predictors of response. 
This study is the �rst to shows that in pulmonary sarcoidosis the response to 
treatment with prednisone or MTX can be predicted at base-line by different 
EV proteins active in different pathways. Using these markers and associated 
pathways to identify patients with a high probability of response to therapy will 
aid personalized treatment choice and improve treatment outcome.

Keywords: biomarkers, extracellular vesicles, sarcoidosis, treatment
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Introduction

Sarcoidosis is a systemic granulomatous disease of unknown cause mainly 
affecting the lungs, intrathoracic lymph nodes, eyes and skin. Predicting disease 
course and response to therapy can be challenging when managing patients with 
sarcoidosis. Pharmacological treatment of sarcoidosis is mostly initiated to either 
prevent further speci�c organ damage or alleviate symptoms, and often includes 
corticosteroids or disease modifying anti rheumatic drugs like methotrexate (MTX)
(1). Glucocorticosteroids are currently the �rst choice of therapy in pulmonary 
sarcoidosis and are mainly known for their anti-in�ammatory capacities (2,3). 
Glucocorticosteroids can diffuse through the cell membrane and subsequently 
bind to the glucocorticoid receptor (GR) in the cytoplasm. Binding of the GR results 
in a conformational change, which inhibits multiple steps in the in�ammatory 
pathway. This results in inhibition of transcription factors controlling synthesis 
of pro-in�ammatory mediators, like macrophages and T-cells (4�6). Additional 
important effects of GCs are the inhibition of numerous in�ammatory mediators, 
pro-in�ammatory cytokines, including TNF-�, and various interleukins, such as 
IL-1 and IL-2 (4,7).

MTX is most frequently prescribed as second-line therapy in pulmonary sarcoidosis, 
in case prednisone is either lacking ef�cacy or not tolerated due to side effects 
(8). MTX is a folate antagonist inhibiting DNA synthesis with immunomodulatory 
capacities when dosed <30mg/week (9,10). After absorption, MTX is transported 
into the cell where it is polyglutamated by the enzyme folypolyglutamase synthase 
(FPGS) which adds glutamate residues creating MTX polyglutamates (MTX-PG), 
the active metabolites of MTX (11�13). MTX-PG1-5 have an inhibitory effect on cellular 
proliferation (11). MTX reduces pro-in�ammatory cytokine production by Th1 cells 
and monocytes/macrophages, thereby suppressing production of TNF-� and 
NF-�B and inhibiting upregulation of several interleukins (10,14). Moreover, MTX 
increases production of anti-in�ammatory cytokines in Th2 cells and increases 
ROS synthesis in T cells and monocytes resulting in apoptosis in these cells (10). 
There is an unmet clinical need for biomarkers that predict disease course and 
that guide therapeutic management. For example, the ability to predict whether 
patients will respond to prednisone or MTX, would guide initiation of therapy and 
save valuable time, organ function, patient health, and resources. (15,16).

In the search for such predictive biomarkers, extracellular vesicles (EVs) have 
shown to be a new promising potential source of biomarkers for sarcoidosis (17). 
EV is an umbrella term of all vesicles found in body �uids, including exosomes, 
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micro-vesicles and apoptotic bodies and are present in large amounts (18). In 
blood, approximately 1010-1011 EV per milliliter can be found, making it possible to 
detect small amounts of key proteins in blood (19). EVs share several functions 
with cytokines as mediators of intercellular communication and are involved in 
several homeostatic processes (20). When shedding from the donating cell, EVs 
can modulate cell functions of other cells by delivering intercellular signals both 
from their surface proteins as well as through inter-vesicle content (e.g. proteins, 
DNA and RNA) (20). Furthermore, cytokines can also associate with EVs as either 
internal or external content. With this, EVs can signal a pro- or anti-in�ammatory 
modulating effect on surrounding cells, activating differentiation, recruitment 
or various other functions of immune cells (20). In recent work from our group, 
additional value was demonstrated in measuring proteins speci�cally in EV, even 
if concentrations of these proteins in serum did not have predictive value on 
disease course or response to therapy (21). In the current study, we used a targeted 
proteomics approach on EV isolated fractions to further elucidate proteins and 
pathways involved in prednisone or MTX treatment response in patients with 
pulmonary sarcoidosis.
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Materials and methods

Study patients and ethics
Patients treated with either prednisone or MTX for pulmonary sarcoidosis were 
included in this study. Patients were selected from the St. Antonius ILD biobank 
based on treatment indication, duration of treatment, and availability of samples 
at baseline. The diagnosis of sarcoidosis was made according to the criteria of 
the American Thoracic Society/European Respiratory society (22) and duration of 
treatment was at least 6 months. All included patients had a pulmonary treatment 
indication and had not had any treatment for at least 6 months prior to blood 
withdrawal and start of prednisone or MTX monotherapy. The following baseline 
characteristics were retrieved from medical records: age, sex, co-morbidities, 
Scadding stage, and extra-pulmonary involvement. Lung function values (forced 
vital capacity (FVC) and diffusion lung of carbon monoxide (DLCO)) were retrieved 
from baseline up to 6 months after treatment initiation.

The study was approved by the Medical research Ethics Committees United 
(MEC-U) of the St. Antonius Hospital (R05-08A) and written consent was obtained 
from all patients. The work�ow for OLINK biomarker discovery analysis and 
validation is summarized in Figure 1.

Assessment of treatment effects
Response to treatment was de�ned by improvement in pulmonary function 
after 24 weeks of mono-therapy with either prednisone or MTX. Patients who 
started add-on treatment before completing six months of mono-therapy were 
excluded from the analysis. Classi�cation of response was based on the results 
of the recently reported SARCORT trial (23) as well as the sarcoidosis treatment 
score (24). Patients were classi�ed as �responders� in case of an improvement in 
%pred of � 5% for FVC or � 10% for DLCO after 24 weeks – 2 weeks compared to 
baseline (before treatment). Patients were classi�ed as �non-responder� when 
FVC or DLCO had a decrease � 5% or � 10% respectively after 24 weeks – 2 weeks 
compared to baseline. Patients who did not meet criteria either for responder or 
for non-responders were classi�ed as having stable disease and were not included 
in this study.
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Figure 1. Schematic overview of work�ow. First an OLINK proteomics approach was 
performed on a discovery cohort (n = 32) to search for potential predictive biomarkers 
for response to treatment with either prednisone or methotrexate (MTX). The top three 
predictive proteins for each treatment group were replicated in a second cohort (n = 138) 
by ELISA
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Proteomic analysis
Proteomic analysis was performed in 32 patients: 16 patients treated with 
prednisone (8 responders and 8 non-responders) and 16 patients treated with 
MTX (8 responders and 8 non-responders). Both groups were matched for age, 
sex, ethnicity and smoking history. Serum samples were collected before start of 
treatment, centrifuged and stored at -80°C for future analyses. EVs were isolated 
from serum in two sub fractions: low-density lipid particles (LDL) and high-
density lipid particles (HDL), as described before (21). EV proteins were pro�led 
using the commercially available OLINK Target 96 Cardiovascular disease (CVD) III 
immunoassay panel (OLINK Proteomics, Uppsala, Sweden), which simultaneously 
measured 92 proteins and 4 control proteins. Selection of this OLINK panel was 
based on previous descriptions of the proteins in relation to either prednisone or 
MTX and sarcoidosis. Of the available OLINK panels, the CVD III panel contained the 
most proteins related to the therapies and sarcoidosis. OLINK data is converted to 
normalized protein expression (NPX), which is expressed in a log2-scale. The NPX 
values cannot be converted into absolute protein concentrations. All information 
regarding detection limits, assay performance and validation are available on the 
manufacturer�s website (www.olink.com). The results of the measurements were 
considered reliable when detected levels were above the limit of detection in at 
least 75% of the samples. The abbreviations and full names of measured proteins 
are described in Supplementary Table S1 and S2. Differently expressed proteins 
(DEPs) were further evaluated if p-values < 0.10 and log2FC > 1 or < -1.

The three proteins with the most signi�cant difference between responders and 
non-responders for prednisone and the top three for MTX were measured in an 
independent second cohort consisting of EV samples from 57 patients treated 
with prednisone (45 responders and 12 non-responders) and 84 patients treated 
with MTX (52 responders and 32 non-responders). To quantify the changes in 
concentrations of these candidate proteins, enzyme-linked immune sorbent 
assay (ELISA) was used according to manufacturers� instructions. Absorbance 
measurements were recorded at 450 nm on 800 TS Absorbance reader (BioTek, 
Winooski, VT, USA). The selected proteins for ELISA are listed in Supplementary 
Table S3.

Bioinformatics and statistical analysis
To detect signi�cant changes in protein abundance between responders and 
non-responders to the prescribed medication, IBM SPSS statistics version 26, 
Rstudio version 4.4.0, and Graphpad Prism 9 were used. Non-parametric tests 
were used for non-normally distributed data (Mann-Whitney U test). The fold 

https://www.olink.com/
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change (FC) was calculated by dividing average protein level of responders by 
the average protein level of non-responders. A p-value <0.10 for the difference 
between responders and non-responders in the discovery cohort was considered 
of interest for further analysis. In the second cohort a p-value <0.05 was considered 
signi�cant. Reactome pathway analysis (https://www.reactome.org/) �PADOG 
analysis method� was used to discover if different pathways are involved in 
prednisone and MTX responders. Discrete normalization function TMM and 
maximal missing values was set to 0.5. To investigate the relationship between 
the protein levels and response to therapy, a logistic regression model with 
the outcome �improvement in lung function� was used. Receiver operating 
characteristic analysis was used to derive area under the curve (AUC) values to 
evaluate the predictive value of the proteins. Protein concentrations were log2-
transformed. Multiple logistic regression analysis was applied using proteins as 
predictors and responder as outcome. Additionally, proteins were combined to 
calculate their predicate probability for the response to treatment with either 
prednisone or MTX. From these logistic regression analyses the AUC values were 
evaluated, including sensitivity and speci�city using the pROC package in Rstudio.

https://www.reactome.org/
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Results

Baseline characteristics of the discovery cohort are reported in Table 1, signi�cance 
is stated with an asterisk. In both treatment groups 62.5% was male and 25.0% 
had a history of smoking. There was no signi�cant difference in Scadding Stage or 
extrapulmonary involvement between responders and non-responders. At baseline, 
FVC did not differ between groups (p=0.248 and p=0.156, respectively). A signi�cant 
difference in DLCO was found between responders and non-responders in the 
patients treated with MTX (p=0.010), but not for patients treated with prednisone 
(p=0.355).

Table 1. Baseline characteristics of the sarcoidosis patients with a pulmonary treatment 
indication used for the exploratory proteomic analysis. Data are presented as mean –SD 
or n (%), unless otherwise stated. aAge at time of blood withdrawal. bDisease duration is 
calculated as the time (years) between disease diagnosis and start of treatment. cLung 
function and Scadding stage were measured before start of treatment. *p-value<0.05

Parameter
n (%)

Prednisone treated group MTX treated group

Responder
(n = 8)

Non-responder
(n = 8)

Responder
(n = 8)

Non-responder
(n = 8)

Agea (years) 37.4 – 8.5 43.3 – 6.7 52.6 – 13.0 48.3 – 7.0

European descent 8 (100) 8 (100) 8 (100) 8 (100)

Disease durationb 
(years)

0.2 – 0.2 1.3 – 1.6 2.7 –2.1 0.7 – 0.4

Male sex 5 (62.5) 5 (62.5) 5 (62.5) 5 (62.5)

Ever smoker 2 (25.0) 2 (25.0) 2 (25.0) 2 (25.0)

Scadding stagec

0/I/II/III/IV
0/0/3/3/2

(0/0/37/37/25)
0/0/3/2/3

(0/0/37/25/37)
0/1/4/1/2

(0/12/50/12/25)
0/1/5/1/2

(0/0/62/12/25)

Extrapulmonary 
involvement

5 (62.5) 7 (87.5) 5 (62.5) 5 (62.5)

Lung functionc

FVC (%) 81.8 – 24.2 94.5 – 28.5 89.0 – 21.8 102.7 – 11.6

DLCO (%) 77.7 – 15.3 88.8 – 13.5 55.5 – 13.1* 86.1 – 12.6*

Targeted proteomics analysis
With the OLINK panel, 92 proteins were measured in both LDL and HDL EV-fractions 
of sarcoidosis patients treated with prednisone or MTX. Proteins that were above the 
limit of detection were considered reliable. For the prednisone cohort , 67 proteins in 
the LDL faction and 20 proteins in the HDL fraction were reliably detected, and for 
the MTX cohort these numbers were 67 proteins in the LDL fraction and 32 proteins 
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in the HDL fraction (supplementary Figure S1). Detected proteins were then further 
analysed for differences in expression between responders and non-responders. 
In total, 27 differentially expressed proteins (DEPs) were present in EV-fractions, 
including 11 for prednisone and 16 for MTX (p-value<0.10; Supplementary Figure S2). 
There was no overlap in the DEPs between the two treatment groups. Table 2 lists 
the DEPs with p-value and log2FC for each protein.

Table 2. Differentially expressed proteins between responders and non-responders in the 
discovery cohort. FC = fold change; protein level of responder divided by protein level of 
non-responder. Proteins are ordered by p-value.

Patients receiving treatment 
with prednisone

Patients receiving treatment 
with methotrexate

Gene symbol EV 
fraction

Log2 
FC

p-value Gene symbol EV 
fraction

Log2 
FC

p-value

CHI3L1 LDL 1.552 0.003 MMP2 LDL -1.438 0.002

CD163 HDL 1.215 0.016 CPA1 HDL -1.602 0.012

CXCL16 LDL -1.204 0.021 uPA LDL -1.270 0.012

IL2RA LDL 1.227 0.036 vWF LDL -1.167 0.016

IL18BP HDL 1.183 0.036 TLT2 LDL -1.114 0.016

TNFSF13B LDL 1.096 0.046 TFPI HDL -1.139 0.016

PDGFA LDL -1.287 0.046 CNTN1 LDL -1.092 0.027

CHIT1 HDL 2.138 0.046 IL1RT2 LDL -1.134 0.046

ALCAM HDL 1.188 0.059 PRTN3 LDL -1.330 0.046

CHIT1 LDL 1.510 0.059 U-PAR LDL -1.141 0.046

CD163 LDL 1.116 0.093 LDLR LDL -1.227 0.046

PGLYRP1 HDL -1.193 0.059

TRAP LDL -1.256 0.059

TIMP4 LDL -1.197 0.074

IL6RA LDL -1.086 0.074

ST2 HDL -1.216 0.093

Pathway enrichment analysis
To further investigate the role of the proteins in relation to response to therapy with 
either prednisone or MTX a Reactome pathway analysis was used. The pathways that 
met the threshold of -log10(p-value) � 1.0 are shown in the bubble plots of Figure 2. 
For prednisone, proteins were mainly enriched in NF-kB and MAPK pathways, and 
interleukin mediated signalling, while for MTX the results were mainly enriched in 
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processes involving GPI anchors and protein modi�cation, but also in MAPK and 
BRAF signalling. Furthermore, we analysed the correlation between the differentially 
expressed proteins based on the NPX values. For prednisone, eight DEPs were higher 
in responders and two were lower in responders compared with non-responders. In 
the prednisone group, the strongest correlations were found between CD163 and 
TNFSF13B (R=0.83; p<0.001), IL18BP and ALCAM (R=0.83; p<0.001) and between IL2RA 
and TNFSF13B (R=0.81; p<0.001). For MTX all DEPs were lower in the responders than 
in the non-responders. The strongest correlations in the MTX group were found 
between TIMP4 and CNTN (R=0.83; p<0.001), u-PAR and uPA (R=0.81; p<0.001) and 
between TIMP4 and vWF (R=0.73; p=0.001).

Replication of top DEPs
For replication of the results, we examined three proteins that were most signi�cantly 
different between responders and non-responders in both the prednisone and in 
the MTX treated discovery cohort, respectively (Table 2). Elisa analysis was performed 
on isolated EV samples of the second cohort consisting of 62 patients treated with 
prednisone and 76 patients treated with MTX. Baseline clinical patient characteristics 
are shown in Table 3, there were no signi�cant differences between responders and 
non-responders.

Of the six proteins that were measured, CHI3L1 remained signi�cantly different 
between responders and non-responders for prednisone (p=0.007) and CPA1 for 
MTX (p=0.010) respectively (Figure 3). CHI3L1 correlated with change in FVC (R=0.32; 
p=0.032 ) and both CHI3L1 and CD163 had a signi�cant odds ratio (OR) (p=0.032 and 
p=0.028, respectively) for improvement in FVC after treatment with prednisone. For 
patients treated with MTX MMP2 correlated with change in FVC after 24 weeks of 
treatment (R=-0.40; p=0.012) and also showed a signi�cant OR (p=0.015) for change 
in FVC after 24 weeks of treatment (Table 4).

Protein concentrations of the replication cohort were log2-transformed to determine 
their sensitivity and speci�city in an ROC analysis. The highest AUC values were found 
for CHI3L1 for the prednisone treated group and CPA1 for the MTX treated group and 
were 0.79 and 0.79, respectively (supplementary Figure S3). Sensitivity and speci�city 
of CHI3L1 were 0.72 and 0.70, and the cut-off value was 0.69. For CPA1 sensitivity was 
0.78 and speci�city 0.70 with a cut-off value of 0.67. Results for combinations of the 
selected proteins are shown in supplementary Table S4. For the patient group treated 
with prednisone, none of the combinations resulted in an increased AUC compared 
to the AUC of CHI3L1. For the patient group treated with MTX CPA1 in combination 
with uPA showed an increase in the AUC value from 0.79 to 0.80.
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Table 3. Baseline characteristics of the second cohort of sarcoidosis patients with a 
pulmonary treatment indication, this cohort was used for the replication of the top three 
proteins that were most signi�cantly different between responders and non-responders. 
Data are presented as mean –SD or n (%), unless otherwise stated. aAge at time of blood 
withdrawal. bDisease duration is the time (years) between disease diagnosis and start of 
treatment. cLung function and Scadding stage were measured before start of treatment. 
*p-value<0.05.

Parameter Prednisone treated group Methotrexate treated group

Responders
(n = 43)

Non-responders 
(n = 19)

Responders
(n = 45)

Non-responders
(n = 31)

Agea (years) 43.3 – 10.1 48 – 8.0 47.8 – 10.9 49.1 – 10.9

European descent 38 (90.5) 19 (100) 42 (93.3) 28 (90.3)

Disease durationb 
(years)

2.0 – 3.5 4.6 – 5.6 3.1 – 3.8 2.3 – 3.0

Male sex 28 (65.1) 13 (68.4) 24 (53.3) 23 (71.9)

Ever smoker 14 (40.0) 6 (37.5) 14 (40.0) 16 (59.3)

Scadding stagec

0/I/II/III/IV
0/10/20/4/6

(0/25/50/10/15)
0/0/7/1/3

(0/0/64/1/27)
0/4/19/7/10

(0/10/48/18/25)
0/4/14/3/11

(0/13/44/9/34)

Extrapulmonary 
involvement

31 (73.2) 17 (88.2) 39 (86.0) 25 (82.6)

Lung functionc

FVC (%) 86.7 – 22.8 90.74– 21.6 93.0 – 23.8 97.3 – 18.8

DLCO (%) 68.1 – 15.5 72.5 – 21.6 67.1 – 15.7 76.0 – 14.6

Table 4. Logistic regression of EV protein levels and change in FVC after 24 weeks of 
treatment.

Prednisone treated group Methotrexate treated group

Protein OR [95% CI] p-value Protein OR [95% CI] p-value

CHI3L1 3.6 [1.1-11.8] 0.032 MMP2 0.5 [0.3-0.9] 0.015

CD163 1.2 [1.0-1.5] 0.028 CPA1 0.9 [0.6-1.2] 0.451

CXCL16 1.3 [0.2-8.4] 0.806 uPA 0.7 [0.1-4.1] 0.718
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Figure 3. Box-plots of protein concentrations in the replication cohort of sarcoidosis 
patients treated with a � c) prednisone and d � f) methotrexate. Proteins measured are a) 
CHI3L1 in LDL, b) CD163 in HDL, c) CXCL16 in LDL, d) MMP2 in LDL, e) CPA1 in HDL, and f) 
uPA in LDL. Concentration is shown in Log2-scale with boxes representing interquartile 
range and whiskers the minimum and maximum for non-responders (NON) and 
responders (RES) to treatment. Concentrations of a) CHI3L1 and e) CPA1 are signi�cantly 
different between responders and non-responders treated with a) prednisone and e) 
methotrexate. **p<0.01
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Discussion

In this study, we explored the involvement of proteins present in EVs related to 
response to treatment with either prednisone or MTX. In the discovery cohort of 
this study, we found 27 EV proteins differently expressed between responders 
and non-responders to treatment at start of therapy. Interestingly, there was no 
overlap between DEPs found in the prednisone and the MTX treated groups. 
This suggests that within the sarcoidosis patient population there are already 
biological differences that correlate with outcome of speci�c anti-in�ammatory 
treatments. Speci�cally, levels of CHI3L1 for prednisone and CPA1 for MTX were 
higher in responders to therapy in both the discovery and replication cohort. 
Moreover, both proteins showed an AUC of 0.79, which suggests that these 
proteins possess distinct properties for predicting therapy response in sarcoidosis 
patients.

Pathway evaluation was utilized to obtain understanding of the biological 
signi�cance of the proteins in relation to response to treatment. For patients 
receiving treatment with prednisone, the pathway involved in mediating NF-kB 
was most signi�cant. This cytokine is related to the mitogen-activated protein 
kinase (MAPK) signaling pathway and the RAF/MAP kinase cascade also showed 
to be involved in the prednisone cohort. Chronic activation of the MAPK signaling 
pathway was previously shown to result in uncontrolled in�ammation and chronic 
in�ammatory diseases, including sarcoidosis (25). Activation of NF-kB and MAPKs 
is crucial for synthesis of Th1 cytokines, such as TNF-� and IL-6, which have been 
reported to be elevated in patients with sarcoidosis (26). Furthermore, previous 
studies have already shown that corticosteroids can inhibit activity of the MAPK 
signaling (27,28). Inhibition of the MAPK signaling pathway would lead to inhibition 
of the pro-in�ammatory cytokine release speci�c for sarcoidosis, resulting in a 
favorable outcome of this treatment.

CHI3L1 was previously found to relate to cancer cell survival, transformation, 
migration and invasion by regulating the PI3K/AKT/mTOR and Ras/Raf/MAPK 
signaling pathways (29�31). Moreover, studies showed that MAPK pathway 
phosphorylation was strongly induced by CHI3L1 in asthma and that CHI3L1 
increased IL-8 production in bronchial epithelial cells via MAPK and NF-kB 
pathways (29,32). Concentrations of CHI3L1 remained signif icantly higher 
for responders compared to non-responders treated with prednisone in the 
replication cohort, and consistent with the �nding, its baseline concentrations 
showed to relate to improvement in lung function after 24 weeks of treatment.
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The precise cellular function of CHI3L1 has not yet been described, however 
this protein is produced by a number of cells from the innate immune system, 
including macrophages and neutrophils (33). In sarcoidosis, CHI3L1 plays a role in 
both tissue in�ammation as well as development of �brosis (34). Furthermore, 
elevated levels of CHI3L1 were reported in patients with active disease. However, 
its use as diagnostic biomarker is limited due to low speci�city and association 
with various other diseases (34,35). The in�uence of treatment on levels of CHI3L1 
have not been described, but, previous research reported no difference in serum 
levels of CHI3L1 between patients receiving treatment and patients who did not 
(34). Our study adds that relatively high levels of CHI3L1 in EVs points towards the 
ability to respond well to treatment with prednisone. As a potential biomarker, 
based on low CHI3L1 levels in baseline blood sample 70% of patients that did not 
respond to subsequent prednisone therapy could be identi�ed.

For the patients receiving treatment with MTX the Glycosylphosphatidylinositol 
(GPI) anchored proteins showed to be most signi�cantly different between 
responders and non-responders. GPI-anchored proteins are often receptors that 
mediate cell activation or ligand uptake. One GPI-anchored protein that has been 
studied thoroughly in sarcoidosis is CD14. CD14 is a myeloid differentiation antigen 
mainly expressed on monocytes and macrophages and is required for recognition 
by toll-like receptors. CD14 is present as a GPI-anchored membrane protein on the 
myeloid cell lineage and as a soluble serum protein (36�38). Previous research on 
EV proteins in sarcoidosis already reported levels of CD14 to be upregulated in the 
process of granuloma formation in patients with sarcoidosis (39). GPI anchored 
proteins and their speci�c sorting potentials are important for the regulated 
uptake of folates into the cell (40). Folate antagonists, such as MTX, modulate 
expression of CD14. Studies in rheumatoid arthritis (RA) reported that levels of 
CD14 in serum diminish in RA patients responding to MTX treatment (41). This 
supports the anti-in�ammatory role of MTX.

Of the three proteins that were replicated in the MTX cohort, CPA1 showed a 
signi�cant difference in concentration between responders and non-responders. 
CPA1 (Carboxypeptidase A1) is a member of carboxypeptidase A family of zinc 
metalloproteases and is produced in the pancreatic acinar cells. Mutations in CPA1 
have been linked to chronic pancreatitis and pancreatic cancer (42). CPA1 plays a 
role in the SPINK1 pancreatic cancer pathway, which was previously mentioned 
as one of the canonical pathways differently expressed between sarcoidosis and 
control subjects in BAL cells (43). Moreover, CPA1 has been described to be a 
potential prodrug-activating enzyme of MTX, capable of hydrolyzing stable 



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 135PDF page: 135PDF page: 135PDF page: 135

Targeted proteomics in search for predictive biomarkers

135

4

prodrugs of MTX (44). We showed a higher concentration of CPA1 in EVs in 
patients responding to treatment with MTX, suggesting that for these patients 
CPA1 possibly helps as an activating enzyme to transport MTX into the cell for 
polyglutamation.

Our study comes with some limitations. Most importantly, because of the 
retrospective design of the study not all information was available, resulting in 
some missing data on clinical characteristics. Selection bias may be present as 
patients who did not have lung function data around 24 weeks after start of 
treatment could not be included in the study. A strength of the study is that protein 
levels were measured in EV fractions using an assay speci�c unit but replicated 
with an ELISA assay. We intentionally measured proteins at baseline, to determine 
their predictive characteristics and processes involved in responsiveness.
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Conclusion

Because of the heterogeneous disease course of sarcoidosis, there is a need for 
speci�c biomarkers that will help predict clinical outcome and guide therapeutic 
management. In this study, we were able to identify speci�c proteins predictive 
for response to treatment with either prednisone or methotrexate. Moreover, 
we found that there was no overlap in differentially expressed proteins between 
responders and non-responders of patients treated with prednisone and patients 
treated with MTX, supporting the notion that responsive patients may be identi�ed 
before treatment initiation. These results are promising and warrant replication 
in a prospective cohort for future development of a clinical assay predictive of 
response to prednisone or MTX. A predictive biomarker for selecting the most 
optimal therapy would signi�cantly decrease non-responsiveness, drug switching, 
side effects and loss of organ function, and pave the way towards personalized 
sarcoidosis care.
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Supplement

Figure S1. Bubble �gure depicting the log2 fold changes and p-values for proteins that are 
differently expressed between patients with and without a good response to prednisone 
(blue dots) and methotrexate (red dots) in the discovery cohort (n = 32). A positive FC 
represents proteins which are upregulated in responders and a negative FC represents 
proteins which are upregulated in non-responders to the described therapy.
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Table S1. Protein concentrations measured in discovery cohort of patients with pulmonary 
sarcoidosis treated with prednisone. Data is shown as normalized protein expression 
(NPX), expressed in a log2-scale. Proteins are listed in alphabetical order.

Protein name

CD166 antigen (ALCAM)

CD166 antigen (ALCAM)

Aminopeptidase N (AP-N)

Aminopeptidase N (AP-N)

Tyrosine-protein kinase receptor UFO (AXL)

Tyrosine-protein kinase receptor UFO (AXL)

C-C motif chemokine 15 (CCL15)

C-C motif chemokine 15 (CCL15)

C-C motif chemokine 16 (CCL16)

C-C motif chemokine 16 (CCL16)

C-C motif chemokine 24 (CCL24)

Scavenger receptor cysteine-rich type 1 protein M130 (CD163)

Scavenger receptor cysteine-rich type 1 protein M130 (CD163)

Complement component C1q receptor (CD93)

Complement component C1q receptor (CD93)

Chitinase-3-like protein 1 (CHI3L1)

Chitotriosidase-1 (CHIT1)

Chitotriosidase-1 (CHIT1)

Contactin-1 (CNTN1)

Collagen alpha-1(I) chain (COL1A1)

Collagen alpha-1(I) chain (COL1A1)

Carboxypeptidase A1 (CPA1)

Carboxypeptidase B (CPB1)

Cathepsin Z (CTSZ)

Cathepsin Z (CTSZ)

C-X-C motif chemokine 16 (CXCL16)

Protein delta homolog 1 (DLK-1)

Protein delta homolog 1 (DLK-1)

Epidermal growth factor receptor (EGFR)

Epidermal growth factor receptor (EGFR)

Tumor necrosis factor receptor superfamily member 6 (FAS)
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Uniport ID Fraction Responder (n = 8) Non-responder (n = 8) p-value

Q13740 HDL 2.83 – 0.57 2.38 – 0.47 0.059

Q13740 LDL 3.18 – 0.25 2.93 – 0.44 0.141

P15144 HDL 1.58 – 0.53 1.39 – 0.37 0.462

P15144 LDL 1.95 – 0.22 2.10 – 0.34 0.345

P30530 HDL 4.24 – 0.55 3.98 – 0.35 0.529

P30530 LDL 4.77 – 0.27 4.75 – 0.46 1.000

Q16663 HDL 2.39 – 0.31 2.27 – 0.30 0.401

Q16663 LDL 3.28 – 0.25 3.20 – 0.46 0.916

O15467 HDL 0.22 – 0.23 0.12 – 0.18 0.462

O15467 LDL 2.97 – 0.41 3.02 – 0.62 0.834

O00175 LDL 3.67 – 0.78 3.51 – 0.58 0.674

Q86VB7 HDL 3.05 – 0.50 2.51 – 0.42 0.016

Q86VB7 LDL 4.33 – 0.54 3.88 – 0.51 0.093

Q9NPY3 HDL 5.83 – 0.78 5.80 – 0.49 0.834

Q9NPY3 LDL 6.26 – 0.26 6.23 – 0.41 0.753

P36222 LDL 4.10 – 0.86 2.64 – 0.71 0.003

Q13231 HDL 2.22 – 1.86 1.04 – 1.01 0.046

Q13231 LDL 2.94 – 2.24 1.95 – 1.25 0.059

Q12860 LDL 1.78 – 0.22 1.74 – 0.19 0.674

P02452 HDL -2.23 – 0.93 -2.67 – 0.63 0.248

P02452 LDL -1.81 – 0.41 -2.02 – 0.55 0.674

P15085 LDL 1.70 – 0.32 1.88 – 0.32 0.208

P15086 LDL 2.66 – 0.25 2.59 – 0.20 0.674

Q9UBR2 HDL 0.24 – 0.46 0.02 – 0.41 0.401

Q9UBR2 LDL 0.76 – 0.23 0.76 – 0.36 1.000

Q9H2A7 LDL 2.40 – 0.23 2.61 – 0.30 0.141

P80370 HDL 2.54 – 0.33 2.58 – 0.43 0.600

P80370 LDL 2.42 – 0.30 2.91 – 0.43 0.021

P00533 HDL -1.25 – 0.55 -1.38 – 0.37 0.753

P00533 LDL -0.92 – 0.22 -0.84 – 0.35 0.834

P25445 LDL 2.10 – 0.35 2.49 – 0.70 0.172
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Table S1. Continued

Protein name

Galectin-3 (Gal-3)

Growth/differentiation factor 15 (GDF-15)

Granulins (GRN)

Insulin-like growth factor-binding protein 7 (IGFBP-7)

Interleukin-18-binding protein (IL-18BP)

Interleukin-18-binding protein (IL-18BP)

Interleukin-1 receptor type 2 (IL-1RT2)

Interleukin-2 receptor subunit alpha (IL2-RA)

Interleukin-6 receptor subunit alpha (IL-6RA)

Interleukin-6 receptor subunit alpha (IL-6RA)

Integrin beta-2 (ITGB2)

Junctional adhesion molecule A (JAM-A)

Kallikrein-6 (KLK6)

Low-density lipoprotein receptor (LDL receptor)

Monocyte chemotactic protein 1 (MCP-1)

Matrix metalloproteinase-2 (MMP-2)

Matrix metalloproteinase-3 (MMP-3)

Matrix metalloproteinase-9 (MMP-9)

Myeloperoxidase (MPO)

Neurogenic locus notch homolog protein 3 (Notch 3)

Osteopontin (OPN)

Plasminogen activator inhibitor 1 (PAI)

Plasminogen activator inhibitor 1 (PAI)

Proprotein convertase subtilisin/kexin type 9 (PCSK9)

Platelet-derived growth factor subunit A (PDGF subunit A)

Platelet endothelial cell adhesion molecule (PECAM-1)

Peptidoglycan recognition protein 1 (PGLYRP1)

Peptidoglycan recognition protein 1 (PGLYRP1)

Perlecan (PLC)

Paraoxonase (PON 3)

Myeloblastin (PRTN3)

Retinoic acid receptor responder protein 2 (RARRES2)

Resistin (RETN)
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Uniport ID Fraction Responder (n = 8) Non-responder (n = 8) p-value

P17931 LDL 1.13 – 0.16 1.35 – 0.59 0.674

Q99988 LDL 1.75 – 0.33 1.80 – 0.22 0.462

P28799 LDL 1.67 – 0.29 1.66 – 0.21 0.916

Q16270 LDL 4.03 – 0.32 4.16 – 0.42 0.401

O95998 HDL 2.88 – 0.49 2.43 – 0.32 0.036

O95998 LDL 3.15 – 0.34 2.81 – 0.43 0.115

P27930 LDL 2.84 – 0.19 2.59 – 0.29 0.115

P01589 LDL 2.19 – 0.40 1.78 – 0.28 0.036

P08887 HDL 6.71 – 0.66 6.63 – 0.52 0.916

P08887 LDL 7.57 – 0.37 7.50 – 0.60 0.834

P05107 LDL 2.67 – 0.47 2.49 – 0.35 0.401

Q9Y624 LDL 1.48 – 0.15 1.51 – 0.34 0.834

Q92876 LDL 0.00 – 0.42 -0.06 – 0.32 0.753

P01130 LDL 1.63 – 0.36 1.74 – 0.46 0.600

P13500 LDL 2.44 – 0.27 2.44 – 0.22 0.834

P08253 LDL 0.77 – 0.25 0.64 – 0.25 0.401

P08254 LDL 1.68 – 0.54 2.03 – 0.88 0.600

P14780 LDL 2.69 – 0.48 2.94 – 0.82 0.834

P05164 LDL 1.12 – 0.29 1.27 – 0.57 0.834

Q9UM47 LDL 1.91 – 0.23 1.95 – 0.23 0.834

P10451 LDL 2.85 – 0.32 2.96 – 0.62 0.600

P05121 HDL -1.27 – 1.09 -1.70 – 0.31 0.753

P05121 LDL 4.37 – 0.55 4.49 – 0.43 0.462

Q8NBP7 LDL 1.84 – 0.22 2.02 – 0.15 0.172

P04085 LDL 1.61 – 0.58 2.08 – 0.35 0.046

P16284 LDL 0.68 – 0.19 0.75 – 0.24 0.916

O75594 HDL 1.25 – 0.40 1.17 – 0.30 0.834

O75594 LDL 4.32 – 0.75 4.43 – 0.75 0.916

P98160 LDL 3.67 – 0.37 3.72 – 0.29 0.600

Q15166 LDL 2.42 – 0.23 2.47 – 0.28 0.834

P24158 LDL 2.91 – 0.68 2.61 – 0.76 0.294

Q99969 LDL 6.89 – 0.59 7.12 – 0.46 0.401

Q9HD89 LDL 2.82 – 0.46 2.92 – 0.45 0.753
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Table S1. Continued

Protein name

E-selectin (SELE)

E-selectin (SELE)

P-selectin (SELP)

P-selectin (SELP)

Tyrosine-protein phosphatase non-receptor type substrate 1 (SHPS-1)

ST2 protein (ST2)

Trefoil factor 3 (TFF3)

Trefoil factor 3 (TFF3)

Tissue factor pathway inhibitor (TFPI)

Metalloproteinase inhibitor 4 (TIMP4)

Tumor necrosis factor receptor 1 (TNF-R1)

Tumor necrosis factor receptor 1 (TNF-R1)

Tumor necrosis factor ligand superfamily member 13B (TNFSF13B)

Tissue-type plasminogen activator (t-PA)

Transferrin receptor protein 1 (TR)

Tartrate-resistant acid phosphatase type 5 (TR-AP)

Urokinase-type plasminogen activator (uPA)

Urokinase plasminogen activator surface receptor (U-PAR)

von Willebrand factor (vWF)

Table S2. Protein concentrations measured in discovery cohort of patients with pulmonary 
sarcoidosis treated with methotrexate (MTX). Data is shown as normalized protein 
expression (NPX), expressed in a log2-scale. Proteins are listed in alphabetical order.

Protein name

CD166 antigen (ALCAM)

CD166 antigen (ALCAM)

Aminopeptidase N (AP-N)

Aminopeptidase N (AP-N)

Tyrosine-protein kinase receptor UFO (AXL)

Tyrosine-protein kinase receptor UFO (AXL)

Caspase-3 (CASP-3)

C-C motif chemokine 15 (CCL15)
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Uniport ID Fraction Responder (n = 8) Non-responder (n = 8) p-value

P16581 HDL 4.95 – 0.80 4.89 – 0.68 0.916

P16581 LDL 5.99 – 0.68 6.18 – 0.72 0.600

P16109 HDL 4.59 – 0.70 4.50 – 0.62 0.753

P16109 LDL 5.47 – 0.33 5.60 – 0.67 0.674

P78324 LDL 0.92 – 0.18 1.08 – 0.24 0.208

Q01638 LDL 2.75 – 0.39 2.99 – 0.67 0.462

Q07654 HDL 2.33 – 1.01 2.13 – 1.08 0.674

Q07654 LDL 2.98 – 1.37 2.73 – 1.15 0.600

P10646 LDL 5.02 – 0.47 5.17 – 0.41 0.462

Q99727 LDL 1.40 – 0.26 1.54 – 0.27 0.208

P19438 HDL 2.57 – 0.40 2.30 – 0.47 0.345

P19438 LDL 2.87 – 0.26 2.96 – 0.45 0.345

Q9Y275 LDL 3.78 – 0.21 3.45 – 0.36 0.046

P00750 LDL 1.26 – 0.24 1.46 – 0.40 0.294

P02786 LDL 2.73 – 0.44 2.44 – 0.44 0.345

P13686 LDL 1.75 – 0.21 1.59 – 0.29 0.462

P00749 LDL 3.13 – 0.48 2.94 – 0.40 0.600

Q03405 LDL 2.84 – 0.21 2.67 – 0.39 0.529

P04275 LDL 2.82 – 0.34 2.90 – 0.50 0.600

Uniprot ID Fraction Responder (n = 8) Non-responder (n = 8) p-value

Q13740 HDL 2.85 – 0.43 2.72 – 0.70 1.000

Q13740 LDL 3.20 – 0.31 3.06 – 0.40 0.345

P15144 HDL 1.78 – 0.28 1.57 – 0.51 0.208

P15144 LDL 2.22 – 0.42 2.16 – 0.57 0.600

P30530 HDL 4.43 – 0.58 4.15 – 0.58 0.529

P30530 LDL 4.93 – 0.55 4.82 – 0.41 0.834

P42574 LDL 2.89 – 0.52 3.13 – 0.56 0.345

Q16663 HDL 2.73 – 0.21 2.67 – 0.43 0.674
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Table S2. Continued

Protein name

C-C motif chemokine 15 (CCL15)

C-C motif chemokine 16 (CCL16)

C-C motif chemokine 24 (CCL24)

C-C motif chemokine 24 (CCL24)

Scavenger receptor cysteine-rich type 1 protein M130 (CD163)

Scavenger receptor cysteine-rich type 1 protein M130 (CD163)

Complement component C1q receptor (CD93)

Complement component C1q receptor (CD93)

Chitinase-3-like protein 1 (CHI3L1)

Chitinase-3-like protein 1 (CHI3L1)

Chitotriosidase-1 (CHIT1)

Chitotriosidase-1 (CHIT1)

Contactin-1 (CNTN1)

Collagen alpha-1(I) chain (COL1A1)

Collagen alpha-1(I) chain (COL1A1)

Carboxypeptidase A1 (CPA1)

Carboxypeptidase A1 (CPA1)

Carboxypeptidase B (CPB1)

Cathepsin Z (CTSZ)

Cathepsin Z (CTSZ)

C-X-C motif chemokine 16 (CXCL16)

C-X-C motif chemokine 16 (CXCL16)

Protein delta homolog 1 (DLK-1)

Protein delta homolog 1 (DLK-1)

Epidermal growth factor receptor (EGFR)

Epidermal growth factor receptor (EGFR)

Ephrin type-B receptor 4 (EPHB4)

Tumor necrosis factor receptor superfamily member 6 (FAS)

Tumor necrosis factor receptor superfamily member 6 (FAS)

Galectin-3 (Gal-3)

Growth/differentiation factor 15 (GDF-15)

Granulins (GRN)

Granulins (GRN)
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Uniprot ID Fraction Responder (n = 8) Non-responder (n = 8) p-value

Q16663 LDL 3.78 – 0.49 3.69 – 0.64 0.834

O15467 HDL 0.54 – 0.25 1.00 – 0.64 0.141

O00175 LDL 3.23 – 0.63 3.24 – 0.49 0.916

O00175 LDL 3.83 – 0.54 3.70 – 0.50 0.600

Q86VB7 HDL 3.02 – 0.41 3.02 – 0.53 0.916

Q86VB7 LDL 4.16 – 0.47 4.09 – 0.53 0.753

Q9NPY3 HDL 5.99 – 0.40 6.16 – 0.88 0.674

Q9NPY3 LDL 6.48 – 0.30 6.33 – 0.50 0.529

P36222 HDL 0.68 – 0.76 0.97 – 0.65 0.345

P36222 LDL 4.13 – 1.44 3.94 – 0.96 1.000

Q13231 HDL 2.41 – 1.01 2.42 – 1.85 0.674

Q13231 LDL 3.20 – 1.10 3.17 – 1.48 0.834

Q12860 LDL 1.94 – 0.15 1.78 – 0.12 0.027

P02452 HDL -2.56 – 0.36 -2.40 – 0.90 1.000

P02452 LDL -2.13 – 0.56 -1.83 – 0.51 0.141

P15085 HDL 1.66 – 0.23 1.03 – 0.51 0.012

P15085 LDL 2.01 – 0.24 1.88 – 0.26 0.208

P15086 LDL 2.93 – 0.22 2.83 – 0.45 0.401

Q9UBR2 HDL 0.52 – 0.21 0.36 – 0.47 0.462

Q9UBR2 LDL 1.01 – 0.19 0.97 – 0.48 0.529

Q9H2A7 HDL 2.05 – 0.08 1.97 – 0.44 0.294

Q9H2A7 LDL 2.59 – 0.27 2.54 – 0.20 0.916

P80370 HDL 2.84 – 0.22 2.71 – 0.49 0.462

P80370 LDL 2.71 – 0.34 2.87 – 0.39 0.401

P00533 HDL -1.24 – 0.35 -1.27 – 0.51 0.916

P00533 LDL -0.92 – 0.26 -0.96 – 0.55 0.462

P54760 LDL 2.20 – 0.22 2.07 – 0.20 0.294

P25445 HDL 0.22 – 0.10 0.13 – 0.28 0.529

P25445 LDL 2.59 – 0.46 2.43 – 0.27 0.401

P17931 LDL 1.34 – 0.13 1.21 – 0.26 0.208

Q99988 LDL 1.99 – 0.31 1.93 – 0.42 0.600

P28799 HDL 0.46 – 0.12 0.55 – 0.36 0.834

P28799 LDL 1.66 – 0.24 1.68 – 0.35 0.834



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 150PDF page: 150PDF page: 150PDF page: 150

Chapter 4

150

Table S2. Continued

Protein name

Intercellular adhesion molecule 2 (ICAM-2)

Insulin-like growth factor-binding protein 7 (IGFBP-7)

Insulin-like growth factor-binding protein 7 (IGFBP-7)

Interleukin-18-binding protein (IL-18BP)

Interleukin-18-binding protein (IL-18BP)

Interleukin-1 receptor type 2 (IL-1RT2)

Interleukin-2 receptor subunit alpha (IL2-RA)

Interleukin-2 receptor subunit alpha (IL2-RA)

Interleukin-6 receptor subunit alpha (IL-6RA)

Interleukin-6 receptor subunit alpha (IL-6RA)

Integrin beta-2 (ITGB2)

Junctional adhesion molecule A (JAM-A)

Junctional adhesion molecule A (JAM-A)

Kallikrein-6 (KLK6)

Low-density lipoprotein receptor (LDL receptor)

Monocyte chemotactic protein 1 (MCP-1)

Matrix metalloproteinase-2 (MMP-2)

Matrix metalloproteinase-3 (MMP-3)

Matrix metalloproteinase-9 (MMP-9)

Myeloperoxidase (MPO)

Neurogenic locus notch homolog protein 3 (Notch 3)

Osteopontin (OPN)

Plasminogen activator inhibitor 1 (PAI)

Plasminogen activator inhibitor 1 (PAI)

Proprotein convertase subtilisin/kexin type 9 (PCSK9)

Platelet-derived growth factor subunit A (PDGF subunit A)

Platelet endothelial cell adhesion molecule (PECAM-1)

Peptidoglycan recognition protein 1 (PGLYRP1)

Peptidoglycan recognition protein 1 (PGLYRP1)

Perlecan (PLC)

Paraoxonase (PON 3)

Myeloblastin (PRTN3)

Retinoic acid receptor responder protein 2 (RARRES2)
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Uniprot ID Fraction Responder (n = 8) Non-responder (n = 8) p-value

P13598 LDL 2.03 – 0.26 2.08 – 0.27 1.000

Q16270 HDL 2.17 – 0.27 1.91 – 0.32 0.141

Q16270 LDL 4.35 – 0.45 4.18 – 0.29 0.600

O95998 HDL 3.01 – 0.42 2.79 – 0.56 0.401

O95998 LDL 3.19 – 0.54 3.05 – 0.41 0.834

P27930 LDL 3.00 – 0.31 2.65 – 0.26 0.046

P01589 HDL 1.89 – 0.26 1.62 – 0.42 0.172

P01589 LDL 2.16 – 0.49 1.95 – 0.31 0.345

P08887 HDL 6.91 – 0.57 7.18 – 0.69 0.345

P08887 LDL 7.97 – 0.58 7.34 – 0.88 0.074

P05107 LDL 2.84 – 0.47 2.64 – 0.42 0.401

Q9Y624 HDL 0.59 – 0.42 0.49 – 0.55 0.674

Q9Y624 LDL 1.56 – 0.27 1.58 – 0.26 0.916

Q92876 LDL 0.31 – 0.48 -0.05 – 0.43 0.074

P01130 LDL 2.05 – 0.27 1.67 – 0.46 0.046

P13500 LDL 2.68 – 0.36 2.55 – 0.29 0.529

P08253 LDL 0.98 – 0.17 0.68 – 0.07 0.002

P08254 LDL 2.56 – 0.94 2.07 – 0.72 0.345

P14780 LDL 2.99 – 0.45 2.54 – 0.61 0.172

P05164 LDL 1.19 – 0.39 0.98 – 0.28 0.141

Q9UM47 LDL 2.16 – 0.20 2.10 – 0.18 0.462

P10451 LDL 2.61 – 0.39 2.90 – 0.46 0.172

P05121 HDL -1.03 – 0.45 -0.72 – 0.81 0.529

P05121 LDL 4.27 – 0.69 4.09 – 0.70 0.600

Q8NBP7 LDL 2.02 – 0.28 1.90 – 0.27 0.345

P04085 LDL 1.46 – 0.66 1.54 – 0.45 0.753

P16284 LDL 0.92 – 0.16 0.80 – 0.23 0.208

O75594 HDL 1.61 – 0.20 1.35 – 0.25 0.059

O75594 LDL 4.65 – 0.62 4.17 – 0.58 0.115

P98160 LDL 4.07 – 0.43 4.06 – 0.39 0.834

Q15166 LDL 2.59 – 0.24 2.49 – 0.36 0.208

P24158 LDL 3.12 – 0.75 2.35 – 0.62 0.046

Q99969 LDL 6.94 – 0.85 6.87 – 0.62 0.916
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Table S2. Continued

Protein name

Resistin (RETN)

Secretoglobin family 3A member 2 (SCGB3A2)

E-selectin (SELE)

E-selectin (SELE)

P-selectin (SELP)

P-selectin (SELP)

Tyrosine-protein phosphatase non-receptor type substrate 1 (SHPS-1)

ST2 protein (ST2)

ST2 protein (ST2)

Trefoil factor 3 (TFF3)

Trefoil factor 3 (TFF3)

Tissue factor pathway inhibitor (TFPI)

Tissue factor pathway inhibitor (TFPI)

Metalloproteinase inhibitor 4 (TIMP4)

Trem-like transcript 2 protein (TLT-2)

Tumor necrosis factor receptor 1 (TNF-R1)

Tumor necrosis factor receptor 1 (TNF-R1)

Tumor necrosis factor ligand superfamily member 13B (TNFSF13B)

Tumor necrosis factor ligand superfamily member 13B (TNFSF13B)

Tissue-type plasminogen activator (t-PA)

Transferrin receptor protein 1 (TR)

Tartrate-resistant acid phosphatase type 5 (TR-AP)

Urokinase-type plasminogen activator (uPA)

Urokinase plasminogen activator surface receptor (U-PAR)

Urokinase plasminogen activator surface receptor (U-PAR)

von Willebrand factor (vWF)
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Uniprot ID Fraction Responder (n = 8) Non-responder (n = 8) p-value

Q9HD89 LDL 3.07 – 0.44 2.93 – 0.32 0.462

Q96PL1 LDL 0.71 – 0.34 0.82 – 0.29 0.529

P16581 HDL 5.52 – 0.84 5.24 – 0.76 0.600

P16581 LDL 6.60 – 0.81 6.31 – 0.61 0.462

P16109 HDL 4.70 – 0.45 4.85 – 0.70 0.916

P16109 LDL 5.79 – 0.34 5.68 – 0.51 0.834

P78324 LDL 1.19 – 0.28 1.10 – 0.18 0.401

Q01638 HDL 2.63 – 0.46 2.16 – 0.57 0.093

Q01638 LDL 3.22 – 0.64 2.83 – 0.33 0.208

Q07654 HDL 2.02 – 0.23 1.95 – 0.40 0.600

Q07654 LDL 2.49 – 0.20 2.31 – 0.26 0.141

P10646 HDL 2.29 – 0.17 2.01 – 0.24 0.016

P10646 LDL 5.05 – 0.66 5.17 – 0.53 0.753

Q99727 LDL 1.85 – 0.33 1.55 – 0.24 0.074

Q5T2D2 LDL 3.21 – 0.18 2.88 – 0.23 0.016

P19438 HDL 2.83 – 0.26 2.68 – 0.55 0.462

P19438 LDL 3.26 – 0.36 3.07 – 0.39 0.248

Q9Y275 HDL 2.48 – 0.19 2.34 – 0.33 0.208

Q9Y275 LDL 3.81 – 0.55 3.63 – 0.45 0.674

P00750 LDL 1.61 – 0.45 1.63 – 0.39 0.600

P02786 LDL 2.84 – 0.33 2.75 – 0.35 0.345

P13686 LDL 1.92 – 0.47 1.53 – 0.28 0.059

P00749 LDL 3.31 – 0.42 3.06 – 0.16 0.294

Q03405 HDL 2.64 – 0.37 2.08 – 0.46 0.012

Q03405 LDL 3.11 – 0.41 2.72 – 0.33 0.046

P04275 LDL 3.24 – 0.25 2.78 – 0.33 0.016
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Table S3. List of proteins selected for the second cohort.

Protein Catalog # Firm

CD163 EHCD163 Thermo Fisher Scienti�c, 
Waltham, MA, USA

Chitinase 3-like 1 DC3L10 R&D Systems, Minneapolis, MN, 
USA

CPA1 EH66RB Thermo Fisher Scienti�c, 
Waltham, MA, USA

CXCL16 EHCXCL16 Thermo Fisher Scienti�c, 
Waltham, MA, USA

Human u-plasminogen activator DY1310 R&D Systems, Minneapolis, MN, 
USA

MMP2 KHC3081 Thermo Fisher Scienti�c, 
Waltham, MA, USA

Table S4. Receiver operating characteristic (ROC) analysis to derive area unde the curve 
(AUC) values to evaluate the predictive value of the selected proteins measured in the 
second �replication� cohort. Combinations were analyzed using multiple logistic regression 
analysis. The predicted probabilities are depicted in the table including combined 
sensitivity and speci�city of these proteins.

Prednisone treated group

Combination of proteins AUC Sensitivity Speci�city

CHI3L1 + CD163 0.79 0.78 0.70

CHI3L1 + CXCL16 0.79 0.89 0.70

CD163 + CXCL16 0.59 0.89 0.20

CHI3L1 + CD163 + CXCL16 0.78 0.67 0.80
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Methotrexate treated group

Combination of proteins AUC Sensitivity Speci�city

MMP2 + CPA1 0.79 0.67 0.90

MMP2 + uPA 0.60 0.22 1.00

CPA1 + uPA 0.80 0.89 0.60

MMP2 + CPA1 + uPA 0.79 0.89 0.70

Figure S2. Bubble �gure depicting the log2 fold changes and p-values <0.10 for proteins 
that are differently expressed between responders and non-responders to a) prednisone 
(blue dots) and b) methotrexate (red dots) treatment.
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Figure S3. Receiver operating characteristic (ROC)-curve analysis of selected proteins for 
the prediction of therapy response in serum EVs of sarcoidosis patients treated with a) 
prednisone and b) methotrexate. AUC = area under curve.
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Abstract

Sarcoidosis is a systemic granulomatous disease of unknown cause in which 
30% of its patients require treatment with immunosuppressive drugs to alleviate 
symptoms or prevent organ damage. Prednisone and methotrexate (MTX) are the 
most commonly used drugs, however, success of treatment varies from patient 
to patient. In this study, we performed an untargeted proteomics approach to 
identify protein signatures in extracellular vesicles (EVs) associated with treatment 
response. In total, 67 differentially expressed proteins (DEPs) were identi�ed 
between responders and non-responders to prednisone and 38 DEPs between 
responders and non-responders to MTX. Only six DEPS overlapped between 
treatment groups. Reactome pathway analysis showed DEPs for prednisone 
response to be involved in metalloproteinase and toll like receptor cascades and 
proteins in MTX to be involved in GPCR signaling and hemostasis. Ten proteins, 
5 per treatment, were selected for replication in a large retrospective cohort (n 
= 90) and validation in a prospective cohort (n = 22). DEPs complement factor 
I (CFI) remained signi�cantly different at baseline in responders to prednisone 
(replication p<0.001; validation p = 0.023) and complement C8 (CC8) for MTX 
(replication p = 0.032; validation p = 0.066) respectively. In this study, we showed 
that EV protein pro�les prior to treatment differ signi�cantly between responders 
and non-responders to prednisone or MTX in pulmonary sarcoidosis and provide 
a new way to select the most appropriate treatment for each patient.

Keywords: Extracellular vesicles, future biomarkers, treatment, sarcoidosis.
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Introduction

Sarcoidosis is a systemic in�ammatory disease characterized by the formation 
of non-caseating granulomas mainly affecting the lungs, lymph nodes, skin 
and eyes (1)(2). Sarcoidosis has a heterogeneous and often unpredictable 
disease course, varying from self-limiting to a chronic, sometime progressive, 
course that requires treatment (3,4). In sarcoidosis, about 10-30% of the patients 
have a need for treatment (3,4). However, sarcoidosis is an unpredictable 
heterogeneous disease and treatment remains a challenge (5).

The �rst choice for the treatment of pulmonary sarcoidosis is oral corticosteroids, 
such as prednisone, as stated in the current guideline on management of 
sarcoidosis (6). However, long term use is associated with impaired quality of life 
(7,8) and a signi�cant portion of patients do not respond to prednisone therapy. 
In case prednisone is no option, or ineffective therapy with methotrexate 
(MTX) is initiated (8,9). There is an unmet need for biomarkers that can guide 
treatment steps and predict treatment response in sarcoidosis (10). While 
variability in treatment response is a well-known phenomenon in sarcoidosis 
it is not known whether treatment can be tailored to the ability to respond to 
therapy.

Recent studies, both in ILD and in other disorders, have shown promising 
results using extracellular vesicles (EVs)(11�13), making this an interesting 
novel compartment for the search of speci�c biomarkers in sarcoidosis. EVs 
were long thought to be used as a waste disposal system of cells, however, in 
the past two decades a shift has occurred in which EVs are recognized as a 
crucial factor in intercellular communication (14). EV is an umbrella term of all 
vesicles found in body �uids, including exosomes, micro-vesicles and apoptotic 
bodies. Most cell types, including respiratory cells, use EVs for intercellular 
communication by releasing them into the extracellular space. The lung is 
the organ with the highest vascular density in the human body. Therefore, it 
contributes substantially to the circulation of EVs, which in turn, play critical 
roles in normal lung physiology (15).

In previous research we explored the value of EVs as source of predictive 
biomarkers for treatment response in sarcoidosis patients (16). We analyzed EVs 
for four preselected proteins and found that potential differences where present 
between responders and non-responders to prednisone and MTX therapy. In 
this study, we will perform an untargeted proteomics approach using label-
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free liquid chromatography/tandem mass spectrometry (LC-MS/MS) in search 
for speci�c biomarkers present inside EVs predicable for treatment response. 
This approach aims a near complete proteome coverage by identifying as 
many proteins as possible (17). Without depending on antibodies, MS-based 
proteomics is an ideal technology for the discovery of new biomarkers (18).



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 163PDF page: 163PDF page: 163PDF page: 163

Protein signatures in EVs as biomarker for treatment response

163

5

Materials and methods

Study patients and ethics
Patients with a diagnosis of pulmonary sarcoidosis were selected from the ILD 
biobank database of the St. Antonius Hospital. All patients with sarcoidosis were 
diagnosed according to the international ATS/ERS/WASOG criteria (19). Furthermore, 
patients could only be included if blood samples were available within 6 months 
before starting with either prednisone or MTX. Serum samples were separated by 
centrifugation and stored frozen at �80°C for further analyses. To sustain the sample 
quality, the procedure such as freezing and thawing of serum was avoided as much 
as possible. Baseline characteristics (age at diagnosis, gender, co-morbidities as 
reported in the medical records), long function and organ manifestation were 
recorded. In addition, serum samples of 10 healthy volunteers were also collected.

This study was performed in accordance with the Declaration of Helsinki and 
GCP guidelines. The retrospective part of the study was approved by the Medical 
research Ethics Committees United (MEC-U) of the St. Antonius Hospital (R05-
08A) and the prospective part of the study was approved by the MEC-U of the 
Erasmus Medical Center with the protocol reference number MEC-2019-0730. 
Written consent was obtained from all patients.

Assessment of treatment effect
Response to treatment was de�ned by improvement in pulmonary function after 
24 weeks of treatment with either prednisone or MTX. Classi�cation of response 
was based in the results of the recently reported SARCORT trial (20) as well as 
the sarcoidosis treatment score (21). Patients were classi�ed as �responders� in 
case of an improvement of � 5% for FVC or � 10% for DLCO (%pred) after 24 weeks 
– 2 weeks compared to baseline (before treatment). Patients were classi�ed as 
�non-responder� when FVC or DLCO (%pred) had a decrease � 5% or � 10% after 24 
weeks – 2 weeks compared to baseline. Patients who did not meet criteria either 
for responder or for non-responders were classi�ed as having stable disease and 
were not included in this study.

EV isolation
EV subfractions isolation was based on the previous prescribed protocol (16). EVs 
were isolated from 25 uL serum with the use of magnetic beads (Nanomagfi-D 
plain, 130mm (1:25) (Micromod). Different fractions of EVs in serum were obtained 
by EV co-precipitation with monolayer low-density lipid particles (LDL fraction) 
and with bilayer membrane vesicles high-density lipid particles (HDL fraction).
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Predictive EV biomarkers:analysis and validation
The work�ow for mass-spectrometry EV biomarker discovery analysis and 
validation is summarized in Figure 1. The study is subdivided into three phases 
as follows:

Discovery of biomarkers: (Cohort 1) For the biomarker discovery phase, 40 
sarcoidosis patients were selected based on treatment with prednisone or MTX 
as well as their response to treatment. A total of 20 patients had been treated with 
prednisone of whom 10 patients had a response to treatment and 10 patients did 
not. Equally, 20 patients treated with MTX were selected, including 10 pts with 
response to treatment and10 patients without a response to treatment.

In addition, 10 healthy controls were added. The control cohort was of similar age 
and ethnicity as the sarcoidosis cohort.

Replication of biomarkers: (Cohort 2) A second cohort consisted of 90 sarcoidosis 
patients was used for replication of a selection of differentially expressed proteins 
from the proteomics approach detected in cohort 1. All patients had a pulmonary 
treatment indication. Patients on mono-therapy of prednisone or mono-therapy 
of MTX were included in the replication This resulted in 40 patients who had been 
treated with prednisone (22 responders vs 18 non-responders) and 50 patients 
who had been treated with MTX (28 responders vs 22 non-responders).

Validation of candidate biomarkers: (Cohort 3) For the validation of the candidate 
biomarkers in predicting response outcome and to monitor protein behavior 
over time, sarcoidosis patients from the prospective PREDMETH cohort (10) that 
received treatment in our hospital were selected. Blood withdrawal was performed 
at baseline (before start of treatment) and after 4, 16 and 24 weeks of treatment 
with either prednisone or MTX. This resulted in a cohort of 11 sarcoidosis patients 
treated with prednisone (8 responders vs 3 non-responders) and 11 patients 
treated with MTX (7 responders vs 4 non-responders).
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Figure 1. Graphical summary of the work�ow used to identify predictive biomarkers in 
EVs for response to treatment of sarcoidosis patients. a) Graphical summary of study 
work�ow. In short, samples from cohort 1 were evaluated using a high-throughput 
proteomic work�ow. The proteome from sarcoidosis patients was compared with that 
of healthy controls and between sarcoidosis patients depending on prescribed therapy 
(prednisone (PRED) or methotrexate (MTX)). Replication was performed in an independent 
replication cohort (cohort 2) using an ELISA work�ow. Protein that showed potential as 
predictive biomarker for treatment response were con�rmed in a prospective validation 
cohort (cohort 3) with an ELISA work�ow. Protein concentrations were measured over 
time during treatment. b) Graphical summary of proteomic work�ow. For the proteomics 
approach, we isolated extracellular vesicles (EVs) from serum of pulmonary sarcoidosis 
patients with the use of magnetic beads. Prior to LC-MS/MS protein fractionation was 
included and protein identi�cation was obtained with the UniProt human database.
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In-liquid digestion
The EV Samples were precipitated by overnight incubation at �20�°C in a 
ratio of 1:3 with acetone containing 10% (v/v) TCA and 20�mM DTT, followed 
by centrifugation for 10�min at 16,000�×�g and 4�°C. After washing with ice cold 
acetone, the protein pellets were resuspended in 50��l 50�mM ammonium 
bicarbonate containing 5�M urea. The protein concentration was determined 
using Bradford assay (Bio-Rad). A total of 50 �g protein in 50 �l 50 mM 
ammonium bicarbonate (ABC) with 5 M urea was taken into account for each 
sample. 5 �L of DTT solution (20 mM �nal) was added and incubated at room 
temperature for 45 minutes. The proteins were alkylated by adding 6 �L of IAA 
solution (40 mM �nal). The reaction was taken place at room temperature for 
45 minutes in the darkness. The alkylation was stopped by adding 10 �L of DTT 
solution (to consume any unreacted IAA) and incubated at room temperature 
for 45 minutes. For the digestion 2 �g trypsin/lysC was added to the protein 
and incubated at 37”C for 2 hours. 200 �l of 50mM ABC was added to dilute 
the urea concentration and further incubate at 37”C for 18 hours. The digestion 
mix was centrifuge at 2.500 g for 5 minutes and the supernatant collected for 
LCMS.

Protein identi�cation and quanti�cation using Liquid chromatography-mass 
spectrometry (LC-MS/MS)
EV samples of 20 patients treated with MTX and 20 patients treated with 
prednisone from cohort 1 were injected for LC-MS/MS analysis. Of the digest/
peptide mixture, 5 �l was taken into account for LC-MS/MS. Peptide separation 
was performed on a Dionex Ultimate 3000 (HPLC) system (Thermo Scienti�c, 
Waltham, MA, USA) equipped with an Acclaim PepMap C18 analytical column 
(2�m, 75�m inner diameter ×500 mm, 100 ¯). The samples were �rst trapped 
on an online C18 column for desalting. The peptides were then separated on 
the analytical column with a 240 min linear gradient of 4-45% buffer B (80% 
acetonitrile and 0.08% formic acid) at a �ow rate of 300 nL/min. The HPLC 
system was coupled online to a high-mass resolution Orbitrap MS Q-Exactive 
instrument (Thermo Scienti�c) with a nanoelectrospray Flex ion source 
(Proxeon, Thermo Scienti�c).

MS data was acquired using a data-dependent top10 method, dynamically 
choosing the most abundant precursor ions from the survey scan (250�1250 
m/z) in positive mode. Survey scans were acquired at a resolution of 70,000 and 
a maximum injection time of 100 ms. Dynamic exclusion duration was 30 s. 
Isolation of precursors was performed with a 2.0 m/z window and a maximum 
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injection time of 200 ms. Resolution for HCD spectra was set to 17,500 and the 
Normalized collision energy was 30 eV. The under �ll ratio was de�ned as 1.0%. 
The instrument was run with peptide recognition mode enabled, but exclusion 
of singly charged and charge states of more than �ve.

For protein identi�cation, raw �les were processed within Proteome Discoverer 
version 2.2 (Thermo Scienti�c) using the search engine Sequest HT against the 
UniProt human database Homo sapiens (TaxID 9606). The false discovery rate 
(FDR) was set to 0.01 for proteins and peptides, which had to have a minimum 
length of six amino acids. The precursor mass tolerance was set at 10 ppm and 
the fragment tolerance at 0.02 Da. One miss-cleavage was tolerated, oxidation 
of methionine were set as a dynamic modi�cation. Carbamidomethylation of 
cysteines were set as �xed modi�cations. Proteins with a Score Sequest HT >10 
were considered as identi�ed with high con�dence. Label free quantitation 
was conducted using the Minora Feature Detector node in the processing step 
and the Feature Mapper node combined with the Precursor Ions Quanti�er 
node in the consensus step with default settings within Proteome Discoverer 
2.2. Normalization was done against the total peptide amount per sample.

ELISA
The �ve proteins that showed the highest signi�cant difference between 
responders and non-responders f rom cohort 1 for prednisone or for MTX 
were replicated in cohort 2. To quantify the changes in concentrations of 
these candidate proteins, enzyme-linked immune sorbent assay (ELISA). The 
measured proteins are shown in table S1. ELISAs were performed according to 
manufacturers� instructions. Absorbance measurements were recorded at 450 
nm on 800 TS Absorbance reader (BioTek, Winooski, VT, USA).

Data analysis
To detect signi�cant changes in proteins identi�ed by the LC-MS/MS a fold 
change was calculated by dividing protein concentrations of the responders by 
non-responders. A fold change > 1.2 was considered clinically valuable. The log2 
abundance of each protein was calculated to reduce the effect of skewness 
in the distribution of the protein-levels. To calculate signi�cant differences in 
protein abundance a moderated t-test was performed. Non-parametric tests 
were used for non-normally distributed data (Mann-Whitney U test). With the 
use of STRING Protein-Protein Interaction database (version 11.0) (http://string-
db.org/) a PPI network was constructed of the differently expressed proteins. 
The PPI network was obtained by setting con�dence value at 0.4 and was 

https://db.org/
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visualized using cytoscape software version 3.10.0. The differently expressed 
proteins were further functionally analyzed using the Reactome database 
and the R package clusterPro�ler (22). Because of the small sample size of 
the discovery cohort, proteins that showed a differential expression with a 
p-value <0.1 were considered potentially predictive. A p-value less than 0.05 
was considered statistically signi�cant for the other cohorts.
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Results

Patient characteristics
The characteristics of the sarcoidosis patients included in cohort 1, 2 and 3 are 
displayed in supplementary table S2, with an asterisk for signi�cant difference. No 
difference was observed for ethnicity, sex and smoking history between patients 
treated with prednisone and MTX for all three cohorts. Only cohort 2 showed a 
signi�cantly younger cohort of patients treated with prednisone (p=0.021). No 
difference was observed for lung function (FVC or DLCO) at baseline between 
patients treated with prednisone and MTX.

Sarcoidosis associated protein pro�le
For cohort 1 there was no signi�cant difference in ethnicity, age, sex or smoking 
history between patients and healthy controls. Figure 2 shows a volcano plot of 
proteins identi�ed in patients with sarcoidosis compared to healthy controls. In total, 
405 proteins were identi�ed (272 in LDL and 113 in HDL). Of the 405 proteins that 
were identi�ed, 96 (23.7%) were differentially expressed (p<0.10) between patients 
with sarcoidosis and healthy controls, proteins are listed in supplementary table 
S3. These proteins are shown in red in the volcano plot. Proteins with a positive fold 
change were up-regulated in healthy controls while proteins with a negative fold 
change were up-regulated in patients with sarcoidosis. the majority of the proteins 
(65.6%) was identi�ed in the LDL fraction., proteins that had been identi�ed in the 
4-plex targeted assay, Cystatin C and serpin G1 were again signi�cantly different 
between patients with sarcoidosis and healthy controls (p=0.048 and p=0.016, 
respectively). A protein-protein interaction network was constructed with the use 
of STRING for the differently expressed proteins (DEPs) to obtain an association 
network of these proteins. Figure S1 shows the predicted protein network of the 
differently expressed proteins between sarcoidosis patients and healthy controls. 
Four networks were identi�ed from the DEPs. These clusters were associated 
with pathways of complement activation and coagulation cascades. With the 
use of Reactome pathway analysis, we identi�ed related molecular and biological 
processes of the differently expressed proteins between patients with sarcoidosis 
and healthy controls. The pathways that met the threshold (-log10(p-value) � 1.0) 
are shown in the bubble plot of Figure 3. Pathway enrichment analysis showed 
that these proteins played a role in the adaptive immune system, infectious disease 
and in immunoregulatory interactions between lymphoid and non-lymphoid cells. 
Pathways enriched by differently expressed proteins included most prominently 
toll-like receptor cascades (p<0.001), but also alternative complement activation 
and signaling by interleukins (Figure 3).
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Figure 2. Volcano plot of proteins detected by proteomics approach in sarcoidosis patients 
versus healthy controls. The x-axis indicates log2 fold change (healthy control/sarcoidosis 
patient). The y-axis indicates�log10 p-value. Each point represents a protein. Point at the 
far right- and left-hand sides of the plot have the largest fold changes and those along 
the top of the plot are the most statistically signi�cant. The dotted vertical lines denote 
fold change thresholds of 1.2. The dotted horizontal line denotes p-value threshold of 0.10. 
Proteins in red have a fold change > 1.2 and p-value <0.1.

Predictive biomarker discovery
Zooming in on the sarcoidosis patients, half of the patients received treatment 
with prednisone and the other half were treated with methotrexate. No signi�cant 
difference was observed for any of the clinical baseline characteristics between 
responders and non-responders for the cohorts treated with either prednisone or 
MTX (data not shown). By LC-MS/MS, 423 proteins were identi�ed for the patient 
group treated with prednisone and 425 proteins for the patient group treated 
with MTX, with an overlap of 405 proteins identi�ed in both treatment groups. To 
identify proteins with predictive potential for response to treatment, the FC was 
calculated by dividing protein levels in responders by levels in non-responders. 
The volcano plot in Figure 4 shows 67 (15.8%) proteins that were clinically valuable 
in the patient group treated with prednisone and 38 (8.9%) proteins in the patient 
group treated with MTX (proteins with a p-value < 0.10). From these 105 proteins, 
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there was an overlap of only six proteins that were present in both treatment 
groups, these proteins included; biotinidase, �colin-2, histidine-rich glycoprotein, 
Phosphatidylinositol-glycan-speci�c phospholipase D, platelet basic protein and 
serum amyloid A-1 protein.

Figure 3. Bubble plot of clustering pathway analysis of proteins differently expressed 
between patients with sarcoidosis and healthy controls.
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Interaction of the DEPs between responders and non responders for either 
prednisone or MTX was visualised in a protein-protein interaction network (Figure 
S2). Two clusters were found for the DEPs identi�ed in the patient cohort treated 
with prednisone and three clusters for the cohort treated with MTX. DEPs in the 
prednisone cohort associated with blood microparticles and activation of the 
complement system, while DEPs in the MTX cohort were involved in coagulation 
cascades, protein-lipid complexes and intermediate �lament organization.

Of the DEPs with a FC > 1.2 or <-1.2, the top ten of the proteins with the highest 
signif icant difference between responders and non-responders for either 
prednisone or MTX are listed in supplementary table S4. For the proteins 
differently expressed between responders and non-responders treated with 
either prednisone or MTX a Reactome clustering pathway analysis was performed 
(Figure 5). We noted that many proteins were involved in immune pathways. 
For the patient cohort treated with prednisone pathways involved in activation 
of TLRs and metalloproteinases (MMPs) were involved, while the cohort of MTX 
treated patients showed pathways involved in thrombin signaling and G protein 
coupled receptors (GPCRs).

Replication of differently expressed proteins
For replication, a selection of the top �ve candidate proteins for each treatment 
from the �rst screening phase were quanti�ed by enzyme-linked immunosorbent 
assay (ELISA) in a bigger validation cohort (cohort 2). Selected proteins are listed 
in supplementary table S1. No difference was observed for ethnicity, sex, age of 
smoking status between responders and non-responders for either treatment 
group. In the prednisone treated cohort, however, baseline FVC (%pred) was 
signi�cantly lower in the responder group (p=0.006). Of the ten proteins selected 
for validation, four remained signi�cantly different between responders and 
non-responders as shown in Figure 6. Serpin A3, complement factor H (CFH) 
and complement factor I (CFI) were signi�cantly higher at baseline for patients 
with a good response to treatment with prednisone (p=0.034; p=0.002; p<0.001, 
respectively). Furthermore, protein levels of CFH and CFI correlated with each 
other (R=0.67; p<0.001), but not with serpin A3.

In the patient group treated with MTX, complement component C8 (CC8) was 
signi�cantly lower at baseline for patients with a good response to treatment 
(p=0.032).
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To de�ne the predictive value of these proteins, we compared the difference in 
concentration between responders and non-responders when derived from EVs 
with the proteins derived from whole serum. Concentration of CFI measured in EVs 
weakly correlated with the concentration measured in serum (R=0.28; p=0.049). 
Of the four proteins that were signi�cantly different in EVs, none showed to be 
signi�cantly different between responders and non-responders when measuring 
in serum.

Looking at lung function improvement after 24 weeks of treatment, baseline 
concentrations of serpin A3 and CFH and CFI all moderately correlated with 
improvement in FVC %pred after 24 weeks of treatment with prednisone (R=0.38, 
p=0.013; R=0.47, p=0.001; R=0.57, p<0.001, respectively). Furthermore, CFH also 
correlated with improvement of DLCO %pred (R=0.41, p=0.008). In the MTX treated 
group, none of the proteins correlated with improvement in lung function after 
24 weeks of treatment.

Validation of candidate biomarkers
To validate the signi�cant proteins found in cohort 2 and to see how the proteins 
behaved over time a third cohort was added consisting of 11 patients treated with 
prednisone and 11 patients treated with MTX. Looking at clinical characteristics, no 
difference was seen for age, sex, ethnicity or Scadding Stage between responders 
and non-responders for the treatment groups. In addition, no signif icant 
difference was observed for baseline lung function between responders and non-
responders for either treatment group. Blood was taken at different time point 
during treatment; baseline (0 weeks), 4 weeks, 16 weeks and after 24 weeks. For 
serpin A3 the change in concentration correlated with improvement of FVC %pred 
during 24 weeks of treatment with prednisone (R=0.66; p=0.039).

At baseline a signi�cant difference between responders and non-responders was 
observed for CFI (p=0.023) and a trend for CC8 (p=0.066) (Figure 7). Concentrations 
of the candidate proteins were compared to concentrations of ACE and sIL-2R. 
None of the proteins correlated with baseline concentrations of ACE nor sIL-2R.
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Figure 6. Replication of differentially expressed proteins in cohort 2. Protein concentration 
of a) Complement C8 (CC8) in responders (RES) and non-responders (NON) of patients 
treated with MTX. Protein concentrations of b) Serpin A3, c) complement factor H (CFH) 
and d) complement factor I (CFI) in responders and non-responders of patients treated 
with prednisone.
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Figure 7. Validation of differentially expressed proteins in cohort 3. Protein concentration 
of a) Complement C8 (CC8) in responders (RES) and non-responders (NON) of patients 
treated with MTX and concentrations of b) Serpin A3, c) complement factor H (CFH) and 
d) complement factor I (CFI) in responders and non-responders of patients treated with 
prednisone.
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Discussion

In this study, we performed an untargeted proteomics study with the use of LC-
MS/MS to identify potential biomarkers for treatment response in sarcoidosis. 
We used bioinformatics methods to identify important proteins, interactions, 
and associated pathways in patients with sarcoidosis. Moreover, we explored the 
predictive capacity of these proteins related to response to treatment with either 
prednisone or MTX.

The use of proteomics has been recognized as a high priority area of research to 
improve the understanding of sarcoidosis (23). Comparison of proteins differently 
expressed between sarcoidosis patients and healthy controls revealed pathways 
involved with the adaptive immune system and immunoregulatory interactions 
between lymphoid and non-lymphoid cells. The pathway related to toll-like 
receptor (TLR) cascades was most signi�cantly enriched. Already decades ago 
sarcoidosis was hypothesized to be caused by abnormal responses of TLRs and 
not just by a single pathogen (24�26). Moreover, we found that TLRs were also 
identi�ed in the pathway analysis between sarcoidosis patients responding and 
non-responding to prednisone. Previous studies showed that glucocorticoids 
are potent modulators of the TLR-mediated activation, resulting in suppression 
of pro-in�ammatory cytokines (TNF-a, IL1b) and induction of anti-in�ammatory 
cytokines (IL-10) (27).

There was no overlap for the identi�ed pathways for either treatment group. 
While for the cohort treated with prednisone matrix metalloproteinases (MMPs) 
and several TLR cascades were involved, the MTX cohort showed involvement 
of GPCR signaling and hemostasis. Furthermore, of the 105 identi�ed proteins 
differently expressed between responders and non-responders, only six proteins 
were present in both treatment groups. This suggests that within the sarcoidosis 
patient population there are already large biological differences that predict 
outcome of the treatment with speci�c drugs. A selection of �ve most signi�cantly 
different proteins between responders and non-responders for prednisone and 
for MTX were measured in a larger replication cohort. In this replication cohort, 
three proteins remained signi�cantly different between responders and non-
responders treated with prednisone (serpin A3, complement factor H, and 
complement factor I) and one protein remained signi�cant for the cohort treated 
with MTX (complement C8). By repeating the measurement in a third and small 
validation cohort, CFI remained signi�cant and CC8 showed a trend.
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The complement system includes more than 50 proteins and its main function is 
recognition of and protection against foreign components. Monocytes produce 
a broad range of complement components belonging to several complement 
pathways. CC8 is one of these proteins and is a terminal pathway component. 
It binds with other components and molecules to form the membrane attack 
complex, which eventually can cause lysis of cells (28). The proteins of the 
complement system keep it under tight control by a number of regulatory 
mechanisms to conf ine it to appropriate pathogenic surfaces, thereby 
preventing damage to healthy tissue (29�31). Such regulatory proteins include 
factor I and factor H. In rheumatoid arthritis (RA) �broblasts, macrophages and 
endothelial cells showed to produce CFH and I in the in�amed joints (32,33). 
CFI is a regulator of both the classical and alternative complement pathways 
and acts through the help of cofactors like CFH (34,35). In our study EV protein 
concentrations of CFH and CFI correlated with each other. We showed that 
patients who did not have a good response to treatment with prednisone 
had a signi�cantly lower concentration of CFH and CFI at baseline. Absence 
of factor H and/or I leads to uncontrolled formation of C3 convertases and 
will provoke immunode�ciency of component C3. This results in impairment 
of immune complex metabolisms and reduced phagocytic activity and pro-
in�ammatory antibody production. Immunosuppressive drugs have shown to 
inhibit production of antibodies against CFH and CFI (30,34). At cellular level, 
crosstalk interactions have been shown between complement and TLRs in 
monocytes, macrophages, neutrophils and dendritic cells (36,37). Complement 
can amplify in�ammation in co-operation with TLR signaling by activation of 
the mitogen-activated protein kinases/extracellular signal-regulated kinase 
(MAPK/ERK) signaling pathway, resulting in activation of NF-kB (38). In our 
previous study, we already identi�ed involvement of the NF-kB and the MAPK 
pathway in response to prednisone treatment (39).

Moreover, overexpression of CFI has shown to enhance production of MMPs 
in cutaneous squamous carcinoma (40). MMPs are a family of extracellular 
and cell surface-associated proteinases that play a role in �brosis and in 
degradation of the lung parenchyma by catalyzing degradation steps of the 
interstitial collagens (41).

For MTX we found that involvement of the GPCR signaling pathway predicted 
response. Unique biological functions are linked to speci�c GPCR-GPI protein 
complexes, making them molecules of potential medical relevance. GPCR-
GPI protein interactions represent an important multi-target complex for 
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therapeutic agents (42). A well-known GPCR associated with the mechanism 
of action of MTX is the adenosine receptor (43). Adenosine serves as a key 
mediator of the anti-inflammatory effects of MTX. Its action leads to a 
localized increase in adenosine concentration at the site of in�ammation, 
while the speci�c immunosuppressive effects of MTX play a crucial role in 
the treatment of severe in�ammation and autoimmune diseases (44). GPCRs 
regulate macrophage biology and innate immunity as their agonists regulate 
in�ammatory responses that modulate functionality of macrophages (45,46). 
MTX increases accumulation of adenosine, which binds to the GPCR and 
causes an increase of anti-in�ammatory cytokine IL-10 (47). There is a speci�c 
extracellular interaction between GPCR and glycophosphatidylinositol 
(GPI)-anchored proteins, which plays an important role in speci�c biological 
functions (42). Previously, we showed GPI-anchored proteins to be related with 
the identi�ed proteins signi�cantly different between responders and non-
responders in a patient treated with MTX (39).

Our study comes with some limitations. First, because of the retrospective 
design of the study not all information was available. Patients who did not 
have lung function data up to 24 weeks after start of treatment could not be 
included in the study, this may have caused a selection bias. Secondly, the 
measurement of proteins over time of treatment was performed in a relatively 
small group of patients with an overrepresentation of patients with good 
response to treatment. Thereby results may have been missed or overlooked. 
However, focused analysis of most promising markers can be repeated on 
a larger scale in other cohorts such as the PREDMETH study (10) to further 
develop an assay for clinical use.

Response to treatment was measured by improvement of lung function, 
based on FVC or DLCO. Declines in spirometry are often minimal, making 
it problematic to distinguish disease-related changes from the background 
variation that is often observed with serial testing (48�50). To overcome this 
issue, only patients with an increase/decrease in FVC � 5% or in DLCO � 10% 
were included in our study. Baseline concentrations of serpin A3, CFH and CFI 
showed to predict an increasing lung function after 24 weeks of treatment with 
prednisone. Moreover, increasing concentration of serpin A3 during treatment 
of 24 weeks with prednisone correlated with increase of FVC over that time. 
Serpin A3, also known as alpha-1-antichymotrypsin, inhibits neutrophil elastase 
in the lung and de�ciency is associated with early-onset emphysema (51). 
The sarcoidosis patients responding to treatment with prednisone had an 
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increased level of serpin A3 compared to non-responders. Previous research 
reported decreased levels of serpin A3 in sarcoidosis patients with active disease 
compared to healthy controls and patients with non-active disease. Moreover, 
previous research reported that this protein had a negative correlation with 
ACE, but a positive with sIL-2R when measured in serum (52). In our cohort, 
no correlation was found with ACE or sIL-2R and serpin A3 measured in EVs 
nor whole serum.
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Conclusion

Over the last decade, numerous biomarkers have been studied in patients 
with sarcoidosis, however, none studied prediction of treatment response to 
prednisone or MTX. We used proteomics and ELISA techniques in EVs of well-
de�ned retrospective and prospective cohorts, and found three proteins to predict 
response to treatment with prednisone and one protein to predict response to 
treatment with MTX in two retrospective and one prospective cohort of patients 
with pulmonary sarcoidosis.

Differentially expressed proteins in EVs are promising marker to aid personalized 
treatment. In this study, we were able to identify several proteins and their 
related pathways in correlation to treatment response with either prednisone or 
methotrexate. A direct start with the most optimal therapy would signi�cantly 
improve care, decrease non-responsiveness, drug switching, side effects and loss 
of organ function.
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Table S1. List of proteins selected for the validation and con�rmation cohort.

Protein Catalog # Firm

Apolipoprotein C3 EHAPOC3 Thermo Fisher

Complement component C8 ab 137971 Abcam

Complement factor H DY4779 R&D Systems

Complement factor I ab284615 Abcam

Haptoglobin DHAPG0 R&D Systems

NAP-2/PPBP EHPPBP Thermo Fisher

PON1 DYC5816-2 R&D Systems

Prothrombin NBP2-60590 Novus biologicals

Serpin A3 EH411RB Thermo Fisher

Serpin F1 EH415RB Thermo Fisher
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Table S2. Demographics and clinical characteristics of the three study cohorts. 
Data are presented as mean – SD for continuous variables or as n (%) for categorical 
variables. *p-value<0.05. Scadding stages: 0 = Normal chest radiograph; I = Bilateral hilar 
lymphadenopathy (BHL); II = BHL with pulmonary in�ltrates; III = pulmonary in�ltrates 
without BHL; IV = �brosis. Abbreviations: FVC = forced vital capacity, DLCO = diffusing 
capacity of the lung for carbon monoxide.

Cohort 1 (n = 40)

PRED (n = 20) MTX (n = 20) HC (n=10)

Age, yr 45.0 – 9.9 47.7 – 6.0 43.0 – 7.0

Male sex 14 (70.0) 12 (60.0) 6 (60.0)

Ever smoker 7 (35.0) 8 (40.0) 5 (50.0)

Caucasian 20 (100.0) 20 (100.0) 10 (100.0)

Scadding stage
0/I/II/III/IV

0/2/14/1/2
(11/74/5/10)

0/8/12/0/0
(0/40/60/0/0)

Lung function

FVC (% pred) 86.0 – 22.3 98.4 – 18.7

DLCO (% pred) 68.7 – 17.1 81.8 – 18.2
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Cohort 2 (n = 121) Cohort 3 (n = 22)

PRED (n = 45) MTX (n = 54) PRED (n = 11) MTX (n = 11)

44.8 – 11.2* 50.2 – 11.3* 43.9 – 8.0 49.4 – 11.8

31 (68.9) 34 (63.0) 10 (90.9) 9 (81.8)

14 (31.1) 26 (61.9) 2 (18.2) 3 (27.3)

40 (90.9) 47 (92.2) 9 (81.8) 11 (100.0)

0/5/23/2/9
(0/13/59/5/23)

0/8/24/1/6
(0/19/57/2/14)

0/1/4/0/2
(0/14/57/0/29)

0/0/3/1/4
(0/0/38/13/50)

87.5 – 20.2 97.0 – 20.2 69.4 – 18.8 79.7 – 13.3

68.2 –17.3 72.9 – 16.3 60.5 – 14.4 73.0 – 16.2
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Figure S1. Full STRING protein-protein interaction (PPI) analysis of corresponding 
proteins signi�cantly different in sarcoidosis patients versus healthy controls. Nodes are 
clustered using the Markov Cluster (MCL) algorithm with in�ation parameter =3. Nodes 
disconnected from the network are not shown in this �gure. Cluster color labels clusters 
containing nodes with high interaction score. Inter-cluster edges are represented with 
dotted lines. PPI enrichment p-value < 1.0e-16.
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Table S3. List of protein differentially expressed (p<0.10) between patients with sarcoidosis 
and healthy controls. Proteins are listed according in increased p-value. aFold change 
(FC) is measured by dividing concentration of proteins in healthy controls by protein 
concentrations in sarcoidosis patients and is shown in log-2 scale

Accession STRING Description aFC p-value

P02671 FGA Fibrinogen alpha chain -2,14 0,000

P04114 APOB apolipoprotein B-100 6,68 0,000

P01031 CC5 Complement C5 6,73 0,000

P04196 HRG Histidine-rich glycoprotein 1,94 0,000

Q04756 HGFAC Hepatocyte growtH factor activator 1,59 0,002

P01766 - Ig heavy chain V-III region BRO 3,37 0,002

P29622 SERPINA4 Kallistatin 1,60 0,002

P00747 PLG Plasminogen 2,53 0,003

Q9Y5Y7 LYVE1 Lymphatic vessel endothelial hyaluronic 
acid receptor

1,44 0,004

P02749 APOH Beta-2-glycoprotein 5,95 0,005

P04196 HRG Histidine-rich glycoprotein 4,07 0,005

P08603 CFH complement factor H 6,99 0,005

P0C0L4 C4A Complement C4-A -1,99 0,006

Q6EMK4 VASN vasorin 1,50 0,006

P00740 F9 Coagulation factor IX 1,80 0,007

P01042 KNG1 kininogen-1 1,28 0,009

P55290 CDH13 Isoform 4 of Cadherin-13 1,57 0,009

P20851 C4BPB C4b-binding protein beta chain 4,89 0,009

P03952 KLKB1 Plasma kallikrein 2,65 0,010

P13671 CC6 Complement component c6 3,68 0,010

P04206 - Ig kappa chain V-III region GOL 3,80 0,012

P01024 CC3 Complement C3 -1,90 0,013

P19827 ITIH1 Inter-alpha-trypsin inhibitor heavy chain H1 2,34 0,014

P02763 ORM1 Alpha-1-acid glycoprotein 1 -1,83 0,014

P07360 CC8 Complement component C8 5,02 0,014

P02765 AHSG Alpha-2-HS-glycoprotein 1,36 0,014

P49908 SEPP1 Selenoprotein P 1,51 0,015

P05155 SERPING1 Plasma protease C1 inhibitor 1,31 0,016

Q86VB7 CD163 Scavenger receptor cysteine-rich type -1,98 0,016

Q9UGM5 FETUB Fetuin-B 7,53 0,019
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Table S3. Continued

Accession STRING Description aFC p-value

P20742 PZP Pregnancy zone protein 4,33 0,019

P05546 SERPIND1 Heparin cofactor 2 1,54 0,021

P02763 ORM1 Alpha-1-acid glycoprotein 1 -1,42 0,021

P01616 - Ig kappa chain V-II region MIL -2,14 0,021

P05546 SERPIND1 Heparin cofactor 2 2,52 0,022

P43251 BTD Biotinidase 1,28 0,022

P02656 APOC3 Apolipoprotein C-III -2,09 0,023

P41222 PTGDS Prostaglandin-H2 D-isomerase -1,70 0,024

P02790 HPX Hemopexin 1,29 0,024

P36955 SERPINF1 Pigment epithelium-derived factor 1,65 0,028

P04003 C4BPA C4b-binding protein alpha chain 2,85 0,028

O43866 CD5L CD5 antigen-like 3,84 0,029

Q7Z7G0 ABI3BP Target of Nesh-SH3 1,32 0,031

P17936 IGFBP3 Insulin-like growth factor-binding protein 3 1,39 0,031

Q16610 ECM1 Extracellular matrix protein 1 1,47 0,031

P01593 IGKV1D-33 Ig kappa chain V-I region AG -1,84 0,036

Q6UX71 PLXDC2 Plexin domain-containing protein 2 1,39 0,036

P01623 - Ig kappa chain V-III region WOL -1,66 0,037

P00751 CFB Complement factor B 2,09 0,039

P02751 FN1 �bronectin 1,69 0,040

P05090 APOD apolipoprotein D 1,42 0,040

P04209 - Ig lambda chain V-II region NIG-84 -2,24 0,042

P01703 - Ig lambda chain V-I region NEWM -1,86 0,042

P04433 - Ig kappa chain V-III region VG -1,76 0,043

P54108 CRISP3 Isoform 3 of Cysteine-rich secretory protein 3 1,39 0,043

P43652 AFM Afamin 1,22 0,044

P01765 - Ig heavy chain V-III region TIL -1,79 0,048

P01034 CST3 Cystatin-C -2,07 0,048

P01763 - Ig heavy chain V-III region WEA -1,69 0,051

P10124 SRGN Serglycin -2,06 0,051

P01871 - Ig mu chain C region 2,44 0,051

P18135 - Ig kappa chain V-III region HAH -1,83 0,053

P06889 - Ig lambda chain V-IV region MOL -2,56 0,056
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Table S3. Continued

Accession STRING Description aFC p-value

P01854 - Ig epsilon chain C region 3,80 0,056

P02748 CC9 complement component C9 -2,00 0,058

Q08380 LGALS3BP Galectin-3-binding protein -1,52 0,059

P0CG05 - Ig lambda-2 chain C regions -1,39 0,061

P35858 IGFALS Insulin-like growth factor-binding protein 
complex

1,32 0,061

P02538 KRT6A Keratin, type II cytoskeletal 6A 2,42 0,061

P08637 PCGR3A Low af�nity immunoglobulin gamma Fc 
region receptor III-A

-1,45 0,062

P01768 - Ig heavy chain V-III region CAM -2,64 0,062

P05362 ICAM1 Intercellular adhesion molecule 1 -1,76 0,063

P23083 - Ig heavy chain V-I region V35 -1,99 0,065

P01772 - Ig heavy chain V-III region KOL -1,57 0,065

P06316 - Ig lambda chain V-I region BL2 -1,72 0,065

P04438 - Ig heavy chain V-II region SESS -2,12 0,068

P00748 F12 Coagulation factor XII 2,37 0,068

B9A064 IGLL5 Immunoglobulin lambda-like polypeptide 5 -1,45 0,069

Q14624 ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 1,70 0,069

P0C0L5 CC4B Complement C4-B -1,83 0,075

P02671 FGA Fibrinogen alpha chain -2,17 0,076

P02649 APOE Apolipoprotein E -12,11 0,076

P01860 - Ig gamma-3 chain C region 2,31 0,079

P01608 - Ig kappa chain V-I region Roy -1,84 0,080

P01714 - Ig lambda chain V-III region SH -1,88 0,081

P01876 - Ig alpha-1 chain C region -1,40 0,081

P01591 IGJ Immunoglobulin J chain -1,87 0,084

P01596 - Ig kappa chain V-I region CAR -1,82 0,085

Q13201 MMRN1 Multimerin-1 -1,31 0,089

P04004 VTN Vitronectin 1,70 0,089

P12318 FCGR2A Low af�nity immunoglobulin gamma Fc 
region receptor II-a

-1,65 0,092

P19823 ITIH2 Inter-alpha-trypsin inhibitor heavy chain H2 2,08 0,095

P00736 CC1R Complement C1r subcomponent_LDL 1,82 0,095
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Table S4. Top 10 proteins signi�cantly different between responders and non-responders 
of sarcoidosis patients treated with prednisone or methotrexate. Proteins are listed 
according to increased p-value. aFold change (FC) is shown in log-2 scale.

Uniprot Protein (EV fraction) Treatment group aFC p-value

P36955 Serpin F1 (HDL) Prednisone -1.08 0.001

P08603 Complement factor H (LDL) Prednisone 1.51 0.001

P05156 Complement factor I (LDL) Prednisone 1.84 0.003

P01009 Serpin A1 (LDL) Prednisone 1.84 0.006

P08185 Serpin A6 (LDL) Prednisone 2.65 0.008

P05155 Serpin G1 (LDL) Prednisone 1.85 0.010

P00738 Haptoglobin (LDL) Prednisone 2.25 0.010

P02775 CXCL7 (LDL) Prednisone 1.07 0.013

P04196 Histidine-rich glycoprotein (LDL) Prednisone 1.57 0.013

P01011 Serpin A3 (LDL) Prednisone 1.18 0.013

Q13790 Apolipoprotein F (HDL) Methotrexate -2.59 0.002

P00734 Prothrombin (LDL) Methotrexate -2.54 0.005

P02775 CXCL7 (HDL) Methotrexate 2.69 0.005

P07357 Complement component C8 (HDL) Methotrexate 3.64 0.009

P01613 Ig kappa chain V-I region Ni (LDL) Methotrexate -2.93 0.012

P02656 Apolipoprotein C-III (HDL) Methotrexate -2.21 0.016

P01764 Ig heavy chain V-III region 23 (LDL) Methotrexate -3.52 0.021

P06310 Ig lambda chain V-I region WAH (LDL) Methotrexate -2.59 0.021

A0M8Q6 Ig lambda-7 chain C region (HDL) Methotrexate -2.30 0.021

P43652 Afamin (HDL) Methotrexate 1.54 0.025
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Abstract

Mechanistic target of Rapamycin complex 1 (mTORC1) has been linked to different 
diseases. The mTORC1 signaling pathway is suggested to play a role in granuloma 
formation of sarcoidosis. Recent studies demonstrated con�icting data on mTORC1 
activation in patients with sarcoidosis by measuring activation of its downstream 
target S6 kinase (S6K) with either 33% or 100% of patients. Therefore, the aim 
of our study was to reevaluate the percentage of S6K activation in sarcoidosis 
patients in a Dutch cohort. To investigate whether this activation is speci�c for 
sarcoid granulomas we also included Dutch patients with other granulomatous 
diseases of the lung. The activation of the S6K signaling pathway was evaluated 
by immunohistochemical staining of its downstream effector phospho-S6 in 
tissue sections. Active S6K signaling was detected in 32 (43%) of the sarcoidosis 
patients. Twelve (31%) of the patients with another granulomatous disorder also 
showed activated S6K signaling, demonstrating that the mTORC1 pathway may 
be activated in a range for different granulomatous diseases (p=0.628). Activation 
of S6K can only be found in a subgroup of patients with sarcoidosis, as well as in 
patients with other granulomatous pulmonary diseases such as hypersensitivity 
pneumonitis or vasculitis. No association between different clinical phenotypes 
and S6K activation can be found in sarcoidosis.

Keywords: Sarcoidosis; mTORC1; S6K; Granuloma; Phenotyping
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Introduction

Mechanistic target of Rapamycin (mTOR) is a serine/threonine protein kinase and 
the main component of both mTORC1 and mTORC2 complexes, which regulate 
different processes like cell growth, proliferation, autophagy and angiogenesis 
(1,2). mTORC1 also regulates activation of innate immune cells such as monocytes, 
macrophages as well as dendritic cells. Important upstream components in 
this mTORC1 pathway are tuberous sclerosis protein-1 & -2 (TSc1 & TSc2), which 
normally suppress mTORC1 activity. Two important downstream components 
of the mTORC1 pathway are the target protein S6 kinase (S6K), which increases 
the overall translation capacity of cells when activated, and eukaryotic initiation 
factor 4E-binding protein (4E-BP1), which is crucial for ribosome recruitment 
(1�3)(4). Dysregulation of this fundamental signaling pathway has already been 
linked to different diseases like metabolic disorders, tuberous sclerosis complex 
and multiple types of cancer (1). A classic example of a pulmonary disease in which 
there is overactivation of mTORC1 is Lymphangioleiomyomatosis (LAM) (5). In 
this disease, genetic mutations in either TSc1 or TSc2 cause an overactivation 
of the mTORC1 pathway resulting in cystic destruction of lung parenchyma (6). 
Furthermore, the activity of mTORC1 is frequently upregulated in human cancer. 
For example in gastric cancer and non-small lung cancer, activation of mTORC1 
pathway was found in 54% and 71% of patients, respectively (7,8) and in the latter 
associates with a poor prognosis (8).

Interestingly, activation of mTORC1 is also associated with an in�ammatory-
driven disease such as sarcoidosis. Sarcoidosis is a heterogeneous, multisystemic 
in�ammatory disorder characterized by the presence of non-caseating granuloma 
(9,10). Linke et al found that chronic mTORC1 signaling can induce macrophage 
granuloma formation in mice and demonstrated that activation of downstream 
mTORC1 target S6K could be detected in sarcoidosis patients by staining for its 
downstream substrate phosphor-S6 (p-S6). They found p-S6 expression in 33% 
of 27 sarcoidosis patients and demonstrated that this increased S6K activity was 
associated with disease progression (2). Recently, Pizzini et al studied mTORC1 
activation in a cohort of 58 patients with sarcoidosis, and demonstrated that all 
patients had a positive activation of S6K (11), which is not in concordance with the 
33% of patients described by Linke et al.

In light of the fact that not 100% of patients with other diseases, such as cancer, 
show activity of mTORC1, the intriguing question is why this would be different 
in sarcoidosis patients. Therefore, we studied S6K activation in a cohort of Dutch 
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patients with sarcoidosis. We hypothesize that the mTORC1 signaling pathway is 
not active in all patients with sarcoidosis. Furthermore, as mTORC1 is not disease 
speci�c, we hypothesize that also in other granulomatous diseases of the lung 
this signaling pathway will be activated in a subgroup of patients.
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Materials and Methods

Study population
Unstained tissue blocks of two study cohorts previously studied at the St. Antonius 
Hospital (Nieuwegein, The Netherlands) were requested; one cohort contained 76 
sarcoidosis patients (12) and the other cohort consisted of 48 patients with other 
granulomatous disorders (13). The diagnosis of sarcoidosis had been established 
according to the criteria of the American Thoracic Society/European Respiratory 
society (14). Patients were included in the study when enough residual tissue was 
available and when presence of granulomas could be detected in the hematoxylin 
and eosin (HE) stained tissue sections. As a positive control, we included 6 patients 
with LAM based on the fact that an increased mTORC1 activity must be present 
in this condition.

The study was approved by the Medical research Ethics Committees United 
(MEC-U) of the St. Antonius Hospital (R05-08A) and written consent was obtained 
from all patients.

Immunohistochemistry
Formalin-f ixed paraff in-embedded tissue sections (4�m thick) were 
immunohistochemically stained with the phosphor-S6 ribosomal protein (p-S6) 
(Ser240/244)(DD68F8) XPfi Rabbit mAB (Cell Signaling Technology, Inc., Danvers, 
MA, USA). We followed to protocol described by the manufacturer, but instead 
of the manual procedures the sections were stained with the use of a VENTANA 
BenchMark ULTRA (Ventana Medical Systems, Inc., Tucson, AZ, USA). We modi�ed 
the original protocol to optimize the sensitivity and speci�city of the staining 
results for the VENTANA BenchMark ULTRA. Shortly, sections were de-paraf�nized 
and rehydrated followed by antigen retrieval using ULTRA CC2, (Ventana Medical 
Systems, Inc., Tucson, AZ, USA) for 24 minutes at 95°C. The p-S6 antibody was used 
in a concentration of 1:800 (diluted with Ventana antibody diluent, REF 251-018, 
Ventana Medical Systems, Inc., Tucson, AZ, USA) and incubated for 32 minutes at 
room temperature. As a detection kit ultraView was used (REF 760-500, Ventana 
Medical Systems, Inc., Tucson, AZ, USA). Sections were counterstained with Mayer�s 
hematoxylin (REF 760-2021, Ventana Medical Systems, Inc., Tucson, AZ, USA) for 
4 minutes at RT, followed by Bluing Reagent (REF 760-2037, Ventana Medical 
Systems, Inc., Tucson, AZ, USA) for 4 minutes at RT. All operations have been 
performed on the machine (on board). Dehydration was performed by successive 
alcohol 96%, 2 times alcohol 100%, 2 times Xylene. Tissue slides were covered with 
tape using cover-slipper Tissue-Tek (SAKURA Fineteck USA Inc Torance CA).
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Evaluation of immunohistochemistry
The results of the immunohistochemical staining for p-S6 were analyzed by a 
pulmonary pathologist with more than 25 years of experience in Interstitial lung 
diseases (KS). The Grading system was based on the percentage of p-S6 positive 
cells within granulomas and their intensity as previously described (15). Staining 
intensity of p-S6 was scored as: 0 (negative), 1 (weak), 2 (moderate), or 3 (strong). 
An example of the staining intensities is shown in Figure 2. The percentage of p-S6 
positive cells was scored as: 0 (<10%), 1 (10-25%), 2 (25-50%), 3 (50-75%), or 4 (>75%). 
The histological score was generated as the sum of intensity and percentage of 
positive cells, ranging from 0 to 7.

Identi�cation of p-S6 related phenotypes
To determine possible clinical phenotypes related to the amount of S6K activation, 
basic characteristics (age at diagnosis, gender, co-morbidities), Scadding stage at 
diagnosis and follow up, presence of Löfgren syndrome, therapy as well as organ 
manifestation was collected from medical records of the patients. The disease 
status of patients was retrospectively examined and classi�ed according to the 
Clinical Outcome Status (COS) (16) 2 and 5 years after diagnosis, COS categorizes 
patients into 9 scores: (1) Resolved disease, never treated, (2) Resolved disease, 
no therapy > one year, (3) Minimal disease, never treated, (4) Minimal disease, no 
therapy > one year, (5) Persistent disease, never treated, (6) Persistent disease, 
no therapy > one year, (7) Persistent disease, current therapy but no worsening 
in prior year and asymptomatic, (8) Persistent disease, current therapy but no 
worsening in prior year and symptomatic, (9) Persistent disease, current therapy 
which worsened in the prior year. Sarcoidosis patients were classi�ed into two 
phenotype groups: A: resolved, minimal or persistent disease without treatment 
(COS 1-6) and B: persistent disease with need for treatment (COS 7-9) (12).

Statistical analysis
Data was analyzed using IBM SPSS statistics version 24. An unpaired T-test was 
used to compare numerical data. Non-parametric tests were used for non-
normally distributed data (Mann-Whitney U test). Categorical variables were 
compared using Chi-Squared and Fisher�s exact test, where appropriate. P-values 
<0.05 were considered signi�cant.
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Results

Active mTORC1 signaling present in all six patients with lymphangioleio-
myomatosis
In total 6 patients with LAM were included in the immunohistochemical staining. 
All patients were female, with a mean age of 44.6–15.9 years. At the time of 
biopsy none of the patients received medication. Eventually 4 (66.7%) of the 
patients needed treatment with the mTORC1 inhibitor Sirolimus. In 2 (33.3%) 
patients a mutation in TSc2 was established. LAM was diagnosed according to 
immunohistochemical staining with Human Melanoma Black (HMB45). At the 
regions positive for HMB45, the p-S6 antibody also showed to have a positive 
expression, as is shown in Figure 1. Tissue samples of all (100%) the patients showed 
a positive p-S6 expression at the regions of HMB45 expression. Intensity of p-S6 
was highest for the two patients with a mutation in TSc2.

Figure 1. Example of Immunohistochemistry (IHC) staining in lung tissue of a patient with 
lymphangioleiomyomatosis (LAM): a) Hematoxylin-eosin (HE) staining. Upper part of (A) 
represent normal lung parenchyma, lower part demonstrates affected tissue. Asterisks 
represent cystic space. b) Higher magni�cation of area B from (A), c) Human Melanoma 
Black (HMB45) staining, and d) p-S6 (S6K activity) staining.
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Characteristics of sarcoidosis patients
Formalin-�xed paraf�n-embedded tissue blocks were available from 74 patients 
with sarcoidosis. Detailed information about the sarcoidosis cohort is shown in 
supplementary Table 1. The mean age of the sarcoidosis patients was 44.9–12.5 
years and 55% were male. In total 50 patients (67.6%) presented with extra 
pulmonary manifestation, most common involvements were lymph nodes (n = 
23, 31%), skin (n = 18, 24%), nerve system (n = 13, 18%) and heart (n = 12, 16%). Löfgren 
syndrome was present in 2 (3%) patients and radiologically, Scadding stage 2 was 
most frequent at time of biopsy.

At time of biopsy, 7 patients were receiving treatment (4 patients received 
prednisone mono-therapy, one patient received prednisone as well as 
methotrexate, one patient prednisone and azathioprine and one patient 
azathioprine mono-therapy). Respectively, 65% and 43% were classi�ed in 
phenotype group B, 2 and 5 years after diagnosis.

Figure 2. p-S6 (S6K activity) immunohistochemistry (IHC) staining in sarcoidosis tissue a) 
Hematoxylin-eosin (HE) staining of tissue from lymph node, b) negative staining of tissue 
from lung, c) weak staining of tissue from lung, d) moderate staining of tissue from lymph 
node and e) strong staining of tissue from skin.
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Not all patients with sarcoidosis demonstrate active mTOR signaling
Figure 2 shows the different intensities of the p-S6 antibody that could be found 
in the immunohistochemical staining. In 32 (43.2%) of the sarcoidosis patients, 
p-S6 expression was found within the granulomas. The mean IHC-score for the 
sarcoidosis patients was 0.92–1.31 (Table 1). No correlation could be found between 
p-S6 expression and ACE and sIL-2R levels.

When comparing patients with and without medication at time of biopsy, no 
signi�cant differences in mTORC1 activity was observed (p =0.435) (Table 2). Similar 
�ndings could be described when comparing patients with and without extra 
pulmonary manifestation (p=0.630), as well as when comparing the four Scadding 
stages at time of biopsy (p=0.119). In addition, no speci�c phenotype could be 
identi�ed when looking at persistent disease, according to COS-score, 2 and 5 
years after diagnosis (p = 0.346 and p =0.216) nor for the need for third-line therapy 
(p = 0.801).

Table 1. Immunohistochemical (IHC) scoring of percentage of p-S6 positive cells within 
the granuloma of sarcoidosis patients and of patients with other granulomatous disorders, 
ranging from 0 to 7. Data is shown as absolute numbers with percentage in brackets.

IHC-score Sarcoidosis (n = 74) Other gran. Disorders (n = 39) p-value

0 42 (56.8) 27 (69.2) 0.198

1 13 (17.6) 3 (7.7) 0.154

2 8 (10.8) 5 (12.8) 0.751

3 6 (8.1) 3 (7.7) 0.938

4 4 (5.4) 1 (2.6) 0.487

5 1 (1.4) 0 (0) 0.468

6 0 (0) 0 (0) -

7 0 (0) 0 (0) -
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Table 2. Comparison of p-S6 scores in sarcoidosis patients according to medication use, 
need for third-line therapy, in�ammatory biomarkers and organ involvement. Negative 
group consists of patients with IHC-score of 0, positive group consists of patients with IHC-
score above 0. ain�ammatory biomarkers consist of patients with increased concentrations 
of ACE and sIL-2R. bamount of involved organs different from the organ from which a 
tissue biopsy was taken.

Parameter Negative 
(n = 42)

Positive 
(n = 32)

p-value

Löfgren syndrome 2 0 0.231

Medication at time of biopsy 3 4

Prednisone 2 4 0.235

Methotrexate 0 1 0.550

Azathioprine 1 1 0.630

Third-line therapy 14 12 0.801

COS group 2 years follow up (1/2/3) (3/11/26) (0/8/22) 0.346

COS group 5 years follow up (1/2/3) (2/9/17) (0/2/15) 0.216

Scadding stage at time biopsy (0/I/II/III/IV) (1/11/15/6/7) (2/10/16/3/1) 0.119

In�ammatory biomarkersa

ACE (U/L) 5 5 0.498

sIL-2R (pg/mL) 5 8 0.102

Number of other organs involvedb (0/1/2/3/4) (15/20/2/3/2) (15/9/3/5/0) 0.691

Skin 7 5 0.905

Eyes 3 3 0.869

Liver 5 3 0.809

Heart 10 2 0.052

Spleen 1 2 0.152

Bones 2 2 0.821

Neurosarcoidosis 8 5 0.752

Small Fiber Neuropathy 8 1 0.069

mTORC1 activity is also present in a subgroup of patients with Hypersensitivity 
Pneumonitis and Vasculitis
The control group of other granulomatous disorders consisted of 29 patients 
with hypersensitivity pneumonitis (HP), 7 patients with granulomatosis with 
polyangiitis (GPA), 1 patient with eosinophilic granulomatosis with polyangiitis 
(EGPA), 1 patient with tuberculosis and 1 patient with pneumoconiosis. This 
cohort is slightly older than the sarcoidosis cohort (52.40 – 11.47) and the amount 
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of Caucasians is higher (97.4%). The amount of males and history of smoking is 
similar. At time of biopsy 5 patients were receiving medication (4 patients received 
methotrexate and one patient received Cellcept). The characteristics of this group 
are stated in supplementary Table 2.

In 12 (30.8%) of the patients in this group, p-S6 expression was found within 
the granulomas with a mean IHC-score of 0.67–1.13 (Table 1). Figure 3 shows 
immunohistochemistry staining in tissue of a patient with GPA and of a patient 
with HP. Comparing the p-S6 positivity, no signi�cant difference (p=0.628) was 
observed between the sarcoidosis group and the other granulomatous disorders.

Figure 3. Immunohistochemistry (IHC) staining in lung tissue of patient with 
granulomatosis with polyangiitis (GPA); a) Hematoxylin-eosin (HE) staining and b) p-S6 
(mTORC1 activity) staining, and in lung tissue of patient with hypersensitivity pneumonitis 
(HP); c) HE staining and d) p-S6 (S6K activity) staining. Circled area represents granuloma.
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Discussion

Previous studies already suggested a possible role for the cellular signaling 
pathway mTORC1 in the granuloma formation of sarcoidosis. However, the 
results from these studies were con�icting and made us address the question in 
what percentage of sarcoidosis patients mTORC1 might play a role in granuloma 
formation and/or maintenance.

Our data reveal that in approximately 43% of Dutch patients with sarcoidosis 
activation of the mTORC1 pathway measured by the downstream kinase S6K 
can be detected inside granulomas. These results are consistent with the data 
from Linke et a, where activation of S6K could also be demonstrated in only a 
subgroup of patients (33%). However, in the recent paper from Pizzini et al it was 
demonstrated that S6K was activated in 100% the 58 patients with sarcoidosis. 
An explanation for the discrepancy was lacking, although Pizinni et al suggested 
differences in clinical presentation, cohort size and diverging de�nitions of IHC 
stains as possible confounders. Our cohort consisted of 74 patients with sarcoidosis 
including different clinical presentations and IHC staining was scored using the 
method described by Pizinni et al. Therefore, in our opinion, the aforementioned 
possible confounders are unlikely to explain the difference in sarcoidosis patients 
with S6K activation.

A possible explanation for the differences could be the different antibodies 
used. For the immunohistochemical staining of S6K anti-p-S6 (ser240/244) 
was used in our study as well as in the study of Link et al. Pizzini et al, used 
anti-p-S6 (ser235/236), which stains for a different phosphorylation site of the S6 
protein. Previous studies have shown that the ser240/244 residue can only be 
phosphorylated via the mTORC1/S6K signaling pathway, while the ser235/236 
residue can also be phosphorylated independently of the mTORC1/S6K signaling 
pathway (4,17). Pizzini et al also included a staining for the other downstream 
substrate of mTORC1, 4E-BP1, in order to more accurately address mTORC1 
activation. However, Linke et al demonstrated that after treating cells derived from 
TSC2 knock-out mice with rapamycin 4E-BP1 was still activated while p-S6 was 
not, suggesting that also 4E-BP1 can be activated independently of the mTORC1 
signaling pathway. When comparing our data with Pizzini et al it could be that in 
our study activation of S6K was underestimated in patients with sarcoidosis while 
in the Pizzini paper activation of S6K could possibly be overestimated. The fact 
that all of our 6 patients with LAM stained positive for S6K in our study suggests 
that the technical aspects of our S6K staining are reliable.
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Regarding the absence of an association between S6K activation and different 
clinical phenotypes, our data are in concordance with the data of Pizzini and 
colleagues. It is important to state that S6K activity was assessed in biopsies 
taken at the time of diagnosis and not during the disease course. At present, it 
is unknown whether the activity of the mTORC1 signaling pathway is dynamic 
during the course of sarcoidosis or whether it serves as an on-off switch at the 
beginning of the disease when granuloma formation is initiated. Further insight 
in the mechanistic role of mTORC1 seems important if we want to implement 
mTORC1 inhibition in the treatment of patients with sarcoidosis. In oncology, it 
is generally accepted that during the course of the disease, new biopsy material 
is sometimes obtained to re-assess (genetic) characteristics of the tumor. A next 
step in sarcoidosis research therefore could be to determine mTORC1 activity in 
patients at multiple times during the course of their disease. This may provide 
additional information about a patient�s likelihood of responding when initiated 
on mTOR inhibitors as last resort therapy.

Based on the suggested role of mTORC1 signaling pathway as a molecular 
mechanism in the initiation and maintenance of granulomas (2) it is not 
surprising to �nd S6K activation in a subgroup of patients with other pulmonary 
granulomatous diseases like HP and vasculitis. The fact that mTORC1 activation is 
also found in a subgroup of patients with malignancies such as gastric cancer or 
lung cancer, together with our observation that 32% of the patients with HP and 
vasculitis show S6K activation supports the hypothesis that mTORC1 is probably 
not universally active in different diseases. To our knowledge this is the �rst 
study where S6K activation in other granulomatous diseases than sarcoidosis is 
investigated.

Our �ndings can be particularly interesting for patients with �brosing HP due 
to the fact that diagnosis is often obtained later in the disease course when 
pulmonary �brosis is already present. With the new concept of Progressive 
Fibrosing ILD (PF-ILD) in mind, it may be useful to look at mTORC1 activation 
in HP patients in order to gain arguments for increasing immunosuppressive 
therapy using mTORC1 inhibitors in addition to anti-�brotic therapy.

Our study has some limitations. First, the study is of retrospective design. As 
most tissue sections were derived from other hospitals in the Netherlands, not 
all characteristic information and follow-up data could be collected. Consequently, 
only limited data were available on biomarker levels and the COS scores after 
�ve years could not be determined in all patients. Moreover, the majority of the 
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sarcoidosis patients in our cohort probably have a more severe form of sarcoidosis 
compared to other hospitals, since the Antonius Hospital is a national referral 
center for ILD and Sarcoidosis. As a consequence we had very few patients in the 
resolved and minimal disease COS groups, making it impossible to adequately 
analyze whether disease status alone, irrespective of use of medication, was 
associated with mTORC1 activation.

Another limitation is that we have not been able to analyze the disease course in 
the patient group with other granulomatous disorder due to the small sample 
size in combination with too much missing follow-up data. Consequently we were 
unable to examine whether mTORC1 activation is associated with progressive 
disease in this group.
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Conclusion

Activation of downstream mTORC1 target ribosomal protein S6 kinase (S6K) can 
be found in a subgroup of patients with sarcoidosis, as well as in patients with 
other granulomatous pulmonary diseases like hypersensitivity pneumonitis or 
vasculitis. Even though no association between different clinical phenotypes 
and S6K activation could be found in sarcoidosis, the subdivision of sarcoidosis 
patients by S6K activation detected in the granuloma could possibly bene�t the 
personalized medicine of this disease regarding choice of immunno-suppressive 
therapy.
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Supplement

Table S1. Characteristics of sarcoidosis patients. In total, granuloma specimens from lung 
(31 samples), lymph nodes (22 samples), skin (17 samples), bone marrow (2 samples), nose 
(one sample), and salivary gland (one sample) have been stained. Data is shown as absolute 
numbers and percentage. COS: Clinical outcome status, SFN: Small �ber neuropathy, 
Scadding stages: 0 = Normal chest radiograph; I = Bilateral hilar lymphadenopathy (BHL); II 
= BHL with pulmonary in�ltrates; III = pulmonary in�ltrates without BHL; IV = �brosis. aAge 
at time of biopsy and is shown as mean – SD. bThird-line therapy consisted of in�iximab 
use at follow up. cbiomarkers at time of diagnosis and is shown as mean – SD.

Parameter n

Agea (years) 74 44.90 – 12.47

Male sex 41/74 55.4%

Ever smoker 41/74 55.4%

Caucasian 62/74 83.8%

Löfgren syndrome 2/74 2.7%

Medication at time of biopsy 7/74 9.5%

Third-line therapyb 26/74 35.1%

COS group 2 years follow up 70/74

Group A 22 31.4%

Group B 48 68.6%

COS group 5 years follow up 45/74

Group A 13 28.9%

Group B 32 71.1%

Scadding stage at time biopsy 71/74

Stage 0 5 7.0%

Stage 1 17 23.9%

Stage 2 27 38.0%

Stage 3 12 16.9%

Stage 4 10 14.1%

In�ammatory biomarkersc Ref.range

ACE (U/L) 12-70 23/74 56.32 – 35.29

sIL-2R (pg/mL) <3000 17/74 5980.82 – 3958.10
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Table S1. Continued

Parameter n

Involved organs

Lung 31/74 41.9%

Lymph nodes 23/74 31.1%

Skin 18/74 24.3%

Eyes 6/74 8.1%

Liver 8/74 10.8%

Heart 12/74 16.2%

Spleen 3/74 4.1%

Bones 4/74 5.4%

Nerve system 13/74 17.6%

SFN 9/74 12.2%

Table S2. Characteristics of patients with other granulomatous disorders. In total 29 
patients with HP, 7 patients with GPA, 1 patients with EGPA, 1 patient with tuberculosis 
and 1 patient with pneumoconiosis were included. Granuloma specimens from lung (35 
samples), lymph nodes (2 samples) and nose (2 samples) have been stained. Data is shown 
as absolute numbers and percentage. aAge and medication at time of biopsy and is shown 
as mean – SD.

Parameter n

Agea (years) 39 52.40 – 11.47

Male sex 21/39 53.9%

Ever smoker 22/39 56.4%

Caucasian 38/39 97.4%

Medicationa 5/39 12.8%

Inducing agent HP

Unknown 14/29 48.3%

Birds 12/29 41.4%

Farmer�s lung 3/29 10.3%
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Abstract

The unknown etiology of sarcoidosis along with the variability in organ involvement 
and disease course complicates effective treatment of this disease. Based on 
recent studies, cellular in�ammatory pathways involved in granuloma formation 
are of interest regarding possible new treatment options such as mechanistic 
(formerly mammalian) target of rapamycin complex 1 (mTORC1) pathway, 
the Janus kinase/signal transducers and activators of transcription (JAK/STAT) 
pathway, and the nucleotide-binding domain, leucine-rich-containing family, 
pyrin domain-containing-3 (NLRP3) in�ammasome pathway. The aim of this 
study was to explore the potential co-expression of these three in�ammatory 
pathways in patients with sarcoidosis and see whether possible differences are 
related to disease outcome. Tissue of 60 patients with sarcoidosis were used to 
determine activity of these three signaling pathways by immunohistochemistry. 
Activation of NLRP3 was present in 85% of all patients and activation of mTORC1 
and JAK/STAT was present in 49% and 50% of patients, respectively. Furthermore, 
presence of NLRP3 activation at diagnosis was associated with a chronic disease 
course of sarcoidosis. Our �nding of different new conceptual in�ammatory tissue 
phenotypes in sarcoidosis could possibly guide future treatment studies using 
available inhibitors of either NLRP3, JAK-STAT and mTORC1 inhibitors in a more 
personalized medicine approach

Keywords: Signaling pathways; Sarcoidosis; phenotyping; granuloma
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Introduction

Sarcoidosis is a heterogeneous multisystem in�ammatory disease characterized 
by non-caseating granuloma formation of unknown cause (1). Although sarcoidosis 
resolves in most cases within 2-3 years, in about 30% of the patients in�ammation 
persists and leads to a chronic, sometimes progressive and even �brotic disease. 
For this group of patients systemic treatment is required (1�3). Recently, an 
updated version of the treatment guideline for sarcoidosis was published 
suggesting a step-up approach in management of pulmonary sarcoidosis using 
steroids, DMARDs and TNF-alpha inhibitors, respectively (4). In case of therapy 
refractory sarcoidosis, guidance on 4-th line therapy is lacking.

Based on recent studies, three key cellular in�ammatory pathways involved in 
granuloma formation are of interest regarding possible new treatment options 
(5). These key pathways include the mechanistic (formerly mammalian) target 
of rapamycin complex 1 (mTORC1) pathway, the Janus kinase/signal transducers 
and activators of transcription (JAK/STAT) pathway, and the nucleotide-binding 
domain, leucine-rich-containing family, pyrin domain-containing-3 (NLRP3) 
in�ammasome pathway. The role of the mTORC1 pathway in the pathogenesis 
of sarcoidosis was �rst described by Linke et al (6), who showed that activation 
of the mTORC1 signaling pathway in macrophages resulted in granuloma 
formation similar to sarcoidosis in mice by staining it with the downstream target 
phosphor-S6 ribosomal protein (p-S6). In addition, they identi�ed activation of this 
pathway in one third of granulomas obtained from 27 biopsies from sarcoidosis 
patients. Data from our own group con�rmed these �ndings with activation of the 
mTORC1 pathway seen in 43% of 74 Dutch sarcoidosis patients (7). Furthermore, 
Linke et al (6) reported that by treating mice with everolimus, an mTOR inhibitor, 
the granuloma in the mice completely resolved. Based on these results it was 
questioned whether treatment with an mTOR inhibitor would also be bene�cial 
in sarcoidosis patients. Successful treatment with sirolimus was already reported 
in a patient with pulmonary sarcoidosis (8) and a pilot study with sirolimus in 
cutaneous sarcoidosis is ongoing (ClinicalTrials.gov, Identi�er: NCT05458492).

Damsky et al (9) were the �rst to describe the role of the JAK/STAT signaling 
pathway in sarcoidosis. Using RNA sequencing they showed that signi�cantly 
higher levels of STAT1 and STAT3 were found in patients with cutaneous sarcoidosis 
compared to healthy controls. STAT1 and STAT3 play a role in type 1 T-helper (Th1) 
and Th17 cell differentiation and are implicated in the pathogenesis of sarcoidosis 
(10). Recently, Damsky et al (11) reported that treatment with tofacitinib, a JAK 

https://clinicaltrials.gov/
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inhibitor, resulted in decrease of cutaneous lesions in patients with sarcoidosis. 
Furthermore, positive treatment effects using tofacitinib have been described 
in patients with pulmonary sarcoidosis. (12,13). However, in order to determine 
the exact role of the JAK/STAT signaling pathway in sarcoid pathogenesis further 
investigation is required.

Huppertz et al (14) suggested a role for NLRP3 in�ammasome in sarcoidosis 
pathogenesis by identifying the activation of IL-1� and caspase-1 in granulomatous 
tissue of sarcoidosis patients. In addition, they showed that positive staining for 
IL-1� correlated with a progressive course of disease (14). As with the other two key 
pathways, NLRP3 in�ammasome could also be a potential target for treatment 
in sarcoidosis. A placebo controlled double-blind trial assessing effectiveness 
of canakinumab, which neutralizes the biological activity of IL-1�, in pulmonary 
sarcoidosis has been completed in 2019, but the results are not (yet) published 
(ClinicalTrials.gov, Identi�er: NCT02888080).

Different studies have been published addressing one of the three-
abovementioned in�ammatory pathways, however data on coexistence in 
a heterogeneous disease like sarcoidosis are lacking. In order to explore the 
potential co-expression of these three in�ammatory pathways in patients with 
sarcoidosis we conducted this study. We hypothesize that there will be differences 
between activation of these three pathways in individual patients. Furthermore, 
we assessed whether presence or differences in these in�ammatory pathways 
could be linked to disease outcome.

https://clinicaltrials.gov/
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Materials and Methods

Study cohort
Unstained tissue blocks of sarcoidosis patients cohorts previously studied at the 
St. Antonius Hospital (Nieuwegein, The Netherlands) were requested (25). For 
the analysis of the signaling pathways in BALF a new and different cohort of 25 
Dutch sarcoidosis patients was included. For this cohort it was important that 
leftover BALF was still present in our biobank and that the biopsy and BAL were 
performed at the same date. The diagnosis of sarcoidosis had been established 
according to the criteria of the American Thoracic Society/European Respiratory 
society (1). Patients were included in the study when residual tissue was available 
and when granulomas were present in the hematoxylin and eosin (HE) stained 
tissue sections. The biopsies contained lung (46 samples), lymph nodes (30 
samples), skin (20 samples), bone marrow (2 samples), salivary gland (one sample) 
and nasal concha (one sample) tissue. The study was approved by the Medical 
research Ethics Committees United (MEC-U) of the St. Antonius Hospital (R05-
08A) and written consent was obtained from all patients.

Immunohistochemistry
Immunohistochemical staining procedure as well as the used antibody for 
mTORC1 staining was previously described in (7). In order to study the role of 
the JAK/STAT signaling pathway in granuloma formation and pathogenesis 
of sarcoidosis, we performed immunohistochemical staining of the activated 
form of STAT1 and STAT3, phosphorylated STAT1 (p-STAT1) and p-STAT3 (Cell 
Signaling Technology, Inc., Danvers, MA, USA). The p-STAT1 antibody was used 
in a concentration of 1:800 and p-STAT3 in a concentration of 1:200 (diluted with 
Ventana antibody diluent, REF 251-018, Ventana Medical Systems, Inc., Tucson, AZ, 
USA). For the in�ammasome anti-NLRP3 was used (Thermo Scienti�c, Waltham, 
MA, USA). The anti-NLRP3 antibody was used in a concentration of 1:600 (diluted 
with Ventana antibody diluent, REF 251-018, Ventana Medical Systems, Inc., 
Tucson, AZ, USA). To identify how the in�ammatory signaling pathways play a 
role in granuloma formation, a double immunohistochemical (IHC) staining was 
performed combining the antibodies of the in�ammatory signaling pathways 
with a marker for macrophages (CD68 (KP-1) REF 790-2931, Ventana Medical 
Systems, Inc., Tuscson AZ, USA), T-cells (CD3 (2GV6) REF 790-4341, Ventana Medical 
Systems, Inc., Tuscson AZ, USA), and B-cells (CD20 (L26) REF 760-2531, Ventana 
Medical Systems, Inc., Tuscson AZ, USA).
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Evaluation of immunohistochemistry
Supplementary Figure S1 shows the different intensities of the 
immunohistochemical (IHC) staining for p-S6, p-STAT1, p-STAT3 and NLRP3 
in sarcoidosis patients. A pathologist with experience in ILD (CA) analyzed the 
results of the IHC staining. The IHC score, a grading system which is based on 
the percentage of antibody positive cells within granulomas and their intensity 
(26) was calculated. Staining intensity was scored as: 0 (negative), 1 (weak), 2 
(moderate), or 3 (strong). The percentage of cells positive for the antibody was 
scored as: 0 (<10%), 1 (10�25%), 2 (25�50%), 3 (50�75%), or 4 (>75%). The IHC score 
was generated as the sum of intensity and percentage of positive cells, ranging 
from 0 to 7.

Clinical characteristics
To determine possible related characteristics to active signaling pathways, basic 
characteristics (age at diagnosis, gender, co-morbidities as reported in the 
medical records), Scadding stage at diagnosis and follow up, presence of Löfgren 
syndrome, therapy as well as organ manifestation was collected from medical 
records of the patients. The disease status of patients was retrospectively examined 
and classi�ed according to the Clinical Outcome Status (COS) (27) 2 and 5 years 
after diagnosis. COS categorizes patients into 9 scores: (1) Resolved disease, never 
treated, (2) Resolved disease, no therapy > one year, (3) Minimal disease, never 
treated, (4) Minimal disease, no therapy > one year, (5) Persistent disease, never 
treated, (6) Persistent disease, no therapy > one year, (7) Persistent disease, current 
therapy but no worsening in prior year and asymptomatic, (8) Persistent disease, 
current therapy but no worsening in prior year and symptomatic, (9) Persistent 
disease, current therapy which worsened in the prior year. Sarcoidosis patients 
were classi�ed into two phenotype groups; resolved, minimal or persistent disease 
without treatment (COS 1-6) and persistent disease with need for treatment (COS 
7-9) (25).

RNA isolation and quantitative real-time PCR (qPCR)
RNA expression of the signaling pathways was measured by qPCR in cells derived 
from bronchoalveolar lavage �uid (BALF) taken at the same date as the biopsy 
material. Forty Dutch sarcoidosis patients with biopsy and BALF were selected. 
Total RNA was isolated using Trizol-LS according to manufacturer�s protocol. RNA 
concentration and purity was determined using the NanoDrop. cDNA synthesis 
using the I-script cDNA synthesis kit (bio-RAD, Veenendaal, the Netherlands) as 
per manufacturers instruction. qPCR was performed on a Quantstudio 5. Brie�y, 
the reaction mixture consisted of 10 ng cDNA, 2x POWER SYBR Green master mix 
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(Applied Biosystem, CA, USA), and 5 uM forward and reverse primers. Thermal 
cycling conditions were 2 min at 95°C, followed by 45 cycles of 10 sec at 95°C , 20 
sec at 61°C and 25 sec at 72°C. Melt curve analysis was employed at the end of 
each PCR to con�rm the speci�city of the PCR product. Each measurement was 
performed in duplicate. Relative RNA expression was calculated by the delta Ct 
method (28) using the mean of three housekeeping genes; Eukaryotic translation 
elongation factor 1 alpha 1 (EEF1A1), beta-2-microglobulin (B2M), and �-actin and 
multiplied by 100. All PCR primers were synthesized by Sigma-Aldrich (MI, USA) 
and Crosschecked by Blast sequence analysis (NCBI, USA). The sequences of all 
primers used in this study are listed in Table 1. RNA expression was investigated 
for genes involved in the mTOR (mTORC1 and S6K1), JAK/STAT (JAK1, JAK2, STAT1, 
and STAT3) and NLRP3 (NLRP3 and Caspase-1) signaling pathways.

Table 1. Speci�c forward and reverse primers for analysis of mRNA levels by real-time PCR. 
mTORC1, mechanistic target of rapamycin complex 1; S6K1, target protein S6 kinase1-; JAK1, 
Janus kinase-1; JAK2, Janus kinase-2; STAT1, signal transducers and activators of transcription-1; 
STAT3, signal transducers and activators of transcription; NLRP3, NLR family pyrin domain 
containing 3. Superscript numerals denote reference numbers; * designed by authors.

Gene Forward Reverse

mTORC1(29) 5� GGAGGCTGATGGACACAAAT 3� 5� CTGTGGTCCCCGTTTTCTTA 3�

S6K1(30) 5� CTCTGAGGATGAGCTGGAGG 3� 5� TTCTCACAATGTTCCATGCC 3�

JAK1* 5� CACAGGCATGCCGTATCTCT 3� 5� CCAGAGCTTGGTGTTCTCGT 3�

JAK2(31) 5� GATGGATGCCCAGATGAGAT 3� 5� TTGATCCACTCGAAGAGCTAGA 3�

STAT1(32) 5� ACCTAACGTGCTGTGCGTAG 3� 5� GAGACATCCTGCCACCTTGT 3�

STAT3(33) 5� GCTTCCTGCAAGAGTCGAAT 3� 5� ATTGGCTTCTCAA GATACCTG 3�

NLRP3(34) 5� AAGCCAAGAATCCACAGTGTAAC 3� 5� TTGCCTCGCAGGTAAAGGT 3�

Caspase-1(35) 5� CCTTAATATGCAAGACTCTCAAGGA 3� 5� TAAGCTGGGTTGTCCTGCACT 3�

Statistical analysis
Data was analyzed using IBM SPSS statistics version 24.0 (IMB Corp, Armonk, NY, 
USA). An unpaired T-test was used to compare numerical data. Non-parametric 
tests were used for non-normally distributed data (Mann-Whitney U test). 
Spearman�s rank correlation coef�cients (expressed as r) were used to assess 
associations between two variables. Multiple linear regression models were used 
to assess associations between continuous variables. Log transformation was 
used for non-normally distributed variables. All tests were two-sided, and a p-value 
of 0.05 indicated signi�cance.
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Results

Expression in granulomatous tissue
Formalin-�xed paraf�n-embedded tissue blocks were available from 60 patients 
with sarcoidosis. The biopsies contained lung (n = 21), lymph nodes (n = 21), skin 
(n�= 15), bone marrow (n = 2), and nasal concha (n = 1). Characteristics of the cohort 
are shown in supplementary Table S1. There were no differences in expression of 
the pathways between patients with and without therapy at time of biopsy.

Figure 1 shows the expression of the signaling pathways in the main cellular 
components of a granuloma, namely macrophages, T-cells and B-cells. Regarding 
mTORC1, it was seen that this pathway was active in macrophages, T-cells and 
B-cells. For the JAK-STAT signaling pathway, it was seen that p-STAT1 was activated 
in macrophages, T- and B-cells, while p-STAT3 expression was only present in 
T- and B-cells. The NLRP3 in�ammasome signaling pathway was activated in 
macrophages, T- and B-cells. The expression of the in�ammatory signaling 
pathways differed between tissue sections (supplementary Figure S1).

Immunohistochemical scoring
Based on the difference in staining intensity and percentage of positive cells 
the standardized immunohistochemical (IHC) score was obtained (Table 2). The 
scoring system is fully explained in section 5.3. For all tissue sections the overall 
mean IHC score for p-STAT3 was 0.45 – 0.91, for p-S6 the mean IHC score was 1.03 
– 1.29, for p-STAT1 the mean IHC score was 1.38 – 2.03, and for NLRP3 the mean IHC 
score was 4.27 – 2.60. By subdividing the IHC score into three groups, Negative 
(IHC=0), Weak (IHC = 1-4) and Strong (IHC � 5), we aimed to de�ne speci�c 
in�ammatory phenotypes of sarcoidosis. Looking at the different groups it was 
seen that for lymph node and skin biopsy tissue the majority of the cases with a 
positive NLRP3 expression belonged to group with a high IHC (57.1% and 86.7% 
respectively) while NLRP3 expression in lung tissue was more equally divided 
between the three groups (p=0.001). Also for the p-STAT1 expression a signi�cant 
difference was observed for the IHC groups (p=0.046), obtained by the fact that 
the majority (66.7%) of the skin tissue showed a positive expression of the JAK/
STAT pathway. For NLRP3, a strong expression (IHC�5) was signi�cantly more 
seen in patients with a history of smoking (p=0.002), which was not observed for 
the other signaling pathways. There were no differences observed for medication 
use at time of biopsy, in ethnicity nor sex. Furthermore, no difference occurred 
between the three IHC groups and the Scadding stages of sarcoidosis for any of 
the signaling pathways.
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Table 2. Immunohistochemical (IHC) scoring for p-S6, p-STAT1, p-STAT3, and NLRP3. 
Addition of the percentage of positive cells within the granuloma (0-4) and staining 
intensity (0-3), results in the ranking from 0 to 7. Data are shown as absolute numbers 
with percentages between brackets.

IHC-score p-S6 n(%) p-STAT1 p-STAT3 NLRP3

0 29 (49.2) 30 (50.0) 44 (73.3) 9 (15.0)

1 13 (22.0) 13 (21.7) 9 (15.0) 4 (6.7)

2 7 (11.9) 5 (8.3) 5 (8.3) 4 (6.7)

3 6 (10.2) 2 (3.3) 0 (0.0) 6 (10.0)

4 4 (6.8) 3 (5.0) 2 (3.3) 5 (8.3)

5 0 (0) 3 (5.0) 0 (0.0) 2 (3.3)

6 0 (0) 1 (1.7) 0 (0.0) 14 (23.3)

7 0 (0) 3 (5.0) 0 (0.0) 16 (26.7)

Co-occurrence of signaling pathways
Figure 2 shows a Venn diagram of the distribution of the activation of the different 
signaling pathways in all 60 tissue sections. The NLRP3 signaling pathway was 
active in the majority of the sarcoidosis patients (85.0%). Expression of p-STAT1 
and p-STAT3 is further indicated as STAT expression since no p-STAT3 expression 
was observed without expression of p-STAT1. Of the 51 patients positive for NLRP3, 
11 patients (21.6%) were also positive for mTORC1, 14 patients (27.5%) were also 
positive for STAT and 16 patients (31.4%) were positive for both mTORC1 and STAT. 
Of the nine remaining sarcoidosis patients three (5.0%) showed to have a positive 
expression solely for the mTORC1 signaling pathway and six (10%) were negative 
for all signaling pathways. Activation of the JAK/STAT signaling pathway was only 
observed in tissue sections positive for NLRP3. Looking at clinical characteristics, 
it was seen that the group of patients positive for all three signaling pathways 
were signi�cantly younger than the other groups with a mean age of 36.3 – 7.7 
years at time of biopsy (p = 0.045). Furthermore, this group contained the highest 
percentage of ever smokers (81.5%), however, this was marginally insigni�cant 
(p = 0.070). There was no difference in amount of positive signaling pathways 
between the different types of tissue material. The majority of patients treated 
with prednisone (66.7%) showed to be positive for all three signaling pathways; 
however, this difference was also not signi�cant. Furthermore, no difference 
was observed for Scadding stage at time of biopsy, nor for extra-pulmonary 
involvement.
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NLRP3

mTORC1 JAK/STAT
Figure 2. Venn diagram showing co-occurrence of active in�ammatory signaling 
pathways in sarcoidosis patients (n = 60). Every circle represents one of the pathways, 
with overlapping sections representing tissue sections with a positive expression for two 
or more signaling pathways. Numbers represent percentage of patients with a positive 
expression for one or more signaling pathways. 85.0% of the patients showed to be positive 
for the NLRP3 in�ammasome signaling pathway, compared to 50.8% positive for mTORC1 
and 50.0% positive for JAK/STAT.

Potential biomarker for progressive disease
The disease course was determined using the clinical outcome score (COS) 5 years 
after biopsy. The COS was divided into two groups; low (COS 1-6) and high (COS 
7-9), with COS � 7 representing chronic disease requiring immunosuppressive 
therapy. For 47 patients, clinical characteristics were available 5 years follow-up 
after disease diagnosis. Figure 3 shows the COS for all in�ammatory signaling 
pathways. For the NLRP3 in�ammasome pathway, patients with a strong 
IHC staining (IHC � 5) had signi�cantly higher COS score (77.3% p=0.021). This 
pattern was not observed in the mTORC1 nor the JAK/STAT signaling pathways. 
Furthermore, no signi�cant difference was observed for presence or absence of 
mTORC1 and/or JAK/STAT in cases positive for NLRP3 in relation to the COS score 
at 5 year of follow-up (p = 0.257).
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Activity of signaling pathways in broncho alveolar lavage �uid (BALF)
Tissue samples are mainly taken during the diagnostic trajectory of patients with 
sarcoidosis, making it dif�cult to monitor the activity of the studied signaling 
pathways over time. A less invasive technique, which can be repeated more 
easily, is the broncho alveolar lavage (BAL). In a different retrospective cohort of 
25 patients with sarcoidosis in which BAL was performed during the same period 
as the biopsy, we assessed in�ammatory activity of the 3 pathways in both tissue 
and BAL �uid (BALF). The mean age of this cohort was 44.1 – 8.3 and 64.0% was 
male. Five subjects (20.0%) had a history of smoking and the majority (80.0%) 
was of Caucasian ethnicity. At the time of BAL, four (16.0%) patients received 
immunosuppressive treatment.

Correlation of expression in BALF and tissue
Tissue biopsies from lung (14 samples), lymph nodes (8 samples) and skin (3 
samples) were stained for the in�ammatory signaling pathways and were scored 
according to the IHC score. mRNA expression in BALF was compared to IHC 
staining in tissue. Figure 4 shows the average mRNA expression for each IHC 
group. No difference was observed for any of the signaling pathways. Furthermore, 
there was no correlation between mRNA levels in BALF and IHC staining in tissue.
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Discussion

Over the years, multiple studies already described a possible role for mTORC1, JAK/
STAT and NLRP3 in�ammasome in�ammatory pathways (5) in the pathogenesis 
of sarcoidosis. However, to our knowledge, these pathways never have been 
studied simultaneously in one cohort. In our study, we found that NLRP3, JAK-
STAT and mTORC1 are not simultaneously active in all sarcoidosis patients at time 
of diagnosis. Furthermore, the NLRP3 pathway seems most active in patients 
with sarcoidosis at diagnosis and its presence is associated with worse clinical 
outcome of the disease.

Histologically sarcoidosis is characterized by well-formed granuloma consisting 
of arranged layers of immune cells, with a prominent core of macrophage 
aggregates accompanied by mainly T- and B-cells in an outer layer (15). By staining 
macrophages, T- and B-cells we were able to assess the in�ammatory signaling 
pathways in these speci�c cells. The in�ammatory pathways studied were all 
active in macrophages, T-cells as well as B-cells, except for p-STAT3. Activation 
of p-STAT3 was found in T-cells and B-cells but not in macrophages. Previously, 
Damsky et al (9) already described p-STAT1 to be strongest in the center of the 
granuloma and more prominent in macrophages than in T-cells while p-STAT3 
was strongest in T cells positioned around the granulomas. The replication of this 
�nding is interesting due to the fact that p-STAT3 expression is normally seen 
in all mammalian cells and could suggest that aberrant STAT3 signaling plays a 
role in sarcoidosis disease pathogenesis, as already is suggested for in�ammatory 
diseases like rheumatoid arthritis and cancer (16). Also animal models of psoriasis 
demonstrated that inhibition of the JAK/STAT3 pathway promoted macrophage 
polarization which upregulated a pro-�brotic factor and thereby favorably 
alleviated tissue in�ammation (17,18)

When comparing the presence of the three studied pathways, we found that 
compared to mTORC1 and STAT, activation of the NLRP3 in�ammasome pathway 
had both the highest prevalence (85%) and IHC score (4.27 – 2.60) in patients with 
sarcoidosis at diagnosis. Within the group of NLRP3 positive patients, there was 
an equal distribution between presence and/or absence of mTORC1 and/or JAK/
STAT activation. Although con�rming our initial hypothesis, an intriguing question 
remains why six different conceptual in�ammatory phenotypes were found in a 
cohort of patients with sarcoidosis. We therefore correlated these in�ammatory 
phenotypes with disease course and found that patients with a high tissue 
expression of NLRP3 at diagnosis had a worse clinical outcome measured by COS 
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score. The observation that patients with active NLRP3 more often received a 
third-line treatment for the sarcoidosis compared to patients without activation 
of this pathway at diagnosis strengthens this association. Therefore, measuring 
the activity of the NLRP3 in�ammasome signaling pathway in tissue might serve 
as a predictive biomarker for a more chronic disease course in patients with 
sarcoidosis. This was not observed for the other signaling pathways mTORC1 and 
JAK/STAT. Although very speculative, the association between NRLP3 activation 
and disease course irrespective of mTORC1 and STAT activation could suggest that 
inhibiting the in�ammasome pathway might be more effective than the use of 
mTORC1- and STAT inhibitors in the treatment of sarcoidosis.

Previous studies reported the role of NLRP3 in�ammasome activation in a pro-
�brotic phenotype in systemic sclerosis but was found to be impaired in IPF BALF 
macrophages (19,20). Due to the possible predictive value of NLPR3 activation in 
tissue and disease course, we investigated whether this signal would also correlate 
with NLRP3 activation status in the alveolar compartment using BAL �uid in order to 
increase clinical applicability. No differences were found between NLRP3 activation 
in tissue and mRNA expression for neither NLRP3 nor Caspase-1 in BAL �uid. In 
addition, no correlation between mRNA expression levels in BALF and activation 
in tissue for either mTORC1 or STAT was found. Our negative �ndings regarding 
mTORC1 are not in line with previous data published by Prasse et al (21). In their 
recent study, they reported elevated levels of p-S6 in BAL cells of sarcoidosis patients 
with active disease and no immunosuppressive treatment. We measured mTORC1 
and its direct downstream protein S6K1 in BAL cells. In its turn p-S6 gets activated 
by S6K1. To measure p-S6, two antibodies are available; p-S6 (Ser240/244) and p-S6 
(Ser235/236). Prasse et al used Ser235/236 for their study. Previous studies have 
shown that, unlike Ser240/244, Ser235/236 can be phosphorylated independently 
of the mTORC1 signaling pathway (22,23). This may be a possible explanation for 
the difference observed in our data. Additionally, we looked at mRNA expression 
and not directly at the protein concentration, which may also give different results. 
Further studies are clearly needed but this could open new clinical possibilities for 
the mTORC1 signaling pathway and its downstream proteins to be used to monitor 
disease activity or response to treatment.

In future studies, in our opinion, it should be assessed whether in�ammatory 
pathways in tissue can be correlated with the same in�ammatory pathways in 
peripheral blood to increase clinical applicability. In other diseases, for example, 
STAT activation already has been assessed in peripheral blood using �uorescence-
activated cell sorting (FACS) (24).
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There are certain limitations in our study. Firstly, the nonhomogeneous staining in 
the tissue may lead to misinterpretation. To overcome this problem we focused on 
the cells which are part of the granuloma when scoring the samples. Secondly, the 
study has a retrospective design. The majority of the tissue sections were originally 
from other hospitals in the Netherlands, therefore, not all patient characteristic 
information was available. Thirdly, biopsy staining only gives information regarding 
one time point of the disease, therefore the following disease course cannot be 
visualized by this approach. Gathering information about pathway activity at 
different time points during disease course would yield more relevant information 
on the role or the signaling pathways in the pathogenesis of sarcoidosis. Fourthly, 
the majority of our cohort has a more severe form of sarcoidosis, resulting in an 
overrepresentation of the high COS score group. This makes it dif�cult to conclude 
whether disease status alone, irrespective of use of medication, was associated 
with activation of NLRP3. Furthermore, by dividing the COS into two groups: 
�resolved� (COS 1-6) and persistent (COS 7-9) the clinical assessment was limited. 
The �fth point to address is that we were not able to detect caspase-1 expression 
in sarcoid granuloma by immunohistochemistry due to lack of a speci�c antibody 
that would give reliable staining results in formalin-�xed tissues. Finally, looking 
at the overall RNA expression of the signaling pathways in BALF one can question 
whether this was the best method to measure activity of the signaling pathways 
in BALF.
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Conclusion

In�ammatory pathways NLRP3, JAK-STAT and mTORC1 are not simultaneously 
active in all patients sarcoidosis at diagnosis. Activation of the NLRP3-
in�ammasome pathway was present in 85% of patients with sarcoidosis at 
diagnosis and its presence is associated with a worse clinical outcome of the 
disease. Activation of mTORC1 and JAK/STAT was seen in 50% of patients at 
diagnosis and was not associated with disease course. Our �nding of different 
new conceptual in�ammatory tissue phenotypes in sarcoidosis could possibly 
guide future treatment studies using available inhibitors of either NLRP3, JAK-
STAT and mTORC1 inhibitors in a more personalized medicine approach.
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Supplement

Table S1. Characteristics of sarcoidosis patients. Data is shown as absolute numbers 
and percentage. aAge at time of biopsy and is shown as mean – SD. bThird-line therapy 
consisted of in�iximab use at follow up. Cbiomarkers at time of diagnosis and is shown as 
mean – SD. COS: Clinical outcome status, SFN: Small �ber neuropathy, Scadding stages: 
0 = Normal chest radiograph; I = Bilateral hilar lymphadenopathy (BHL); II = BHL with 
pulmonary in�ltrates; III = pulmonary in�ltrates without BHL; IV = �brosis.

Parameter n

Agea (years) 60 43.5 – 12.1

Male sex 32/60 46.7%

Ever smoker 33/60 55.9%

Caucasian 49/60 81.7%

Löfgren syndrome 2/60 3.4%

Medication at time of biopsy 7/60 11.7%

Third-line therapyb 24/60 40.0%

COS group 2 years follow up 55/60

Group 1-6 17 30.9%

Group 7-9 38 69.1%

COS group 5 years follow up 47/60

Group 1-6 18 38.3%

Group 7-9 29 61.7%

Scadding stage at time biopsy 42/60

Stage 0 1 2.4%

Stage I 13 31%

Stage II 16 38.1%

Stage III 7 16.7%

Stage IV 5 11.9%

In�ammatory biomarkersc

ACE (U/L) 19/60 46.6 – 34.9

sIL-2R (pg/mL) 14/60 5133.2 – 3028.6
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Table S1. Continued

Parameter n

Extra pulmonary involvement 41/60 68.3%

Skin 21/60 35.0%

Eyes 4/60 6.7%

Liver 7/60 11.7%

Heart 9/60 15%

Spleen 2/60 3.3%

Bones 4/60 6.7%

Nerve system 11/60 18.3%

SFN 7/60 11.7%
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�Figure S1. Immunohistochemistry (IHC) staining of the three key in�ammatory signaling 
pathways in sarcoid tissue. a � d) sarcoid tissue was immunohistochemically stained using 
p-S6 antibodies. e � h) activated STAT1, i � l) activated STAT3 and m � p) NLRP3. a, e, i, m) 
represent negative staining, b, f, j, n) represent weak staining, c, g, k, o) represent moderate 
staining, and d, h, l, p) represent strong staining. Scale bars: i) = 200 �m, a, f, g, h, k, l, m, o, 
p) = 100 �m, and b, c, d, e, j, n) = 50 �m.
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General discussion and future remarks

Around 10 to 30% of the patients with sarcoidosis require treatment to alleviate 
symptoms or prevent organ damage (1,2). Besides having a heterogeneous and often 
unpredictable disease course, sarcoidosis patients can also vary in their response 
to the treatment. Therefore a one-size-�ts-all approach can result in toxicity with 
unpredictable therapeutic response in some patients (3,4). As a result, there is a 
need for more speci�c and predictive biomarkers to improve clinical management. 
In this thesis, we aimed to pave the way for precision medicine for sarcoidosis care by 
identifying novel predictive or therapeutic biomarkers in form of proteins or signaling 
pathways. We will review the current literature on predictive biomarkers in sarcoidosis 
and examine extracellular vesicles as potential new biomarker source. In addition, 
the role of in�ammatory signaling pathways as biomarker is explored, as well as its 
potential as guiding the choice of forth-line therapy in the future.

Current biomarkers in sarcoidosis
The search of biomarkers to support clinical decision-making is not new; already in 
1975 angiotensin converting enzyme (ACE) was described to be elevated in sarcoidosis 
and used as the �rst diagnostic biomarker for sarcoidosis (5). This biomarker is still 
the most common used diagnostic serological biomarker in clinical practice to this 
day. However, inadequate sensitivity and speci�city of ACE in addition to the need 
for genotyping correction limits this protein to be used for therapeutic decisions 
(6,7). Over the last decade, various other analytes have been studied as potential 
biomarker, including proteins, mRNA, exosomes and imaging. Chapter 2 provided 
a detailed description of current and future biomarkers in sarcoidosis. In sarcoidosis, 
biomarkers are desired to help in the assessment of disease activity, or to help predict 
disease progression or response to treatment. Previous research showed that a 
single biomarker may not be as useful as a combination of multiple markers due 
to the increased sensitivity and speci�city when combining biomarkers (8�10). As 
an overall conclusion, we may state that although combinations of several serum 
biomarkers have been explored, with promising results, the Holy Grail still remains to 
be discovered. In the future, biomarkers in sarcoidosis should ideally help to improve 
predicting response to treatment and allow for a more personalized approach in 
therapeutic decision making in sarcoidosis.

Extracellular vesicles as additional source for biomarkers
In the search for potential new predictive biomarkers, there has been an increased 
interest in extracellular vesicles (EVs) as they re�ect the physiological and 
pathophysiological characteristics of the originating cell (11�15). In Chapter 3, the 
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potential of EV derived proteins as predictive biomarkers was studied with the use 
of a protein-panel consisting of four proteins that were previously validated to be 
present in EVs. Although the protein-panel was not developed for sarcoidosis, the 
four proteins in this panel (CD14, cystatin C, serpin C1 and serpin G1) are especially 
found in monocytes and were already shown to play a role in in�ammation (16�22). 
The result of this study was three-fold: �rstly, we showed a difference in identical 
protein levels when measured in EV-isolated from serum compared to whole 
serum, an observation that strengthen the rationale of assessing biomarker 
potential in EVs. Secondly, we showed that these proteins were signi�cantly 
different between patients with sarcoidosis and healthy controls. Lastly, we found 
that, in contrast to serpin C1 levels in serum, serpin C1 concentration in EV at 
baseline was associated with the treatment response to MTX in patients with 
pulmonary sarcoidosis.

Since the publication of these data, a limited amount of reports has been released 
on the potential of EV-derived proteins as predictive biomarker. So far, only Futami 
et al described CD14 levels in serum EVs to be signi�cantly increased in patients 
with sarcoidosis compared to healthy controls and also showed that CD14 was 
up-regulated in the process of granuloma formation (23). Also, for diagnosis of 
ILD (sarcoidosis, HP and IPF) d�Alessandro et al described the potential of alveolar 
EV markers (24). However, although both studies showed upregulations of EV-
markers, results on the predictive aspect remained unclear. In this light, we are 
the �rst to describe the potential of serum EV-proteins as predictive biomarker 
for treatment response in pulmonary sarcoidosis.

As this study was a proof of principle study with low number of patients, it comes 
with some limitations. Foremost, only a limited panel of proteins is studied 
and the analysis was done using samples from one time point: before start of 
treatment. Consequently, from our results it remains unclear how these proteins 
behave over time. In case of serpin C1 for instance, it is not known whether these 
protein levels change after start of treatment with MTX. Furthermore, part of 
the anti-in�ammatory effect of serpin C1 exerts through activation of adenosine 
monophosphate protein kinase (AMPK) signaling pathway. It would be of interest 
to see if other proteins related to this pathway are also signi�cantly different 
between responders and non-responders of treatment with MTX. If so, activation 
of the AMPK signaling pathway might be an interesting analyte to predict 
treatment outcome.
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In conclusion, this study showed that measuring in�ammatory proteins in EV 
signi�cantly differs from measuring the same biomarkers in the original serum 
sample and adds to the potential of EV derived proteins when searching for new 
predictive biomarkers.

Proteomics in biomarker discovery
With the upcoming improvement in proteomics techniques in the last decade, 
EVs protein characterization has gained great interest from a biological and 
medical point of view. Proteomics can be performed in a targeted and untargeted 
manner. Targeted proteomics analyses a preselected group of proteins while 
untargeted proteomics aims a near-complete proteome coverage by identifying 
as many proteins as possible (25�27).

In Chapter 4, a targeted proteomics technique was used by performing an OLINK 
analysis to identify potential predictive biomarkers for treatment response in 
pulmonary sarcoidosis. Interestingly. We found no overlap in the identi�ed proteins 
for the patients treated with prednisone and the patients treated with methotrexate. 
These results are in line with the different routes of activation of prednisone and 
methotrexate in which other proteins are involved (28�35). With the use of pathway 
analysis, we showed multiple pathways to be involved with the proteins for either 
treatment cohort. For the patient cohort treated with prednisone the Mitogen-
activated protein kinase (MAPK) signaling pathway was most signi�cant. Activation 
of MAPK leads to both expression of pro-in�ammatory genes and activation of 
NF-�B (36). It is increasingly recognized that most anti-in�ammatory effects of 
corticosteroids imply their direct or indirect interference with the MAPK signaling 
pathway. The inhibition of MAPK by corticosteroids is mostly due to the induction 
of factors that negatively regulate MAPK signaling pathways as well as nongenomic 
activities of corticosteroids that contribute to the inhibition of NF-�B (36,37).

For the cohort treated with methotrexate, Glycosylphosphatidylinositol (GPI) 
anchored proteins were identi�ed. MTX uses receptor-mediated endocytosis via 
GPI-anchored membrane proteins that binds folates and folate conjugates (38). 
In a study on patients with rheumatoid arthritis (RA), GPI was downregulated in 
patients with active RA compared to those in clinical remission after treatment 
with MTX (39).

Replication of the three most signi�cant different proteins in a larger cohort of 
sarcoidosis patients showed that Chitinase-3-like protein 1 (CHI3L1), also known 
as YKL-40 remained signi�cantly associated with improvement of lung function 
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after treatment with prednisone and Carboxypeptidase A1 (CPA1) for treatment 
with methotrexate. YKL-40 is not a new biomarker in sarcoidosis research. 
Elevated levels of YKL-40 were previously reported in patients with active disease 
(40). However, its use as diagnostic biomarker is limited due to low speci�city 
and association with various other diseases (40,41). The in�uence of treatment on 
levels of YKL-40 has not been described yet, but previous research reported no 
difference in serum levels of YKL-40 between patients receiving treatment with 
prednisone and patients who did not (40).

Next, in Chapter 5 an untargeted proteomics approach using LC-MS/MS was 
performed. Without depending on antibodies, MS-based proteomics is an ideal 
technology for the discovery of new biomarkers (42). The approach was three-fold. 
Firstly, we identi�ed proteins that were differently expressed between sarcoidosis 
patients and healthy controls and studied their related pathways.

Secondly, proteins were selected that were significantly different between 
responders and non-responders for treatment with prednisone or MTX, in a similar 
way to Chapter 4. Again, the majority of the identi�ed proteins did not overlap 
between the two treatment groups and distinctive pathways appeared to be involved 
with response to prednisone or MTX. Pathway analysis showed involvement of TLR 
cascades in cohort treated with prednisone and GPCR signaling in cohort treated 
with MTX. Previous research described activation of MAPK, a signaling pathway 
affected by prednisone, through TLR to maintain the in�ammatory cascade by 
activation of NF-�B and production of TNF-� (36,43). However, a rat-model study 
described that administration of MTX associated with down-regulation of TLR-4 
mRNA expression and that TLR-4 protein levels were signi�cantly down-regulated 
in rats treated with MTX compared to the control group (44). This shows that TLR 
is not only involved in the route of action of prednisone.

In addition, speci�c interaction between GPCR and GPI-anchored proteins that 
forms GPI-GPCR complexes were reported previously. A known GPCR that is 
related to the mechanism of action of MTX is adenosine receptor. Adenosine acts 
as major mediator of anti-in�ammatory action associated with MTX and plays an 
important role in treatment of in�ammation and autoimmune diseases (38,45,46).

Thirdly, a selection of the 10 most signi�cant proteins were replicated in a larger 
sarcoidosis cohort. For patients treated with methotrexate complement C8 (CC8) 
was signi�cantly different between responders and non-responders. For patients 
treated with prednisone serpin A3 and complement factor H (CF H) and I (CF I) 



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 249PDF page: 249PDF page: 249PDF page: 249

249

were signi�cantly different. Additionally, a prospective cohort was included to see 
how the candidate EV proteins behaved over time during treatment. At baseline, 
CF I remained signi�cantly different between responders and non-responders 
and CC8 showed a trend. Moreover, concentration of serpin A3 correlated with 
difference in lung function over time, suggesting that this protein may be useful 
as additional biomarker for monitoring therapy response over time. In Figure 1 
the identi�ed proteins from Chapters 3 � 5 are summarized for each treatment 
group. Identi�cation of speci�c protein pro�les may possibly help with decision-
making regarding the most suitable �rst-line treatment for individual patients 
with sarcoidosis.

There are some limitations to the proteomics approach of Chapters 4 and 5. 
Firstly, the protein concentrations in Chapter 4 were measured at one time 
point. In Chapter 5, we tackled this problem by measuring the candidate protein 
levels four times during 24 weeks. However, this cohort contained relatively 
few patients, so that potential signi�cance could be missed. Secondly, there is 
missing data due to the retrospective study design. This led to small numbers 
of patients in the different subgroups, especially in the discovery cohorts. Both 
issues will be addressed when measuring candidate proteins in the prospective 
PREDMETH study. This study will provide the possibility to obtain measurement 
on proteins panels and various peripheral blood immune cells, including T-cells 
and monocytes, within a longitudinal cohort (47). In addition, another limitation 
to our research is the fact we did not compare the EV-protein levels with the 
levels of those proteins in serum. The results from Chapter 3 showed that there 
is a difference in protein concentration in EVs compared to serum. We therefore 
do not know whether those EV-proteins have a similar predictive value when 
measured in serum. This could also be addressed in future research using 
candidate proteins in the PREDMETH study.

In conclusion, the studies from Chapter 3 � 5 showed that responsive patients 
for prednisone or methotrexate might be identi�ed before treatment initiation. 
Finding proteins with no direct link between them re�ects the complexity of the 
pathophysiology of sarcoidosis, the mechanism of action of prednisone and of 
MTX. Our research showed that there was hardly any overlap between the proteins 
identi�ed to predict treatment response for prednisone and for methotrexate, 
regarding the heterogeneity of proteins involved in response to therapy. One 
could speculate that when assessing these protein pro�les at baseline, they might 
be informative regarding treatment decision to either start prednisone or MTX. 
However, further studies are needed to address this hypothesis.
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Figure 1. Identi�cation of predictive proteins present in extracellular vesicles can help create a 
protein pro�le that is predictive for treatment outcome for treatment with either prednisone 
or methotrexate. Such protein pro�le can identify which �rst-line treatment has the greatest 
chance of success in an individual and will give more insight into personalized treatment.

Signaling pathways as therapeutic biomarker
There is an unmet need for a fourth-line therapy in patients with refractory 
sarcoidosis de�ned by progression while using TNF-alpha blockers, or if these 
drugs are not tolerated, for example when Anti-Drug-Antibodies (ADA) are 
formed. Identifying new molecular targets for treatment should be a priority 
for personalized treatment in sarcoidosis (48). In this thesis the role of three 
key in�ammatory signaling pathways, mTORC1, JAK/STAT and NLRP3, were 
investigated in patients with sarcoidosis for their role in in granuloma formation 
and as possible therapeutic biomarker. These three signaling pathways have 
already been described in sarcoidosis; however, so far, the activity of the three 
pathways had not been studied simultaneously in one cohort.

Firstly, we looked at the role of the mTOR signaling pathway. The mTOR pathway 
is a key regulator of immune metabolism, protein synthesis and cell growth 
(49). In Chapter 6 the role of the mTORC1 signaling pathway in sarcoidosis was 
demonstrated using immunohistochemistry.

We repeated the staining procedure of Linke et al (50) and found activation of p-S6 
inside the granuloma of a subgroup of sarcoidosis patients. These �ndings were 
consistent with the data from Linke et al, who reported activation of p-S6 in a third 
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of their cohort. However, a study on mTORC1 activity in sarcoidosis patients from 
Pizinni et al reported activation of mTORC1 in all sarcoidosis patient (100%) (51). 
A possible explanation for the difference in percentage is the difference in used 
antibody from Pizinni et al compared to Linke et al and our study. In addition, it is 
important to realize that IHC scoring is somewhat subjective as it depends on the 
interpretation of the pathologist. Diverging de�nitions of immunohistochemical 
interpretations may be a reason for the differences in the IHC scoring between 
Pizinni et al and the results from Linke et al and our own.

Moreover, clustering patients based on activation of mTORC1 might shed new light 
on sarcoidosis endotyping. Previously, gene expression of mTOR signaling was 
reported to be associated with parenchymal involvement (52). In addition, Linke 
et al reported activation of mTORC1 to be associated with disease progression 
and Calender et al showed a correlation between the mTORC1 pathway in 
sarcoidosis patients and defective autophagy regulatory mechanisms (50,53,54). 
Unfortunately, we were unable to �nd any relation between mTORC1 activation 
and speci�c clinical traits in our study.

In our study activation of p-S6 was not only found in granuloma of sarcoidosis 
patients but also in granulomatous tissue of patients with other granulomatous 
disorders, such as HP and vasculitis. As the mTORC1 signaling pathway is 
suggested to play a role in initiation and maintenance of granuloma and is also 
observed in multiple malignancies, it is not surprising that also a subgroup of 
patients with other granulomatous ILDs show activity of the mTORC1 signaling 
pathway (50,55).

In Chapter 7 we continued our research on signaling pathways and also determined 
activation of JAK/STAT and NLRP3. For the JAK/STAT pathways we found that 
p-STAT1 was activated in both macrophages and T-cells, while p-STAT3 was only 
expressed by T-cells. Several cytokines that are involved in macrophage activation 
and granuloma formation signal via JAK/STAT. Damsky et al previously reported 
the JAK/STAT pathway to be activated especially in cutaneous sarcoidosis (56). In 
our study cohort we found the majority of the patients with cutaneous sarcoidosis 
to express p-STAT1/3 in their granulomatous tissue, which was signi�cantly more 
compared to p-STAT expression in granuloma of lung and lymph node tissue.

Ever since the discovery of the in�ammasome pathway as key in�ammatory 
pathway with major implications in various conditions, the IL-1� family has 
regained interest after being overlooked for almost 30 years (57,58). In 2019, 
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Huppertz et al reported strong upregulation of the NLRP3 in�ammasome in lung 
granuloma of sarcoidosis patients compared to healthy controls and showed that 
levels of NLRP3 activation correlated with disease activity (59). In Chapter�7 we 
found that activity of the NLRP3 signaling pathway was observed in the majority 
of the sarcoidosis patients. Furthermore, the presence of NLRP3 in the granuloma 
at time of diagnosis was associated with a chronic disease course at 5-year follow-
up. NLRP3 in�ammasome promotes granuloma formation by the cleavage of 
pro-caspase-1 in granulomas and release of IL-1� by BAL cells (59). Release of 
IL-1� ampli�es the in�ammatory response and maintains granuloma structure 
and integrity (60), which can be a possible explanation for the association of 
NLRP3 and chronic disease. Previous research showed that the ratio of IL-1 
receptor antagonist/IL-1� was a marker for prediction of granuloma persistence 
in pulmonary lesions of sarcoidosis patients (61).

In the last years, clinical trials have been started targeting signaling pathways 
(62,63). Two case reports have been published describing treatment of pulmonary 
sarcoidosis with mTOR inhibitor sirolimus. Both histopathologic and radiologic 
resolutions, as well as resolution of their symptoms were observed in these cases 
(64,65). A recent study evaluating the ef�cacy and safety of sirolimus in patients 
with cutaneous sarcoidosis showed histological improvement of skin lesions in 70% 
of the participants with a long-lasting effect for more than 1 year after treatment 
had been stopped (66). JAK-inhibitors have been successfully used in refractory 
cutaneous or pulmonary sarcoidosis and are associated with a signi�cant 
decrease in several Th1-mediated markers of in�ammation (67). Moreover, various 
IL-1 inhibitors are available. One of these inhibitors is Canakinumab, which directly 
inhibits IL-1 �. Canakinumab has been evaluated in a phase 2 double blind placebo-
controlled trail of patients with pulmonary sarcoidosis (63), however the posted 
results show no statistically signi�cant difference in primary outcome, which was 
FVC at 24 weeks. Currently, another IL-1 inhibitor, Anakinra, is being evaluated for 
use in cardiac sarcoidosis (68).

As inhibitors are available for all three signaling pathways described in this thesis, 
endotyping based on activation of a speci�c signaling pathway might open doors 
for development of new personalized therapy targets (Figure 2). In Chapter 7, we 
divided sarcoidosis patients according to activity of signaling pathways in their 
granulomatous tissue. However, more research is needed on the association of 
pathway activity and the effectiveness of these therapies.
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An important limitation of tissue studies is the fact that obtained information is a 
snapshot view of the disease, which provides only limited insight into the dynamic 
mechanism underpinning the pathogenic formation of granulomas (69). In our 
research, it is not known how pathway activity develops over time and how well 
it correlates with disease progression or resolution. In order for these signaling 
pathways to become useful biomarkers, their activity should be measured over 
time. Since biopsy is an invasive procedure, it cannot be performed over time 
to monitor disease. Therefore, a more dynamic approach should be set-up, like 
studying the activity of the pathways in BALF but preferably in blood. We tried 
to measure the activity of the signaling pathways by isolating RNA from BALF 
(Chapter 7). Unfortunately, no difference in mRNA expression levels was observed 
for any of the signaling pathways and results of immunohistochemical staining 
did not correlate with the results of the RNA expression levels. However, as staining 
results are on a protein level, the use of an ELISA approach could turn out to be 
more fruitful. Prasse et al already showed a successful result of measuring mTOR 
activation with ELISA on BALF samples of sarcoidosis patients (70).

In conclusion, we showed that three key in�ammatory pathways were not 
simultaneously active in all patients at time of diagnosis. Endotyping based on 
pathway activity might shed new light on disease pathogenesis and may prove 
useful for identifying new biomarkers. The �nding of therapeutic in�ammatory 
tissue biomarkers in sarcoidosis could possibly guide future treatment studies 
using the available inhibitors for either NLRP3, JAK-STAT or mTORC1 in a more 
personalized approach.
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Figure 2. Venn diagram from Chapter 7 showing co-occurrence of the three signaling 
pathways in sarcoidosis patients (n = 60). Numbers represent percentage of patients with 
a positive expression for one or more signaling pathways. For each signaling pathway, 
a speci�c inhibitor is registered and clinical trials are being performed to test their 
effectiveness in sarcoidosis. Endotyping of sarcoidosis patients based on activation of 
these signaling pathways may facilitate more insight in personalized treatment options 
for sarcoidosis.
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Future directions

The research described in the present thesis aimed to provide novel biomarkers 
for prediction of response to therapy. Proteins are the most investigated source 
for potential biomarkers. However, the use of markers other than proteins needs 
to be considered in future studies, like genetic markers, mRNA, protein panels 
and other omic targets (71,72). More omics studies and multi-omics integrative 
investigations are needed to validate existing biomarkers and to identify more 
accurate biomarkers for sarcoidosis. The investigation of immune cells as 
reliable prognostic biomarker for disease progression and predictive biomarker 
for treatment response could also add signi�cant value towards personalized 
treatment in sarcoidosis. Moreover, imaging tools like 18F-FDG PET/CT have shown 
their additional value as therapeutic biomarker in patients with pulmonary 
sarcoidosis (73). A combination of biomarkers could likely perform better in both 
prognosis of the disease and prediction of therapy response. Both sensitivity and 
speci�city have been shown to increase when combining multiple biomarkers. 
The development and standardization of a panel of multiple biomarkers could 
improve the prognostic and therapeutic processes in sarcoidosis. In addition, 
identi�cation of in�ammatory signaling pathways in sarcoidosis patients opens 
a new window of opportunity in therapeutic decision making. Especially for 
patients in whom anti-metabolites alone or in combination with corticosteroids 
are toxic or ineffective, or whose disease is considered severe and progressive, 
choices for advanced immune-modulating agents might in the future be based 
on the dominant pathway identi�ed.

To conclude, there is an urgent need for the identi�cation of predictive biomarkers 
in sarcoidosis to resolve disease heterogeneity and facilitate personalized 
medicine. The data presented in this thesis provides insights regarding the 
use of in�ammatory signaling pathways and EVs as a novel platform to identify 
new biomarkers predictive for therapy response and as potential therapeutic 
target. Increased understanding of the role of in�ammatory signaling pathways 
in sarcoidosis will improve our knowledge on disease pathogenesis and may 
accelerate development and evaluation of new targeted treatments. It will 
hopefully stimulate further research into new strategies to accurately measure 
response to treatment, helping the �eld to take another step from one-size-�ts-
all into a more detailed personalized, i.e. endotype based, treatment in the near 
future.
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Inleiding

Sarcoïdose is een systemische ziekte met een onbekende oorzaak die gekenmerkt 
wordt door de vorming van granulomen; opeenhopingen van verschillende 
witte bloedcellen welke betrokken zijn bij ons afweersysteem. Sarcoïdose kan 
zich overal in het lichaam ontwikkelen, maar vooral de longen en lymfeklieren 
zijn vaak aangedaan. Naast de heterogeniteit in de klinische presentatie is het 
ook onvoorspelbaar hoe deze ziekte zich ontwikkelt. In de meeste gevallen 
gaat sarcoïdose vanzelf weer over maar in ongeveer 10 a 30% van de patiºnten 
ontwikkelt zich een chronische, soms zelfs progressieve, vorm van de ziekte. In dat 
geval moet er gestart worden met een langdurig medicamenteuze behandeling. 
Huidige therapie is erop gericht om ziekteactiviteit te remmen. Meer inzicht 
in de rol van het immuunsysteem in vorming en behoud van het granuloom 
kan helpen bij het identi�ceren van nieuwe therapeutische targets en bij het 
vaststellen van patiºnten welke baat hebben bij deze middelen. Corticosteroïden, 
zoals prednison, worden als eerstelijnsbehandeling voorgeschreven. Indien deze 
behandeling niet aan slaat of wanneer de patiºnt dermate hinderlijke bijwerking 
ervaart, wordt er overgestapt naar een tweedelijns behandeling in de vorm van 
bijvoorbeeld methotrexaat. In 2021 is een recent voorschrift verschenen die deze 
behandelingsstrategie adviseert.

Vanwege de heterogeniteit van sarcoïdose, is het ziektebeloop lastig te voorspellen. 
Biomarkers kunnen helpen bij diagnose, het monitoren van ziekteactiviteit of 
het vaststellen van een respons op therapie. Voor sarcoïdose is tot op heden 
geen speci�eke biomarker beschikbaar. Biomarkers die de respons op therapie 
voorspellen, zullen waarschijnlijk helpen om overbehandeling die tot onnodige 
bijwerkingen leidt, of onderbehandeling die tot mogelijke orgaanschade kan 
leiden, te voorkomen. Uit eerdere studies blijkt dat de combinatie van biomarkers 
de gevoeligheid en speci�citeit zou kunnen verbeteren in vergelijking met een 
enkele biomarker. Omics-onderzoeken (genomics, transcriptomics, proteomics 
en metabolomics) zouden kunnen worden toegepast op de identi�catie van 
biomarkers, moleculaire mechanismen en treatable targets. Als gevolg kan een 
combinatie van meetbare biomarkers en cytologie helpen bij het begrijpen hoe 
granulomen gevormd worden, evenals het voorspellen van de ontwikkeling van 
progressieve ziekte, en zou een gepersonaliseerd behandelplan mogelijk zijn.
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Doel van dit proefschrift

Ondanks tientallen jaren van zowel fundamenteel als klinisch onderzoek 
is ons begrip van sarcoïdose nog maar pas begonnen. Momenteel zijn de 
behandelingsopties voor sarcoïdose zowel beperkt als gehinderd door een 
hoge prevalentie van vervelende bijwerkingen. Daarom is er behoefte aan meer 
onderzoek om de moleculaire basis van de ziekte, de verschillende fenotypes/
endotypes ervan te ontrafelen en bijbehorende biomarkers te identi�ceren. 
Dit is niet alleen belangrijk voor het verbeteren van de patiºntenzorg, maar 
ook om de patiºnt een betere voorspelling van de langetermijnresultaten 
te bieden. Het doel van dit proefschrift is om de weg vrij te maken voor 
personalized treatment voor sarcoïdosezorg door nieuwe voorspellende 
biomarkers en therapeutische targets te identi�ceren in de vorm van eiwitten 
en in�ammatoire signaalpaden.

Hoofdstuk 2 gaf een overzicht van de huidige kennis over biomarkers en 
ziektepathologie bij sarcoïdose. Naast bestaande biomarkers werden ook 
nieuwe biomarker voor diagnose en prognose beschreven. De combinatie van 
verschillende biomarkers laat positieve resultaten zien, maar de �heilige graal� is 
nog niet gevonden. De identi�catie van biomarkers die helpen bij het voorspellen 
van response op de voorgeschreven medicatie opent de deuren voor een meer 
gepersonaliseerde behandelmethode in sarcoïdose.

In de zoektocht naar potentiºle nieuwe biomarkers is er een toegenomen 
belangstelling voor extracellulaire blaasjes (EVs). EVs worden uitgescheiden door 
bijna ieder cel in het lichaam en re�ecteren de fysiologische en pathofysiologische 
eigenschappen van deze cel. Deze eigenschappen kunnen gemeten worden in 
de vorm van DNA, RNA of eiwitten. In Hoofdstuk 3 hebben we gekeken naar 
de potentie van de EV-eiwitten als voorspellende biomarker voor response op 
behandeling in een pilotstudie. In totaal werden er vier eiwitten gemeten in deze 
studie. De eiwit concentratie in EVs verschilde van de concentratie in serum, wat 
laat zien dat het wel degelijk uitmaakt van het medium waarin je zoekt. Verder 
zagen we dat een van de eiwitten, serpin C1, signi�cant verschillend was tussen 
mensen met een goed response op behandeling met methotrexaat en mensen 
zonder goede response. Dit werd bevestigd door een herhaalde meting in een 
groter �replicatie� cohort. Uit deze studie kon worden geconcludeerd dat EVs een 
grote potentie bieden bij het zoeken naar nieuwe diagnostische of voorspellende 
biomarkers van sarcoïdose.
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Met behulp van proteomics kan unieke informatie worden gegenereerd voor de 
zoektocht naar geschikte biomarkers. Proteomics kan om twee manieren worden 
uitgevoerd; �gericht� en �ongericht�. Met gerichte proteomics wordt een vooraf 
geselecteerde groep eiwitten geanalyseerd. In Hoofdstuk 4 is een dergelijke gerichte 
proteomics uitgevoerd waarbij 92 eiwitten werden geanalyseerd in een Olink assay. 
Gerichte proteomics is een methode welke interessante eiwitten met hoge precisie, 
kwantitatieve nauwkeurigheid en gevoeligheid te detecteren. In Hoofdstuk 4 
werden twee eiwitten geïdenti�ceerd welke signi�cant geassocieerd waren met 
verbetering in longfunctie na behandeling. Voor de patiºntengroep behandeld met 
prednison was dit Chitinase-3-like proteine 1 (CHI3L1) en voor patiºnten behandeld 
met methotrexaat was dit Carboxypeptidase A1 (CPA1). Met behulp van pathway-
analyse bleek dat de geïdenti�ceerde eiwitten betrokken waren bij meerdere 
signaalpaden, waaronder de MAPK-signaleringsroute in het cohort behandeld met 
prednison en GPI-verankerde eiwitten voor het cohort behandeld met methotrexaat.

Naast gerichte proteomics kan ook ongerichte proteomics gebruikt worden. 
Ongerichte proteomics streeft naar een vrijwel volledige dekking door zoveel 
mogelijk eiwitten te identi�ceren. In Hoofdstuk 5 werd een ongerichte proteomics 
uitgevoerd met behulp van massa spectrometrie (MS). Doordat deze techniek 
niet afhankelijk is van antilichamen, is op MS gebaseerde proteomics een ideale 
technologie voor de ontdekking van nieuwe biomarkers. Ook in deze studie werden 
eiwitten gevonden welke signi�cant verschillend waren tussen goed en slechte 
response op voorgeschreven medicatie. Voor de patiºntengroep behandeld met 
prednison waren serpin A3, complement factor H (CF H) en complement factor I (CF 
I) signi�cant verschillend en voor de patiºntengroep behandeld met methotrexaat 
was dit complement C8 (CC8). Ook hier konden betrokken signaalpaden worden 
geïdenti�ceerd. Aanvullend werden deze eiwitten ook gemeten in een prospectief 
cohort, waarin CF I signi�cant verschillend bleef tussen responders en non-responders 
behandeld met prednison en waarbij CC8 een trend liet zien.

Hoofdstuk 3 t/m 5 laten zien dat patiºnten welke een goede response op medicatie 
laten zien kunnen worden geïdenti�ceerd alvorens de behandeling wordt gestart. 
Er was nauwelijks overlap tussen de eiwitten die werden geïdenti�ceerd in het 
patiºntencohort behandeld met prednison en het patiºntencohort behandeld 
met methotrexaat. Dit suggereert dat er binnen de sarcoïdosepatiºntenpopulatie 
al biologische verschillen bestaan ​​die correleren met de uitkomst van speci�eke 
ontstekingsremmende behandelingen. De verbeterde betrouwbaarheid van 
proteomics vertegenwoordigt een volgende stap om biologische systemen samen 
te vatten, met als doel potentiºle signaalpaden te stimuleren die betrokken zijn bij 
pathologie en nuttig zijn voor klinische doeleinden.
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In de afgelopen jaren zijn drie in�ammatoire signaalpaden beschreven in relatie tot 
granuloom vorming bij sarcoïdose: mTORC1, JAK/STAT en NLRP3 in�ammasome. 
De identi�catie van in�ammatoire signaalpaden kan helpen om de complexiteit 
van sarcoïdose beter te begrijpen en de ziekte doelgericht te behandelen. In de 
laatste jaren is veel onderzoek gedaan naar de effectiviteit van speci�eke inhibitors 
van deze signaalpaden. In Hoofdstuk 6 hebben we de activatie van het mTORC1 
signaalpad bestudeerd met behulp van immunohistochemie in granulomen 
van Nederlandse patiºnten met sarcoïdose en andere granulomateuze ILDs. 
We vonden activiteit van het mTORC1 signaalpad in de granulomen van zowel 
sarcoïdose patiºnten, als patiºnten met een andere ILD. Aan de hand van de 
activiteit van mTORC1 in het granuloom konden we geen speci�eke ziekte 
fenotypes identi�ceren. In Hoofdstuk 7 werden naast mTORC1 ook de andere 
signaalpaden onderzocht als voorspellende biomarkers in sarcoïdose. Activiteit 
van de signaalpaden werd gemeten aan de hand van immunohistochemische 
kleuringen in granulomen van Nederlandse patiºnten met sarcoïdose. Hierbij 
hebben we aangetoond dat het JAK/STAT signaalpad actief was in het weefsel 
van de meerderheid van de sarcoïdose patiºnten met cutane betrokkenheid. 
Daarnaast zagen we dat STAT1 actief was in zowel macrofagen als T-cellen, 
terwijl STAT3 enkel in T-cellen gevonden werd. Activatie van NLRP3 kon worden 
aangetoond in zowel macrofagen als T- en B-cellen. Activiteit van NLRP3 werd 
gevonden in de meerderheid van de gekleurde weefsels en aanwezigheid van 
dit signaalpad was geassocieerd met een chronisch beloop van de ziekte bij 5 
jaar follow-up.

In deze hoofdstukken hebben we aangetoond dat de signaalpaden niet simultaan 
geactiveerd zijn in het weefsel bij alle patiºnten. Het identi�ceren van speci�eke 
weefsel-fenotypes biedt de mogelijkheid vast te stellen wie baat heeft bij een 
behandeling met speci�eke inhibitors van deze signaalpaden.
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Conclusie

Er een dringende behoefte aan de identi�catie van voorspellende biomarkers bij 
sarcoïdose om de heterogeniteit van de ziekte in kaart te brengen en een stap 
te zetten richting personalized treatment. De in dit proefschrift gepresenteerde 
gegevens bieden inzicht in het gebruik van in�ammatoire signaalpaden en EV�s 
als een platform om nieuwe biomarkers te identi�ceren die voorspellend zijn 
voor therapierespons en als potentieel therapeutisch doelwit. Meer begrip van 
de rol van in�ammatoire signaalpaden bij sarcoïdose zal onze kennis over de 
pathogenese van de ziekte verbeteren en kan de ontwikkeling en evaluatie van 
nieuwe gerichte behandelingen versnellen. Hopelijk zal het verder onderzoek 
stimuleren naar nieuwe strategieºn om de respons op behandeling nauwkeurig te 
meten, waardoor het veld in de nabije toekomst een volgende stap kan zetten van 
one-size-�ts-all naar een meer gedetailleerde gepersonaliseerde behandeling.
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emotionele support tijdens mijn onderzoek. NU TIJD VOOR EEN FEESTJE!!

Ria, Wim, Anouk en Mark, bedankt voor jullie interesse en support tijdens mijn 
onderzoek! Ria en Wim, bedankt dat Steef en ik altijd konden aanshuiven voor 
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weg! Zulke momenten van ontspanning doen het altijd goed!



56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger56292-bw-Kraaijvanger
Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025Processed on: 1-5-2025 PDF page: 292PDF page: 292PDF page: 292PDF page: 292

292

Lieve Steef, last but not least wil ik jou natuurlijk ook ontzettend bedanken voor je 
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