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To the Editor: 

Sarcoidosis is a systemic disease, and the gene/protein expression patterns may be different 

among different tissues, particularly based on the presence or absence of granulomas and also 

based on subphenotypes with progressive or non-progressive disease manifestations. There is 

a growing body of data evaluating global transcriptomic changes across multiple tissue 

compartments in sarcoidosis. However, whether similar biological pathways are emerging is 

unknown. Furthermore, the transcriptional impact on the proteome is required to validate 

molecular pathways driving heterogeneity in sarcoidosis..  The purpose of this study is to 

compare biological inferences from published datasets and explore the compartment specificity 

of these responses in sarcoidosis. Common pathways identified across datasets or tissue types 

may serve as convenient biomarkers and could lead to the discovery of novel therapeutic 

targets.  

We identified published sarcoidosis studies of differentially expressed genes (DEG, via 

microarray, bulk or single-cell RNA-seq) or differentially abundant proteins (DAP, via unbiased 

proteome-wide screens) through PubMed and Gene Expression Omnibus (GEO). These studies 

compared cases with controls or compared progressive (P) vs. non-progressive (NP) pulmonary 

sarcoidosis phenotypes in peripheral blood/blood mononuclear cells (PB/PBMC), 

bronchoalveolar lavage (BAL) cells or fluid, lung tissue, micro dissected lung granulomas, lymph 

node, or an established in vitro granuloma model (stimulated PBMCs). The definition for P vs. 

NP pulmonary sarcoidosis varies among studies, but overall, progressive sarcoidosis refers to 

worsening chest images, need for systemic anti-inflammatory therapy and/or worsening lung 

function/symptoms. When DEG/DAP lists were not already available as supplementary 

information in the publication or did not originate from our labs, we downloaded the expression 

data as processed by the original authors from GEO and used the R package DEseq2 for RNA-

sequencing data or limma for microarray data to compute a DEG list, controlling for Benjamini 

and Hochberg's false discovery rate (FDR)<0.1 and compared to results found when using 



uncorrected p-value(<0.05). Significantly enriched pathways found for each DEG/DAP 

independently using Ingenuity Pathway Analysis (QIAGEN Inc.) at FDR<0.05 were summarized 

in a visualization across studies using the R pheatmap package.  

Using 15 datasets1-11 with 10 datasets comparing sarcoidosis to control and 5 comparing 

sarcoidosis phenotypes (P vs. NP, Figure 1F), de novo pathway analyses revealed 549 

canonical pathways mapping to DEG or DAP. Of these, 229 pathways were present in at least 

four of 15 datasets, several of which have previously been investigated (>3 PubMed 

publications, Figure 1A), but some not well studied thus far (3 PubMed publications, Figure 

1B), such as integrin signaling, IL-8 signaling, and neuroinflammation signaling. The overlapping 

229 pathways were present in sarcoidosis lung/lymph node compared to controls (Figure 1E). 

191 (83%) of these pathways were also identified in PB (Figure 1C). In contrast, 38 (10%) 

canonical pathways were only detected in lung/lymph node or BAL but not in PB (Figure 1D), 

including mTOR signaling, phagosome formation, phagosome maturation, JAK-Stat, or Rho-

Rac kinase signaling. Among the 229 pathways distinguishing sarcoidosis from controls, 177 

(77%) were also detected in the P vs. NP comparison. There were no pathways specific to the P 

vs. NP comparison that were not present in the sarcoidosis vs. control comparison. The 

pathways enriched in the in vitro granuloma model were all represented in lung/lymph 

node/BAL, and 88% were represented in PB.  

Our integrative analysis identified many canonical pathways apparent in multiple tissue 

compartments and also those unique to a specific compartment. Most studies compared 

sarcoidosis to controls, whereas mechanisms of progression are best studied when comparing 

sarcoidosis phenotypes. Many pathways observed in our analysis were well established in 

sarcoidosis pathogenesis, such as antigen presentation, Th1, and Th2 activation, etc., as noted 

above and in Figure 1. Some of the canonical pathways were identified only in BAL/lung/lymph 

nodes, reflecting compartment-specific granulomatous inflammatory mechanisms. Other 

pathways are present in blood and BAL/lung/lymph node, reflecting systemic immune 



alterations. The well-established in vitro granuloma model demonstrates substantial overlap with 

diseased lung and lymph node tissues, reflective of in vivo granulomatous inflammation. For the 

protein dataset, the DAP map fewer canonical pathways, likely due to a smaller number of 

proteins identified by contemporary technologies. However, altered protein pathways could be 

high-priority targets for testing as therapeutic or for further characterization by classical 

molecular techniques. 

 Our analyses revealed new and novel pathways in sarcoidosis, highlighting the power of 

"unbiased discovery." For example, neuroinflammation signaling has not been previously 

implicated in sarcoidosis. However, the "neuroinflammatory response" was identified in all 

compartments and might implicate neurotoxic cytokines/interleukins12. Likewise, the prolactin 

signaling pathway, which regulates pro-and anti-inflammatory cytokines in the context of neural 

damage,13 was detected in all tissues. It is interesting to speculate that neuroinflammatory 

pathways might contribute to neurocognitive manifestations commonly observed in pulmonary 

sarcoidosis. Other pathways identified, such as integrin signaling, might participate in 

granuloma formation, promoting cell adhesion and regulating immune cell survival, polarity, 

proliferation in pulmonary sarcoidosis14. Our novel discovery of enhanced caveolae-mediated 

endocytic signaling elements implies altered environmental antigen processing that could 

promote granulomatous inflammation. Similarly, Aryl hydrocarbon (AhR) receptor signaling is 

emerging as an important immunoregulator in response to endogenous and exogenous ligands; 

AhR regulates T cell responses at multiple levels including T cell fate, induction of 

CD4 + Treg/Th17s  and Th22 cell differentiation, balancing effector, and regulatory cells15. AhR 

signaling is implicated in other granulomatous diseases such as Crohn's disease. Enhanced 

antigen processing (e.g., caveolae-mediated, phagolysosomal) and related T cell responses 

were expected and likely drive a strong adaptive immune response; our analysis also provides 

evidence for aberrant innate immune responses that likely contribute to sarcoidosis 

development and progression. The IL-8 signaling pathway, promoting granulocytic inflammation 



and phagocytosis, is increased in sarcoidosis vs. controls and distinguished P vs NP based on 

DEG/DAP. Supporting this finding, higher IL-8 levels are reported in chronic sarcoidosis.   

 

Our analysis was restricted to datasets publicly available in a format allowing identification of 

differentially expressed features and thus may have excluded some important studies without 

this format. In addition, as we only have summary statistics available instead of individual data 

with detailed information, we cannot account for differences in race and ethnicity. While the 

definition for sarcoidosis was uniform among studies, pulmonary phenotypes and the definition 

of P vs. NP varied among studies; this may have limited our detection of phenotypic pathways. 

We summarized enriched pathways across studies rather than comparing DEG/DAP lists 

directly or attempting to analyze the studies as a single dataset to minimize biases due to 

variable sample numbers, the number of features assayed by each platform, or other sources of 

variance across studies. Although differences in sample size implicitly bias the size of the 

resulting DEG/DAP list, the pathway enrichment statistic accounts for input list size. However, 

emphasis should be placed on detection of an enriched pathway across multiple studies, rather 

than the lack of detection, since no detection in a given study could be attributed to lack of 

power, not lack of biological relevance. Our analysis highlights the paucity of comprehensive 

studies integrating omics and systems biology in sarcoidosis. Pathways involved in 

granulomatous inflammation can be identified in lung/lymph node/BAL cells or fluid and/or 

blood. Evaluation of each compartment may answer specific questions; blood or BAL may be 

useful to develop biomarkers, while lung/lymph nodes may be superior for investigating disease 

biology. We have demonstrated that findings from one compartment, such as blood, can be 

seen in respiratory tract specimens to define pathways shared and distinct across 

compartments. The in vitro granuloma model demonstrates pathways that overlap with both 

lung and blood providing a highly relevant and convenient tool to improve knowledge in 

sarcoidosis. As most studies examine sarcoidosis vs. controls and do not consider pulmonary 



phenotypes, the latter is an urgent unmet research need as pulmonary sarcoidosis results in 

significant sarcoidosis-related mortality; carefully designed studies designed to narrow existing 

knowledge gaps in mechanisms driving sarcoidosis heterogeneity are needed.  
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Figure 1: Summary of Existing Transcriptional and Proteomic Studies in Sarcoidosis: Ten 

datasets comparing sarcoidosis with healthy controls and five comparing progressive to non-

progressive sarcoidosis were analyzed. Differentially expressed genes (DEG) and differentially 

abundant proteins (DAP) were used for 'core analysis' with Ingenuity Pathway Analysis to 

identify over-represented canonical pathways for each dataset controlling for FDR at <0.05. IPA 

'comparison analysis' tool was used to determine the common canonical pathways across 

various datasets studied. We focus on pathways observed in at least four datasets.  A) 

highlights the canonical pathways that were well established based on prior studies (>3 PubMed 

publications); B) shows the pathways that have limited studies published to date in sarcoidosis 

(3 PubMed publications);  C) represents some of the pathways common to lung/lymph node 

tissue, bronchoalveolar lavage, and blood/peripheral blood mononuclear cells and the in vitro 

granuloma model; D)  includes pathways only detected in the BAL/lung/lymph node but not in 

peripheral blood cells and to a lesser degree in the in vitro granuloma model; E) shows the 

numbers of overlapping pathways among different tissues presented as a Venn Diagram; and  

F) provides an overview of the referenced datasets. FDR: false discovery rate; BALC: 

bronchoalveolar lavage cells; BALF: bronchoalveolar lavage fluid; Sarc: sarcoidosis; P vs NP: 

progressive versus non-progressive sarcoidosis 

  



 


