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Background: Sarcoidosis is an inflammatory disease that affects multiple organs. Cell analysis from bronchoalveolar lavage fluid (BALF) is a valuable tool in the diagnostic workup and differential diagnosis of sarcoidosis. Besides the expansion of lymphocyte expression-specific receptor segments (Vα2.3 and Vβ22) in some patients with certain HLA types, the relation between sarcoidosis susceptibility and BAL cell populations’ quantitative levels is not well-understood.

Methods: Quantitative levels defined by cell concentrations of BAL cells and CD4+/CD8+ ratio were evaluated together with genetic variants associated with sarcoidosis in 692 patients with extensive clinical data. Genetic variants associated with clinical phenotypes, Löfgren’s syndrome (LS) and non-Löfgren’s syndrome (non-LS), were examined separately. An association test via linear regression using an additive model adjusted for sex, age, and correlated cell type was applied. To infer the biological function of genetic associations, enrichment analysis of expression quantitative trait (eQTLs) across publicly available eQTL databases was conducted.

Results: Multiple genetic variants associated with sarcoidosis were significantly associated with quantitative levels of BAL cells. Specifically, LS genetic variants, mainly from the HLA locus, were associated with quantitative levels of BAL macrophages, lymphocytes, CD3+ cells, CD4+ cells, CD8+ cells, CD4+/CD8+ ratio, neutrophils, basophils, and eosinophils. Non-LS genetic variants were associated with quantitative levels of BAL macrophages, CD8+ cells, basophils, and eosinophils. eQTL enrichment revealed an influence of sarcoidosis-associated SNPs and regulation of gene expression in the lung, blood, and immune cells.

Conclusion: Genetic variants associated with sarcoidosis are likely to modulate quantitative levels of BAL cell types and may regulate gene expression in immune cell populations. Thus, the role of sarcoidosis-associated gene-variants may be to influence cellular phenotypes underlying the disease immunopathology.
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1. Introduction

Sarcoidosis is a systemic inflammatory disease of unknown etiology. It is postulated that its cause might result from the interplay between genetic and environmental factors that contribute to disease pathogenesis and the formation of noncaseating granulomas (1).

Sarcoidosis is characterized by at least two distinct clinical phenotypes, Löfgren’s syndrome (LS) and non-Löfgren’s syndrome (non-LS) (2, 3). LS is characterized by acute onset, erythema nodosum and/or bilateral periarticular ankle swelling, and enlarged hilar lymph nodes with a high likelihood of spontaneous remission (4). Patients with non-LS, on the other hand, often present with a more gradual, insidious onset and a heterogeneous disease course (3).

Bronchoalveolar lavage (BAL) fluid has a valuable role in the diagnosis of sarcoidosis. BAL cells comprise several cell subtypes, including macrophages, lymphocytes, and neutrophils, as well as small quantities of basophils and eosinophils (5).

In the appropriate clinical and radiographic findings that are compatible with sarcoidosis, an increased total BAL cell counts, CD4+ T cells, and CD4+/CD8+ ratio (> 3.5) strongly supports the diagnosis of the disease (6).

Recent literature suggests sarcoidosis may be an autoimmune disease (7–9). Immunological studies revealed various types of immune cells implicated in sarcoidosis’s pathogenesis. For instance, it is suggested that a persistent T-helper 1 (Th1) immune response is mediated by antigen-presenting cells (APC), resulting in granuloma formation (10, 11). The role of macrophages and CD4+ T cell subtypes has been shown in the immunological profiling of sarcoidosis. Additionally, low levels of IFN-gamma and higher levels of T-bet and ROR-gamma T (12–15) have been reported in LS and non-LS. Nevertheless, a complete understanding of the implication of immune cell populations in the disease is missing.

Genetic investigations have suggested that the genetic architecture of sarcoidosis shares similarities with other autoimmune disorders (7, 16). In particular, the Human Leukocyte Antigen (HLA) region polymorphism plays a significant role in sarcoidosis, especially the HLA-DRB1 gene polymorphism. Moreover, recent evidence in the field showed that non-HLA gene polymorphism (as reviewed in (17)) also plays a significant role in defining sarcoidosis susceptibility. Our group has revealed that sarcoidosis clinical phenotypes LS and non-LS showed different genetic architectures but shared genomic loci in the major histocompatibility complex (MHC) class II region (18).

Although the biological function of genetic variants associated with sarcoidosis is yet to be elucidated, studies on gene expression suggest that genetic variants associated with the disease play a significant role in gene expression signatures via expression quantitative trait loci (eQTLs) (19). Studies on eQTL mapping showed that genetic variation could modify gene expression via cis-eQTL regulatory variants, resulting in specific transcriptomic signatures (19, 20). Genetic variants associated with the disease often act as regulatory switches that regulate gene expression in specific compartments leading to the diversification of disease phenotypes. It is postulated that cis-eQTL genetic variants explain a large proportion of the so-called missing heritability (21).

Since immune and inflammatory functions related to sarcoidosis development are presented by multiple immune cells, it is essential to evaluate regulatory mechanisms for controlling cell representation in relevant tissues. BALF is an essential proxy for the representation of immune cells in the lung and is often used in diagnostic procedures for sarcoidosis. The influence of sarcoidosis-associated genetic variants on quantitative levels of BAL cells has not been explored. Therefore, in the present study, we sought to investigate the relationship between sarcoidosis-associated genetic variants and quantitative levels of BALF cell populations in sarcoidosis clinical phenotypes LS and non-LS.



2. Materials and methods


2.1. Study design and participants

In this study, all included sarcoidosis patients were referred to the Department of Respiratory Medicine, Karolinska University Hospital, Stockholm, Sweden, for an investigational workup of clinically suspected pulmonary sarcoidosis (Table 1). Sarcoidosis diagnosis was based on clinical and radiographical presentation, the absence of an alternative diagnosis, and following the World Association of Sarcoidosis and other Granulomatous Disorders (WASOG) recommendations (22). BAL was performed at the time of the diagnosis. Scadding staging system and spirometry, including diffusion (DLCO), were conducted in most patients. Peripheral blood (PB) sampling for HLA-typing was performed for all patients. Patients signed informed consent, and the study was approved by the Regional Ethical Review Board (Stockholm, Sweden) according to the Declaration of Helsinki.



TABLE 1 Clinical and laboratory characteristics of studied Löfgren’s syndrome (LS) and non-Löfgren’s syndrome (non-LS) (n = 692).
[image: Table1]



2.2. Differential BAL cells data

As previously described, a bronchoalveolar lavage procedure was performed in all patients as part of the diagnosis protocol (5). Briefly, a flexible fiber-optic bronchoscope was passed trans-nasally or trans-orally after light sedation and local anesthesia. BAL was performed using sterile phosphate-buffered saline (PBS) solution at 37°C was instilled sequentially. Each aliquot was gradually sucked and collected in a siliconized plastic vessel kept on ice at 4°C. The BAL fluid was gently passed through a Dacron gauze (Millipore, Cork, Ireland) and centrifuged at 400 g for 10 min at 4°C. The pellet was resuspended in PBS. The cells were counted in a Bürker chamber. Cytospins of BAL cells were stained with May-Grünwald Giemsa, and differential cell counts were performed (5). Briefly, staining of centrifugal smears was performed according to May-Grunewald Giemsa. Smears were then fixed in methanol for (5 min), 18 ml Methanol, and 33 ml MAY-Grunewald (12 min). Smears were then rinsed with water 2.5 ml Giemsa solution and 48 ml Phosphate buffer 60 mM PH 6.8 (20 min). Smears were then rinsed with water and let dry. May-Grunewald (Mg-500) Sigma-Aldrich and Giemsa (GS500) Sigma-Aldrich were used. BALF cell analysis was defined by the percentage of cells and quantitative levels based on cell concentrations (× 106/L). BALF analysis was performed for macrophages, lymphocytes (CD3+, CD4+, and CD8+ cells), neutrophils, basophils, and eosinophils. The CD4+/CD8+ ratio was calculated for diagnostic purposes and included as a variable in the study.



2.3. Cohort description and BAL cell populations

A Swedish cohort of 692 sarcoidosis cases (288 LS and 404 non-LS) with BALF cell data was examined. Comparisons of distributions of BAL cell concentrations (× 106/L) for macrophages, lymphocytes, CD3+, CD4+, CD8+ cells, neutrophils, basophils, and eosinophils were conducted using the Wilcoxon Rank Sum test function in R software. The same test was applied for the CD4+/CD8+ ratio. Cohort characteristics are in Table 1.



2.4. Statistical analysis

Single nucleotide polymorphisms (SNPs) associated with LS (n = 1,933) and non-LS (n = 173) published in Rivera et al. (18) were assessed. SNPs were extracted from the ImmunoChip SNP array.

The distribution of BAL cell concentrations (× 106/L) was assessed using the ‘ggqplot’ function in the ggplot2 R package and two normality tests Shapiro–Wilk normality test function (23) and the Anderson-Darling normality test in the nortest R package was applied as secondary assessment. Normalization of BAL cell concentration levels (× 106/L) was applied using a log10-transform.

Outlier detection was conducted using the Grubb test function in the outliers R package. Outliers with a value of p of ≤ 0.05 were removed from the dataset. After removing outliers, normality tests were applied for a final assessment.

Association was assessed on normally distributed log10-transformed BAL cell populations and CD4+/CD8+ ratio in the LS and non-LS groups using an additive model and multivariate linear regression model. The regression coefficient defined by the parameter Beta (or genetic effect) signifies the degree of change in the outcome per unit of change in the quantitative level of the cell type tested. The standard error (SE) signifies the standard deviation of the error in the regression model. Association analysis was performed using PLINK version 1.9 beta (24). The log10-transformed BAL cell subtype was regressed on sex, age, and correlated BAL cell types.

Correlation matrix analysis was conducted using Spearman’s rank correlation method and applied to log10-transformed BAL cell differential counts using the ‘rcorr’ function as implemented in the Hmisc R package. The correlation matrix was visualized as a correlogram using the ‘corrplot’ function in the corrplot R package.

A nominal value of p of < 0.05 and a false discovery rate (FDR) < 0.05 (to account for multiple testing) were considered significant. FDR was calculated using the ‘p.adjust’ function in the R package. To account for high linkage disequilibrium (LD; r2 ≥ 0.8) among associated SNPs, LD pruning was conducted using PriorityPruner version 0.01.4 software1 with default parameters, which identified and prioritized tag-SNPs.



2.5. eQTL enrichment analysis

To explore the biology of genetic variants associated with BAL cell concentrations, a gene-based cross-tissue expression quantitative trait (eQTLs) enrichment was conducted using Functional Mapping and Annotation of Genome-Wide Association Studies (FUMA GWAS) (25). FUMA eQTL databases included the BIOS QTL browser (26), DICE (27), eQTLcatalogue2, eQTLGen (28), GTExt version 83, and scRNA_eQTLs (29) publicly available sources. The selection of eQTL sets was focused on lung, whole blood, and immune cells eQTLs as relevant to the immunopathology of sarcoidosis.




3. Results


3.1. Clinical characteristics

Clinical characterization of the cohort, including age, sex, chest X-ray according to Scadding, BAL cell analysis, BAL differential cell counts in percentages and concentration levels, lung function, and HLA-DRB1 genotypes, was performed in LS and non-LS groups, respectively (Table 1).

Normality assessment on distributions of BAL cell concentrations (× 106/L), log10-transformed BAL cell concentrations, and outlier characterization in LS and non-LS groups are shown in Supplementary Figures S1, S2 in Supplementary Info.

Results from correlation matrix analysis using log10-transformed BAL cells quantitative levels and the Spearman correlation method in LS and non-LS groups showed lymphocytes, macrophages, and neutrophils were correlated (r2 ≥ 0.90 and p < 0.05). Similarly, CD3+, CD4+, and CD8+ cell types were correlated (r2 ≥ 0.99 and p < 0.05). Correlograms are shown in Supplementary Figures S3, S4. Linear regression models (illustrated in Supplementary Figure S5) facilitated the identification of several SNP associations with quantitative levels of BAL cells in LS (Table 2) and non-LS (Table 3).



TABLE 2 Association results of LS BAL cell types (log10-tranformed of quantitative levels).
[image: Table2]



TABLE 3 Association results of non-LS BAL cell types (log10-transformed of quantitative levels).
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3.2. Löfgren’s syndrome (LS) group

Log10-transformed BAL macrophages associated with 261 LS-SNPs (denoted by 44 tag-SNPs after LD pruning). The lead SNP was rs9268861 (Beta = 0.09233, SE = 0.0243, p = 1.88 × 10−4, FDR = 2.5 × 10−2) located 17 kb of the 3′ of HLA-DRA (complete results see Supplementary Table S1). Eighty-five LS-SNPs (denoted by 27 tag-SNPs) were associated with log10-transformed BAL lymphocytes. The lead SNP was rs6457617 (Beta = 0.158, SE = 0.04782, p = 1.12E-03, FDR = 1.91E-02) located 29 kb 5′ of HLA-DQB1 (complete results, see Supplementary Table S2). Cell subgroups within lymphocytes were also identified. Specifically, 41 LS SNPs (denoted by 13 tag-SNPs) were associated with log10-transformed BAL CD4+. The lead SNP was rs1265061 (Beta = −0.01842, SE = 0.00776, p = 2.08E-02, FDR = 5.00E-02) located 741 bp 3′ of C6orf15 (complete results, see Supplementary Table S3). Sixteen LS SNPs (denoted by 10 tag-SNPs) were associated with log10-transformed BAL CD8+. The lead SNP was rs4947350 (Beta = −0.01842, SE = 0.00776, p = 2.08E-02, FDR = 5.00E-02) located 13 kb 3′ of HLA-DOB (complete results, see Supplementary Table S4). Twenty-seven LS SNPs (denoted by 9 tag-SNPs) were associated with log10-transformed BAL CD3+. The lead SNP was rs4947350 (Beta = 0.01792, SE = 0.007555, p = 2.09E-02, FDR = 4.18E-02) located 13 kb 3′ of HLA-DOB (complete results, Supplementary Table S5). Twenty LS SNPs (denoted by 5 tag-SNPs) were associated with log10-transformed BAL CD4+/CD8+. The lead SNP was rs2248462 (Beta = 0.1171, SE = 0.04368, p = 8.03E-03, FDR = 2.28E-02) located in AIF1 (complete results, see Supplementary Table S6). Ninety-three LS-SNPs (26 tag-SNPs) were associated with log10-transformed BAL neutrophils. The lead SNP was rs3130573 (Beta = −0.1218, SE = 0.04123, p = 3.48E-03, FDR = 4.91E-02) located in PSORS1C2 (complete results, see Supplementary Table S7). Seventy-seven LS SNPs (denoted by 22 tag-SNPs) were associated with log10-transformed BAL basophils. The lead SNP was rs2248462 (Beta = 0.6113, SE = 0.1958, p = 4.97E-03, FDR = 2.93E-02) located 6.6 kb 3′ of HCG26 (complete results, see Supplementary Table S8). Thirty-seven LS SNPs (denoted by 16 tag-SNPs) were associated with log10-transformed BAL eosinophils. The lead SNP rs3823417 (Beta = 0.2176, SE = 0.08061, p = 7.81E-03, FDR = 4.28E-02) located in PSORS1C1 (complete results, see Supplementary Table S9).



3.3. Non-Löfgren’s syndrome (non-LS) group

Sixty-nine non-LS SNPs (18 tag-SNPs) were associated with log10-transformed BAL macrophages. SNP-associated were located on chromosomes 6 and 10 (Table 3).

The lead SNP was rs2076536 (Beta = −0.06018, SE = 0.01919, p = 1.88 × 10−3, FDR = 2.03 × 10−2) located in C6orf10, (complete results, see Supplementary Table S10). Six non-LS SNPs (denoted by 3 tag-SNPs) were associated with log10-transformed BAL CD8+ cells. The lead SNP was rs4934167 (Beta = 0.05736, SE = 0.02209, p = 1.11E-02, FDR = 4.19E-02; complete results, see Supplementary Table S11). Thirty-one non-LS SNPs (7 tag-SNPs) were associated with log10-transformed BAL basophils. The lead SNP was rs2858332 (Beta = 0.2344, SE = 0.06674, p = 8.87E-04, FDR = 2.75E-02) located 28 kb 5′ of HLA-DQA2 (complete results, see Supplementary Table S12). 35 SNPs (7 tag-SNPs) were associated with log10-transformed BAL eosinophils. The lead SNP rs2857700 (Beta = 0.1616, SE = 0.06228, p = 1.01E-02, FDR = 4.66E-02) located 11 kb 5′ of AIF1 (complete results, see Supplementary Table S13). For complete results of associations, see Supplementary Tables S1-S13, available in figshare.4

As a secondary analysis, we evaluated the effect of the HLA-DBR1*03 allele on non-LS by excluding individuals with the HLA-DRB1*03 allele, given previous knowledge that carrying this allele can lead to a good prognosis, and re-ran the analysis. The findings from this assessment showed similar results for quantitative levels of macrophages, CD8, basophils, and eosinophils and associations with other cell types, including CD3, CD4, and neutrophils (for complete results, see Supplementary Table S14).



3.4. Cross-tissue and immune cell expression quantitative trait loci (eQTL) enrichment

Results from eQTL enrichment for LS and non-LS associated with quantitative levels of BALF cell types are summarized in Table 4. Briefly, 143 LS-SNPs associated with BAL cell types were eQTL SNPs (eSNP). Within this set, 46 tag-SNPs were found. eSNPs were correlated with the expression of various immune cells, peripheral blood, and lung using available resources. The most significant LS tag-SNPs for each BAL cell type coupled with eQTL data are shown in Table 5. Likewise, eQTL enrichment identified 35 non-LS SNPs associated with BALF cell types as eSNPs. Within the 35 eSNPs, eight were defined as tag-SNPs. The top non-LS tag SNPs coupled with eQTL data are shown in Table 6. Complete results of eQTL enrichment for LS and non-LS SNPs associated with quantitative levels of BAL cell types are shown in Supplementary Tables S15, S16, https://doi.org/10.6084/m9.figshare.20485038.



TABLE 4 Summary of eQTL mapping for LS and non-LS SNPs associated with BAL cell types.
[image: Table4]



TABLE 5 Top LS SNPs associated with BAL cell types identified as eQTL SNPs.
[image: Table5]



TABLE 6 Top non-LS tag-SNPs associated with BAL cell types identified as eQTL SNPs.
[image: Table6]




4. Discussion

In the present study, we assessed the relationship between LS- and non-LS-associated genetic variants (defined by SNPs) and quantitative levels of BALF cell populations in individuals with sarcoidosis. We also assessed significant findings with eQTL data across tissue and immune cell types relevant to sarcoidosis. Our results showed that sarcoidosis SNPs were significantly associated with the quantitative levels of BALF cells, suggesting a role of DNA variation on BAL cell phenotypes.

Genetic variants associated with LS (18) were significantly associated with quantitative levels of BALF macrophages, lymphocytes (CD3+, CD4+, CD8+, and CD4+/CD8+ ratio), neutrophils, basophils, and eosinophils, suggesting a wide range of cellular immuno-phenotypes implicated in the disease. LS-SNPs were primarily located on chromosome 6 from 25,844,710 to 33,032,975 base pairs, highlighting the role of the extended major histocompatibility complex (× MHC) region (30) in LS. The xMHC is a vast region with a complex linkage disequilibrium pattern. The ×MHC has been implicated in autoimmune infections and inflammatory diseases (31).

We also observed significant non-LS SNPs associated with the quantitative levels of BALF macrophages, CD8+ cells, basophils, and eosinophils. Non-LS SNPs were located on chromosome 6 from 31,449,327 to 33,073,322 base pairs, highlighting the role of the MHC class II subregion, a well-known and extensively studied locus in various autoimmune diseases. Besides this locus, we also observed non-LS SNPs on chromosome 10 from 82,142,176 to 82,206,348 associated with BALF cell quantitative levels. This locus is nearby the ANXA11 gene, a well-documented locus associated with sarcoidosis (32). ANXA11 has also been previously reported as a disease modifier and found to be associated with disease chronicity (33–35). A study by Hofmann et al., showed the downregulation of Annexin A11 upon activating CD8+ T cells and CD19+ B cells in sarcoidosis (36). A review by Kaneko et al., explained the orchestration of immune cells, such as cytotoxic CD4 and CD8 T cells and B cells and antibodies against Annexin A11 described as potential autoantigen could play key roles in the promotion of inflammation and fibrosis (37). The protein encoded by ANXA11 is a 56-kD antigen recognized by sera in patients with various autoimmune diseases, as reviewed in (38). Compiling these data, we offer further evidence that biological mechanisms underlying sarcoidosis may be autoimmune-mediated. Moreover, LS and non-LS SNPs are associated with other autoimmune diseases (39). Indeed, our findings showed how DNA variation associated with sarcoidosis risk modifies the expression of quantitative levels in BAL cells, which may have an implication on disease development, such as chronic phenotypes, as we have reported in a previous study (40).

The association between sarcoidosis (LS and non-LS) SNPs and quantitative levels of BAL macrophages is noteworthy. Macrophages are regarded as the main source of TNF-alpha, a primary cytokine for granuloma formation. The association between sarcoidosis SNPs and BAL CD8+ cells, particularly in non-LS patients, is an attractive finding, as higher levels of cytotoxic lymphocytes have been reported to be associated with chronic phenotypes (41).

Regarding basophils and eosinophils, there is growing evidence that these cell types may have a functional role in developing autoimmune and inflammatory diseases (42, 43). Eosinophils have strong cytotoxic properties and are modulators of other immune cells, which could apply in sarcoidosis. On the other hand, basophils have been reported to play a role in the pathogenesis of lupus nephritis (44) via the activation of autoreactive IgE, thymic stromal lymphopoietin, or Toll-like receptors (TLRs). TLR-mediated mechanisms and SNPs associated with different TLRs have been reported to be associated with disease progression in sarcoidosis (45). Interestingly, basophils have been suggested to be involved in B cell survival, activation, and differentiation (46). As new reports emerge, B cells may be key players in the immunopathogenesis of sarcoidosis (47–49). Thus, further investigations are needed to understand the role of basophils and eosinophils in sarcoidosis.

Cumulative evidence shows that eQTLs are strongly enriched for heritability across complex traits (50). eQTL mapping studies have shown that disease-associated loci revealed by genome-wide association studies are enriched in eQTLs and regulatory genes. However, eQTLs explain only a small proportion of the expression heritability as many of eQTLs may be in linkage-disequilibrium (LD) with disease-associated loci, as described in (51). Umans et al. depict the pearls and pitfalls of eQTLs in disease-associated loci and offer insights for future studies.

In this study, we took advantage of comprehensive eQTL sources, which identified several sarcoidosis-associated SNPs associated with quantitative levels of BAL cell types. Chiefly, sarcoidosis-associated SNPs were highly correlated with gene expression of relevant tissues and cell types, including immune cells, blood, and lung. Thus, suggesting a plausible functional mechanism between sarcoidosis gene-variants and regulation of gene expression in lung, blood, and immune cell types relevant to the disease.

The mapping of bulk and single-cell eQTLs on quantitative levels of BAL cells advances our knowledge previously reported in (18), where we showed that sarcoidosis-associated loci were enriched with cis-eQTLs and regulatory SNPs. Specifically, from bulk RNA of blood, we identified over 3,000 cis-eQTLs in LS and over 500 in non-LS, suggesting that regulation of gene expression is likely a dominant mediator for disease risk. Moreover, from bulk RNA in immune cells, we identified several cis-eQTLs significantly correlated with gene expression of B cells, monocytes, macrophages, neutrophils, natural killer (NK) cells, CD8 T cells, and CD4 T cells (i.e., naïve and memory regulatory T cells (Tregs), CD4 Th1 and Th1.17 cells, and CD4 Th2 cells). We also identified cis-eQTLs in the lung and blood derivates (platelets and PBMCs). Notably, although the specificity of cell type in bulk RNA limits the accuracy of these findings, we believe that besides CD4 Th1 cells, other immune cell types that have been previously neglected in the past, are involved in promoting granuloma formation, as highlighted in recent reviews (52, 53). Using single-cell RNA data, we identified 3 single-cell eQTLs in PBMCs and CD4 T cells in LS. sc-eQTLs allow to capture of dynamic processes in different cell-specific types and estimate the variability in gene expression in each cell (54).

Our work refines the immunobiology of sarcoidosis and suggests new incentives for further investigations using single-cell transcriptomics studies and studies for discovering response eQTLs, which are suitable for investigating immune responses under disease treatment conditions (51). Indeed, our study offers continuing knowledge by providing new evidence on the specificity of gene expression in immune cells and their cell type-specific features. It is also worth noting that most sarcoidosis variants lie in non-coding genomic regions, so disease mechanisms are likely driven by common regulatory variants that modify gene expression of target genes in cells and tissues relevant to the disease (55). Nonetheless, our findings should be interpreted with caution in a comparative study as additional evidence is needed to characterize causal variants and determine gene causality.


4.1. Limitations of the study

Although our study provides comprehensive information on the relationship between sarcoidosis susceptibility and quantitative levels of BAL cell types, there are some limitations. First, our study is limited by the small number of genetic variants associated with sarcoidosis (LS and non-LS). It is essential to highlight that these variants are derived from the ImmunoChip SNP-array, a customized array focused on genetic variants associated with immune-mediated disorders. The mapping of this SNP array covers a small fraction of genetic variants in the genome. Second, functional interpretation of sarcoidosis-associated genetic variants on the expression of BAL cells is missing as we do not have BAL transcriptomic data in our cohort. eQTL annotation for BALF is also not present in available sources.




5. Conclusion

Our finding indicates that sarcoidosis genetic variants associated with LS and non-LS are significantly associated with quantitative levels of BAL cell types. The identification of sarcoidosis-associated SNPs as regulators of gene expression via lung, immune cells, and blood eQTLs offers new insights into the immunobiology of sarcoidosis.
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“Total number of cells (x10%) 254522538 25822020 07364
Cell concentration (x10°/L) 159.15+125.47 1725+149.18 0.1453
“Total number of lymphocytes by FACS 16,433 £76,066 21,242178,140 0.2331
“Total number of lymphocytes (%) by FACS 2821665 26821486 03721

BAL cell differential counts (median + sd)

Macrophages (x 10°/1) 113.85£98.64 119.57495.87 0.3503
Macrophages (%) 7741532 75.40+1659 6.24E-02
Lymphocytes (x 107L) 289025189 325548329 4.96E-02
Lymphocytes (%) 20£15.09 215041591 9.84E-02
Total number of CD3* 9,64449,825 9,267+20017 0.8483
D3 (%) 76452619 64.70£27.81 01015
Total number of CD4" 74994863373 5556+ 16604.19 0592
€D4" (%) 8370+13.64 757541562 475803
Total number of CD8* 1,05742879.18 1,65144150.75 4.67E-02
D8 (%) 114021288 18,65+ 1381 153603
CD4'/CDS" ratio 7.10£7.20 428512 651E-08
Neutrophils (x10/L) 1824342 17323599 05788
Neutrophils (%) 1104202 100671 01743
Eosinophils (x 107L) 0325139 0462462 7.65E-02
Eosinophils (%) 0204062 0302119 0.06391
Basophils (x 10°/L) 0004035 002112 1486E-02
Basophils (%) 000016 03117 13202

HLA-DRBI type
HLA-DRBI#03 positive 196 69 2.20E-16

HLA-DRBI¥03 negative 92 335
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