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Rationale

Sarcoidosis is an inflammatory granulomatous disease of unknown etiology with predominant lung involvement. Organ involvement and disease severity, as well as the nature of immune alterations, vary among patients leading to a range of clinical phenotypes and outcomes. Our objective was to evaluate the association of disease course and immune responses in pulmonary sarcoidosis.





Methods

In this prospective cohort study of 30 subjects, most of whom were followed for one year, we evaluated 14 inflammatory markers in plasma, 13 Treg/T cell flow cytometry markers and 8 parameters of FOXP3+ Treg biology, including suppressive function, epigenetic features and stability.





Results

We identified a set of 13 immunological parameters that differ in sarcoidosis subjects in comparison with healthy donors. Five of those were inversely correlated with suppressive function of Tregs in sarcoidosis, and six (TNFα, TNFR I and II, sCD25, Ki-67 and number of Tregs) were particularly upregulated or increased in subjects with thoracic lymphadenopathy. Treg suppressive function was significantly lower in patients with thoracic lymphadenopathy, and in patients with higher burdens of pulmonary and systemic symptoms. A combination of five inflammatory markers, Ki-67 expression, Treg function, and lung diffusion capacity evaluated at study entry predicted need for therapy at one year follow-up in 90% of cases.





Conclusion

Tregs may suppress ongoing inflammation at local and systemic levels, and TNFα, TNFR I and II, sCD25 and Ki-67 emerge as attractive biomarkers for in vivo sarcoid inflammatory activity.
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1 Introduction

Sarcoidosis is a disabling and potentially life-threatening granulomatous disease of unknown etiology. Nearly any organ in the body may be affected, but the lungs are the most common site of disease. Outcomes in sarcoidosis are highly variable. Following diagnosis, many patients enter remission with a favorable prognosis. However, those with chronically active disease often require prolonged treatment, and have an increased risk of fibrosis. Understanding the mechanisms of chronically active sarcoidosis is a critical unmet need.

The pathophysiology of sarcoidosis includes an increase in pro-inflammatory cytokines and chemokines, influx and accumulation of T cells and macrophages and, ultimately, the formation of granulomas. Impairments in immunoregulatory mechanisms are thought to contribute to uncontrolled and persistent inflammation (1). Studies have shown alterations in the numbers and function of FOXP3+ regulatory T cells (Treg), although data across different studies are conflicting. While an increased number of circulating Tregs is a consistent finding (2–5), Treg counts have been associated with worse outcome in some (3, 6) but not all studies (4). Similarly, data on Treg suppressive function vary, with impaired (2, 3), partially impaired (6), or normal (5) function reported, and one study showing no association with clinical features (5) with another demonstrating an association of restored Treg function with remission (2).

The aim of our study was to further investigate if Tregs are important in the pathophysiology of sarcoidosis by measuring the association of Treg features with the disease course in a clinically well-characterized cohort of patients with pulmonary involvement. We also investigated the association of clinical data with Treg features and with a comprehensive panel of immune markers which have been previously reported to be altered in sarcoidosis or implicated in disease activity (Supplementary Table S1).




2 Materials and methods



2.1 Subjects

Eligible adult subjects seen in the in the pulmonary clinic at the Hospital of University of Pennsylvania, were serially recruited and enrolled via informed consent. Patients with biopsy-confirmed sarcoidosis were included in our analysis (Table 1). The study was approved by the hospital’s Institutional Review Board (#819345).


Table 1 | Clinical features of sarcoidosis subjects.






2.2 Radiology review

Chest computed tomography (CT) imaging review was performed for each subject, and included assessment of central peri-bronchial nodular thickening, parenchymal nodules, fibrosis (traction bronchiectasis, architectural distortion, fibrotic bands, and/or honeycombing), and thoracic lymphadenopathy (> 1 cm in shortest diameter). Central peri-bronchial disease was limited to the main airways and first two segmental divisions, as the physiologic consequences of peri-bronchial disease affecting large and medium airways may differ from small airways disease, and nodules associated with smaller divisions can be difficult to distinguish from non-airway lesions. In addition to specific features, the extent of disease was graded (< 5%, 6-25%, 26-50%, > 50%), Table 1.




2.3 Clinical data

Clinical data were abstracted from the electronic medical record and recorded in REDCap (Research Electronic Data Capture) (7). CT images were reviewed for a range of features by a thoracic radiologist with expertise in sarcoidosis and blinded to clinical details. Pulmonary function testing was performed near the time of study entry, using established criteria (8). Chronically active disease was established by the need for systemic immunosuppression at one year follow-up. Pulmonary symptoms assessed included dyspnea, cough, wheezing, chest tightness, chest pain, sputum production, and hemoptysis. For our analyses, we included not only the presence but also the number of pulmonary symptoms, as any single symptom may be non-specific for sarcoidosis (9). While subjective, other studies also have correlated symptoms with disease status (9). Dyspnea was graded by the patient as either trivial/non-limiting or non-trivial/limiting in some capacity. Systemic symptoms including fevers, sweats, weight loss, fatigue, and joint pain or body pain (not attributable to other known causes) also were captured.




2.4 Donors

Healthy donor peripheral blood mononuclear cells (PBMCs) were obtained through the University of Pennsylvania Human Immunology Core. Healthy donor plasma (matched by age, gender, race and smoking history to the sarcoidosis cohort, Supplementary Table S2) was obtained from Innovative Research, USA and used for Luminex assay. All donors provided informed consent.




2.5 Treg isolation and functional studies

After Ficoll separation of blood from sarcoidosis patients, plasma was cryopreserved for Luminex assay, and CD4+CD25+ Tregs were isolated from PBMCs with a Treg isolation kit (#130-091-301, Miltenyi Biotec) and immediately used in suppression assay as described (10). Shortly, isolated Treg in serial dilutions 1/1 through 1/16 were incubated with carboxyfluorescein succinimidyl ester (CFSE) labeled healthy donor PBMC cells, stimulated with CD3-microbeads at 1.3 beads/cell ratio. After 4-5 days of stimulation, T cell proliferation was determined by flow cytometric analysis of CFSE dilution in corresponding CD4+ or CD8+ subsets. Treg suppressive function was calculated by the Area Under Curve (AUC) method as described (10). In brief, the rates of division for a range of Treg/responders dilutions were calculated as a % of suppression: [(% of divisions without Treg - % of divisions in current ratio)/% of divisions without Treg]*100. The percentages of suppression for all Treg ratios were evaluated in GraphPad Prism to calculate areas under their suppression curves, using 0 (1/1 ratio), 1 (1/2), 2 (1/4), 3 (1/8) and 4 (1/16) as y-values. Resulted total areas reflect the aggregated suppressive function of Treg over all tested Treg/responders ratios, where higher AUC values indicate stronger suppressive capability of Tregs.

To prepare healthy donor responder cells for suppression assays, one PBMC sample was aliquoted to >200 vials, cryopreserved as described (10), and used as responder cells for each suppression assay to avoid artefacts due to individual variability of human responder cells. Using healthy donor responders in our suppression assays also allowed us to assess patient Treg function independent of possible abnormalities of sarcoidosis T cells, B cells or myeloid cells. Small aliquots of isolated Tregs were cryopreserved to quantitate FOXP3 expression (Treg purity) in isolated cells by flow cytometry. When the number of isolated Tregs allowed, we also performed suppression assays using PBMCs from a second healthy donor, evaluated Treg stability and survival after the suppression assay, tested Treg capacity to suppress cytokine production in healthy donor PBMCs, and evaluated cytokine expression by stable Tregs and by ex-T regulatory cells (ex-Tregs). After suppression assay, dead Tregs were defined as CFSE-CD4+Ghost+FOXP3+ and FOXP3- cells; ex-Tregs were defined as CFSE-CD4+Ghost-FOXP3-; live stable Tregs were defined as CFSE-CD4+Ghost-FOXP3+. Therefore, the stability of Tregs was defined by sustained FOXP3 expression (post-assay) in live cells, while survival was studied by evaluation of (recent) Ghost+ dead vs. alive Ghost-Tregs.

To evaluate cytokine production, Tregs and PBMCs were mixed 1/1, stimulated overnight with CD3-microbeads, then stimulated with a cocktail of phorbol myristate acetate (3 ng/ml) and ionomycin (1 µM) + Monensin (Biolegend) for 4 hours, and then evaluated by flow cytometry.




2.6 Flow cytometry

We randomly selected 3-5 cryopreserved sarcoidosis samples to evaluate different sets of markers in 1-4 flow cytometry panels in one experiment, and for each panel, we also included 1-3 healthy donors PBMC samples. We used additional controls for antibody performance in groups of randomly selected sets of patient samples, with the same healthy donor PBMC aliquots that were used in previous experiments. To control for cryopreservation artefacts, donor PBMC samples were stained for the same set of tested markers before and after cryopreservation. To control for fixation and permeabilization artifacts, expression of tested markers was evaluated in non-fixed cells (without co-staining for FOXP3, CTLA-4, Helios or cytokines) and after fixation. Each cell marker for non-stimulated cells was evaluated using at least 6 different samples from the donor and patient groups. Markers that demonstrated any differences in the initial set of experiments were then evaluated using a larger number of samples.

Healthy donor and patient PBMC samples were evaluated for CD4, CD8, FOXP3, CD45RA, CD45RO, Ki-67, CD39, CTLA-4 and CXCR5 expression. Aliquots of isolated Tregs from healthy donors and sarcoid patients were stained for live/dead fixable reagent, CD4 and FOXP3 expression to control Treg purity after isolation (Supplementary Figures S1F, S2F), and for Helios expression.

We used a live/dead fixable reagent (Supplementary Table S3), then applied Fc blocking reagent (Human TruStain FcX, Biolegend) for 5-10 minutes at room temperature, then stained for surface markers for 40-50 minutes at 4°C in pre-titrated concentrations, then performed Fixation/Permeabilization using Transcription Factor Buffer Set (BD Biosciences) and stained for intranuclear and intracellular antibodies (cytokines, FOXP3, Ki-67, Helios, CTLA-4) for 60 minutes at 4°C. We evaluated cells using CytoFLEX and analyzed data with FlowJo. Compensation was performed using single stains and fluorescent minus one (FMO) controls. We applied gating on cells negative for live/dead fixable reagent (in all experiments) and also gated on CD45hi+ population (in some experiments) to exclude dead, apoptotic and non-hematopoietic cells to markedly decrease non-specific signals. Further gating strategies for particular markers and examples of dot plots are shown in Figures 1B, C; Supplementary Figures S1A–G. Details of flow cytometry antibodies are listed in Supplementary Table S3.




Figure 1 | Immune system alterations in sarcoidosis. (A), Plasma levels of IL-18, sCD25/IL-2Rα, CXCL10 and TNFR II were evaluated by Luminex assay in 29 sarcoidosis patients and 16 donors, matched by age, gender, race, and smoking history, Supplementary Table S2. Additional Luminex data are presented in Supplementary Figure S2A. (B), Percent of CD4+ and CD8+ T cells, and % of CD4+ FOXP3+ Tregs within all viable PMBCs and within CD4+ subsets were evaluated by flow cytometry. Representative dot plots (top) and corresponding statistics (bottom) are presented. The number of samples evaluated for each group (median, IQR): donors: 17, 14-19.25; sarcoidosis: 30. (C), Ki-67 expression was evaluated in all viable PBMC, in CD4+ and CD8+ T cells, and in CD4+FOXP3+ Tregs by flow cytometry. Representative dot plots (top) and corresponding statistics (bottom) are presented. The number of samples: donors: 8, 6.5-8, sarcoidosis: 30. Additional flow cytometry data are shown in Supplementary Figures S2B-E. Blue dots represent donors, red squares illustrate data for treatment-naïve sarcoidosis patients, and black squares illustrate sarcoidosis patients receiving treatment. (A, B) - unpaired T test; (C) - Mann-Whitney test. Graphs show p values for all sarcoidosis samples. Corresponding results for the analysis of treatment-naïve subset versus donors: (A) p = 0.006 for IL-18, p = 0.001 for sCD25, p = 0.001 for CXCL10 and p= 0.0299 for TNFR II, unpaired T test. (B) p <0.0001 for CD4, p = 0.144 (not significant) for CD8, p = 0.009 for FOXP3+ in PBMC and p = 0.033 for FOXP3+ in CD4, unpaired T test. (C) p = 0.007 for Ki-67+ in PBMC, p <0.0001 for Ki-67+ in CD4+, p = 0.008 for Ki-67+ in CD8+ and p <0.0001 for Ki-67+ in Treg, Mann-Whitney test.






2.7 Luminex

Cryopreserved plasma samples were evaluated by custom Human Magnetic Luminex Assay (R&D, LXSAHM-14), according to manufacturer instruction. Our custom Human Magnetic Luminex Assay included reagents to evaluate sCD25/IL-2Rα, CXCL10/IP-10, IFNγ, IL-1β, IL-10, IL-12 p70, IL-17A, IL-18, IL-2, IL-6, TNF RI, TNF RII, TNFα and Vitamin D binding peptide. Levels of IFNγ, IL-10 and IL-2 were below detection limits for most plasma samples and were not included in our results.

Human Treg-Specific Demethylated Region (TSDR) FOXP3 methylation assay was performed as described (11). In brief, DNA was isolated from Tregs and digested with two restriction enzymes, one methylation-sensitive enzyme and one methylation dependent enzyme. The following day, we amplified four products (no enzymes product served as the “no digestion” control, both enzymes as the “maximal digestion” control, and two products had each enzyme separately) with custom primers for human TSDR FOXP3 (EpiTect II DNA Methylation Enzyme Kit, Qiagen, formerly SABiosciences). Cycle threshold qPCR data in triplicates for 4 DNA products were used to evaluate percent of demethylated and methylated TSDR, according to manufacturer’s instruction.




2.8 Statistical analysis

Treg suppressive function was adjusted for FOXP3 purity of isolated Treg (described in (12) and detailed in Supplementary Methods). We applied parametric tests for normally distributed data and non-parametric tests otherwise; all tests are indicated in Figure Legends. For regression analysis, we performed univariant analyses of all clinical and immunological variables, and carried forward variables with an alpha <0.15 for differences regarding treatment status at one year follow-up (detailed in Supplementary Materials). K-fold cross validation was performed, and data in the main text are reported for the validation set. Data are shown as mean ± SEM. A two-tailed p value of <0.05 was considered statistically significant. We used GraphPad Prism 6.0 and SPSS 17.0. We used the STROBE cohort reporting guidelines (13).





3 Results



3.1 Clinical features of sarcoidosis

Of the 32 subjects enrolled, two had negative or non-diagnostic biopsies and were excluded from further analysis. The cohort was comprised of 16 males and 14 females, with an average age of 48 ± 1.9 years, and 27% of subjects were Black (Table 1). Sixty percent of patients (18/30) never smoked. Obesity was a common co-morbidity (12/30). Otherwise, subjects were largely free from common comorbidities which often contribute to pulmonary symptoms or functional limitations. Most (21/30) had at least one pulmonary symptom, which included, in order of frequency, cough, non-trivial dyspnea, wheezing, chest tightness, and chest pain; no subject reported sputum production or hemoptysis. Eighteen subjects had recently diagnosed disease (disease duration < 1 year) and six had a disease between 1 and 3 years, and for six the duration of disease was > 3 years. Outcome data are missing for three subjects who were lost to clinical follow-up for unknown reasons. At the time of enrollment, most subjects (n = 22) were treatment-naïve, while eight received therapy with systemic corticosteroids, Acthar Gel, or methotrexate (Table 1). At follow-up, 59% of treatment-naïve subjects still did not require therapy, while 75% of subjects on therapy at enrollment, had been able to discontinue medication within a year (Table 1).

Of those with CT imaging available for review (n=28), nineteen subjects had radiographic evidence of thoracic lymphadenopathy (LAN) (Table 1). All but three subjects had pulmonary function testing performed near the time of study entry; of those, one-third had a reduced forced vital capacity (<80% of predicted). In addition to pulmonary involvement, 15 subjects had at least one other documented site of disease, and 13 endorsed systemic symptoms.




3.2 Immune system alterations in sarcoidosis

Compared to healthy donors, subjects with sarcoidosis had significantly higher levels of circulating IL-18, CXCL10, sIL-2R/CD25 and TNFR II (Figure 1A), but not other tested cytokines (Supplementary Figure S2A). Within PBMC, the CD4+ subset was considerably decreased in sarcoidosis samples. While the percentage of Tregs, as a fraction of PBMCs, also was significantly reduced, the percentage of Tregs in CD4+ cells was increased (Figure 1B).

Ki-67, a marker of recent cell division, was upregulated in sarcoidosis PBMCs, in CD4+ and CD8+ T cells, and most substantially in Tregs (Figure 1C), suggesting ongoing clonal activation of T cells with compensatory division of Tregs. In contrast to previously reported data (4, 14, 15), we found that the CD45RO effector/memory subset in sarcoidosis Tregs was decreased, with no differences in expression of CTLA-4 and CD39 (Supplementary Figures S2B–D). CXCR5 was upregulated in sarcoidosis Tregs and CD8+ cells, but CD4+CXCR5+ T follicular helper cell numbers were not affected (Supplementary Figure S2E).

In a subgroup analysis of treatment-naïve subjects vs. healthy donors, similar results were found for all reported markers (Figures 1A–C). Overall, treatment-naïve patients as well as subjects receiving systemic corticosteroids and/or methotrexate, differed from healthy donors with higher levels of IL- 18, sCD25, CXCL10, TNFRII, with lower counts of CD4+ T cells but more Tregs within the CD4+ subset, and an increased rate of cellular divisions in vivo.




3.3 Tregs in sarcoidosis

To evaluate Treg suppressive function without confounding effects of subject responder and antigen-presenting cells, and to decrease variabilities in results due to differences in FOXP3 purity of isolated Tregs, cryopreserved aliquots of the same healthy donor PBMC sample were used as responders, and suppression assay results were adjusted for FOXP3+ Treg purity (Supplementary Methods). Sarcoid Tregs suppressed divisions of CD4+ and CD8+ responders equally well to healthy donor Tregs (Figure 2A; Supplementary Figures S2F, G). Same data were observed for Tregs isolated from treatment-naïve subjects (Figure 2A). We also found no differences in the ability of Tregs to control the expansion of B cells that received stimulatory signals from CD4+ helper cells (Figure 2B). The ability of sarcoid Tregs to suppress cytokine production was also normal (Figure 2C).




Figure 2 | Treg suppressive function in sarcoidosis, (A), Treg suppressive function was evaluated in 14 healthy donors and 20 sarcoidosis patients. Representative CFSE plots for CD4+ and CD8+ T cell responders (left) and statistics of Treg function adjusted for FOXP3+ Treg purity after isolation (right) are shown. Additional data for Treg suppressive function are presented at Supplementary Figures S2F, G. (B), Capability of Tregs to suppress CD4+ T-helper dependent divisions of healthy donor B cells was evaluated in 5 healthy donors and 5 sarcoidosis patients. CFSE plots for CD19+ B cell divisions (left) and statistics (right) of Treg function are shown. (C), Capability of Tregs to suppress cytokine productions by healthy donor CD4+ and CD8+ T cells, stimulated overnight with CD3-microbeads and stimulated the following day with phorbol myristate acetate + ionomycin is shown. The number of samples evaluated for each group (median, IQR): donors 3, 3-4, sarcoidosis 5, 3-6.25. Blue dots represent donors, red squares illustrate data for treatment-naïve sarcoidosis patients, and black squares illustrate sarcoidosis patients receiving treatment. (A, B) - Mann-Whitney test; (C) - multiple T-tests with Holm-Sidak correction. ns, non-significant. In A, graphs show p values for all sarcoidosis samples. Corresponding results for the analysis of treatment-naïve subset: p = 0.071 (not significant) for CD4+ responders and p = 0.955 (not significant) for CD8+ responders, Mann-Whitney test.



As sarcoid Tregs have been reported to be less viable and prone to apoptosis (14), we studied Treg survival and stability, and found them to be unimpaired (Figure 3A). We then evaluated the production of inflammatory cytokines by stable Tregs (CD4+FOXP3+) and by ex-Treg (CD4+FOXP3- cells that initially were FOXP3+ after isolation). Stable sarcoid Tregs produced trivial amounts of IFNγ and IL- 2, as expected, while ex-Tregs started to produce IL-2, albeit at the same levels as donor ex-Tregs. All types of Tregs produced comparable amount of TNFα (Figure 3B).




Figure 3 | In depth analysis of Tregs and correlations of Treg function with inflammatory markers. (A) Evaluation of Treg stability and viability was performed in 3 donor and 4 sarcoidosis samples. Dead Tregs: CFSE-CD4+Ghost+FOXP3+ and FOXP3- cells; ex-Tregs: CFSE-CD4+Ghost-FOXP3-; live stable Tregs: CFSE-CD4+Ghost-FOXP3+. Therefore, the stability of Tregs was defined by sustained FOXP3 expression (post-assay) in live cells, while survival was studied by evaluation of (recent) dead vs. alive Tregs. Representative plot (left) and corresponding statistics (right) are shown. (B), Expression of inflammatory cytokines in Tregs was evaluated in assays as described in Figure 2C. CFSE-CD4+Ghost- viable Tregs were gated according to FOXP3+ expression into stable (FOXP3+) Treg and ex-Treg (FOXP3-). The number of samples evaluated for each group (median, IQR): donors 4.5, 4-5, sarcoidosis 3. (C), Ratios of FOXP3+ to TSDR FOXP3 demethylation in isolated Tregs were evaluated in 9 sarcoidosis patients and in 4 healthy donors, matched by gender and age. Additionally, sarcoidosis Treg samples were divided into two groups according to median age (to approximate levels of thymic involution). Samples from older subjects (filled squares) had significantly higher FOXP3/TSDR ratios vs. Treg samples from younger subjects (hollow squares), p = 0.0317. (D), Helios expression in Tregs was evaluated in 12 donors and 11 sarcoidosis samples by flow cytometry. (E), Treg suppressive function in sarcoidosis was inversely correlated with expression of sCD25/IL-2Rα and IL-12p70 (left) and TNFR I and II (right) in plasma, 18 samples evaluated. (F), Treg suppressive function in treatment-naïve patients was inversely correlated with expression of CXCL10 (left) and IL- 17A (right) in plasma, 13 and 14 samples were evaluated, correspondingly. (A, B) - multiple T-tests with Holm-Sidak correction; (C, D) - Mann-Whitney test; (E, F) - Spearman’s correlation. ns, non-significant.



We used a TSDR assay in combination with an assessment of FOXP3 protein expression, as previously described (16), to evaluate two subpopulations of Tregs: thymic derived Tregs (tTreg) and adaptive or induced Tregs (iTreg). The ratios of iTregs to tTregs were similar for sarcoidosis and donor samples (Figure 3C). Similar to our previous findings (11), we observed an age-related increase in the fraction of iTreg attributable to thymic involution (Figure 3C). Notably, sarcoid Tregs demonstrated upregulated Helios expression by flow cytometry (Figure 3D) which corresponded to upregulated Ki- 67+, further confirming the role of Helios as a marker for T cell activation and division, as we have previously reported (17), and arguing against Helios as a marker of tTregs.




3.4 Inflammatory cytokines and Ki-67 expression as potential markers of Treg function in vivo

To evaluate if Treg function in vitro reflects inflammatory abnormalities or immune features in vivo, we compared sarcoid Treg function and Treg numbers with levels of inflammatory markers and Ki-67 expression. We found that Treg suppressive function for CD4+ responder cells inversely correlated with levels of the inflammatory markers sCD25, IL-12p70, TNFR I, TNFR II (Figure 3E), and with Ki-67+ expression (Table 2; Supplementary Figure S3A), suggesting that the suppressive capabilities of sarcoid Tregs measured in vitro reflect in vivo capacities. We observed similar though not significant trends for correlations between Treg suppressive function in vitro and KI-67+ expression in CD8+ T cells and other PBMCs (Supplementary Figures S3A, B). Similar findings were observed in the subgroup of treatment-naïve subjects, but additionally, their Treg suppressive function for CD4+ responders negatively correlated with plasma levels of CXCL10 and IL-17A (Figure 3F).


Table 2 | Correlation matrix of inflammatory markers in plasma, Treg suppressive function, number of Tregs within the CD4+ subset, and Ki-67+ expression in the sarcoidosis cohort.



Most of the tested inflammatory markers in sarcoidosis samples significantly correlated with each other, and also with Ki- 67 expression among different PBMC subsets (Table 2). This suggests that insufficient Treg control in vivo led to activation of immune cells (i.e. producing more cytokines) along with their increased rate of divisions, reflected by higher Ki-67+ expression. Notably, the inflammatory markers in the plasma of healthy donors were much less correlated (Supplementary Table 4).

Treg numbers positively correlated with IL-18, sCD25, with TNFR II in plasma and with Ki-67+ in all PBMC subsets (Table 2), suggesting that increased number of Tregs in sarcoidosis patients may reflect a compensatory effort of the immune system to control ongoing inflammation. Taken together, our findings suggest that Ki-67+ in PBMCs and in T cells, and the inflammatory markers IL-12p70, TNFR I, TNFR II, and sCD25 may serve as indirect measures of Treg suppressive activity in vivo. We have recently reported similar inverse correlation between Ki-67 expression and Treg suppressive function in lung transplant recipients (12).




3.5 Association of immune markers with clinical features

With the hypothesis that sub-phenotypes of pulmonary sarcoidosis have their basis in distinct immunologic features, we compared immunological variables against clinical data. Among imaging features, Treg suppressive function was reduced in subjects with thoracic lymphadenopathy (LAN) (Figure 4A). Subjects with LAN also had significantly increased levels of plasma TNFα, sCD25, TNFR I and II, had more Tregs, and upregulated Ki-67 expression (Figure 4B). In a subgroup analysis of treatment-naïve subjects, these findings were similar, with the additional finding that those with LAN, had increased levels of CXCL10 compared to subset without LAN (145.8 pg/ml vs. 79.6 pg/ml, p = 0.024, Mann Whitney test).




Figure 4 | Association of immune markers with clinical features and Tregs in sarcoidosis. (A), Treg suppressive function was lower in patients with thoracic lymphadenopathy (LAN+) compared to patients without thoracic lymphadenopathy (LAN-). Data for CD4+ and CD8+ T cell responders in Treg suppression assays are combined. (B), Plasma levels of TNFα, sCD25/IL-2Rα, and TNFR I and II, evaluated by Luminex assay, were higher in LAN+ (n =18) compared to LAN- (n = 9) patients. Expression of Ki-67 in PBMCs and Treg numbers in CD4+ T cells, evaluated by flow cytometry, were compared between LAN+ (n = 19) and LAN- (n = 9) patients. (C), Treg suppressive function in sarcoidosis patients was inversely correlated with the number of pulmonary symptoms, n = 18. (D), Ki-67 expression was positively correlated with the number of pulmonary symptoms, n = 30. (E), Treg suppressive function was decreased in patients with more than one systemic symptom (n = 6) compared to patients with 0-1 systemic symptoms (n = 21). Data for CD4+ and CD8+ responders in Treg suppression assays are combined. (A) - unpaired T test; (B) (TNFα, sCD25, TNFR I and II, Ki-67 in PBMC) - Mann-Whitney test; (B) (Tregs in CD4+ cells) - unpaired T test with Welch’s correction; (C, D) - Spearman’s correlation; (E) – Mann-Whitney test.



Symptoms also were associated with immunologic markers indicating poorly controlled systemic inflammatory activity. Treg suppressive function had a strong negative correlation (Figure 4C), while Ki-67 positively correlated (Figure 4D) with the number of pulmonary symptoms. Treg function was also reduced in subjects with a high burden of systemic symptoms (Figure 4E).

Therefore, we have identified a set of immunological parameters including Treg suppressive function, TNFα, TNFR I and II, sCD25 and Ki-67+ that are associated with clinical features in sarcoidosis. Notably, a set of these inflammatory markers was also increased in sarcoidosis subjects in comparison with healthy donors, and most of them were negatively correlated with Treg suppressive function.




3.6 Association of immune markers with outcomes of sarcoidosis

To evaluate if immunologic measures at study entry were associated with long-term outcomes, we compared variables with need for treatment at one year follow-up. We defined disease status by treatment need rather than other objective and subjective measures, as treatment can stabilize pulmonary function, making a decline in pulmonary function tests values an insensitive marker of continued disease activity, and pulmonary symptoms poorly differentiate between inflammatory and fibrotic phases of disease. Baseline Treg suppressive function was significantly reduced in subjects who required treatment at one year follow-up (Figure 5A). These subjects also had higher baseline plasma levels of CXCL10, sCD25, TNFR I and II and significantly lower baseline values of the diffusion capacity of the lungs for carbon monoxide (DLCO, % predicted) (Figure 5A). In a subgroup analysis of treatment-naïve subjects, these findings were similar, with those needing therapy at one year follow-up, demonstrating reduced Treg function and higher levels of CXCL10, sCD25 and TNFR II at baseline, with the additional finding of enhanced division rate of PBMCs at baseline (14.2% vs. 9.2% were Ki-67+, p=0.027).




Figure 5 | Association of Treg function and immune markers with outcomes in sarcoidosis. (A), Treg suppressive function, evaluated at study entry, was significantly reduced in subjects who required treatment at one year follow-up (n = 6) compared to patients who did not require treatment (n = 10). Plasma levels of CXCL10 (n = 6 on therapy, n = 19 no therapy required) and sCD25/IL-2Rα, TNFR I and II (n = 7 on therapy, n = 19 no therapy required) were compared. DLCO at enrolment also was associated with treatment need at follow-up (n = 7 on therapy, n = 14 no therapy required). (B), Six probit regression models with k-Fold cross validation were run using need for therapy as the dependent variable and the inflammatory score (derived from Treg function, sCD25, TNFR I and II, TNFα, CXCL10 and Ki-67+ in PBMC) and DLCO (% pred) as predictors. The fitted regression equation was: probit (Pon therapy) = 7.17*inflammatory score – 9.76*DLCO%. Both coefficients were significant at p = 0.007 and p = 0.002 levels, respectively. The overall regression was statistically significant (likelihood ratio Chi-Square χ2(2) = 10.96, p = 0.004). Correctly classified (90%, blue dots) and misclassified (red dots) cases are shown with predictive probability of need for therapy for validation set of patients as a function of DLCO, % pred (left) and the inflammatory score (right). Further details are provided in Supplementary Table S5. (C), Comparison of probit models with and without Treg function as a part of inflammatory scores are detailed in Supplementary Table S6. (A) (except DLCO) – Mann-Whitney test; (A) (DLCO) – unpaired T test, (C) – Pearson’s correlation.



A regression analysis with K-fold cross-validation was performed to ascertain the effects of immunological markers and clinical differences at study entry on the likelihood that subjects required therapy at one year follow-up. The combination of two and more variables caused collinearity due to strong correlations of inflammatory markers with each other and with Treg suppressive function (Table 2). To overcome this issue, we combined Treg function (for CD4+ and CD8+ responders separately), and levels of sCD25, TNFR I and II, TNFα, CXCL10 and Ki-67+in PBMC cells into a single score variable. Thus, each inflammatory variable was scored 1 if increased compared to the mean value of healthy donors, or 0 otherwise. For Treg function, cases with impaired suppression were scored as 1, or 0 otherwise. The resulting “summary inflammatory score”, ranging 0 to 8, was used in the regression models. Six probit regression models with k-Fold cross validation were run (size of training sets were 16, 17, 15, 18, 17 and 16 observations, correspondingly). The resulted probit model (Figure 5B; Supplementary Table S5) showed an increased probability of need for therapy in patients with a lower DLCO and higher inflammatory scores at baseline, and correctly classified 90% (18/20) of cases in the validation set (Figure 5B). Of the two misclassified patients, one had increased expression of all inflammatory markers, high Ki-67 expression and impaired Treg function, and therefore had a high 67.6% prediction for need for sarcoid therapy, but this patient was on immunosuppression for autoimmune disease (#10, Table 1). For treatment-naïve patients with less than 3 years of disease duration, the model correctly predicted need for therapy in 85.7% cases (Supplementary Table S5, the same two subjects were misclassified).

As evaluation of Treg function may be challenging for clinical laboratories, we developed an alternative model to indirectly assess Treg functionality. The best performance was found for the same combination of predictive variables: DLCO (% pred.) and inflammatory scores, but without inclusion of Treg function in the latter (these inflammatory scores ranged 0-6, Supplementary Table S6). Both this and Treg-inclusive models correlated with each other, but the absence of Treg function led to the misclassification of four patients, and the overall correct prediction accuracy in the validation set fell to 80% (Figure 5C). The most notable effect was a decrease in the predicted accuracy for patients on therapy at one year follow-up: only 50% of these patients were classified correctly (Supplementary Table S6). Of the misclassified subjects, two cases incorrectly predicted to not require treatment had impaired Treg function (#11 and #15, Table 1; Figure 5C), and one case incorrectly predicted as “high risk” had well preserved Treg function (#6, Table 1; Figure 5C). These data illustrate that Treg function, when assessed directly, is important predictor of disease prognosis and contributes meaningfully to prognostic models. Therefore, according to our data, the model without Treg function cannot be applicable to treatment prediction in clinical practice.

In summary, reduced Treg function, higher levels of plasma CXCR10, sCD25, TNFR I and II, higher Ki-67+ levels, and lower DLCO at baseline were associated with worse prognosis in our cohort.





4 Discussion

The goal of our study was to perform an in-depth analysis of Tregs in sarcoidosis patients in relation to immune markers and to assess the association of immunologic parameters with disease prognosis. A limited number of studies have previously explored the role of Tregs in sarcoidosis (2–6), with conflicting results of Treg function (2, 3, 5, 6). Conflicting results may be related to the use of autologous responder cells, which are prone to effects of patient T cell abnormalities, the use of a thymidine incorporation assay which cannot distinguish between direct induction of cell death and reduction of proliferation (10), and inconsistently reported or evaluated FOXP3+ purity of isolated Tregs. We adjusted Treg suppressive function for FOXP3+ Treg purity and used highly controlled experimental conditions with responder cells from the same donor for our analyses. With this approach, we found no impairments in Treg suppressive capabilities in vitro to control division and cytokine production by T cells and B cells and no alterations in FOXP3 stability or Treg viability in comparison with healthy donors. In addition, we are the first to evaluate iTreg/tTreg ratios in sarcoidosis Tregs and found no abnormalities, suggesting that the balance of Treg conversion and thymic production of Tregs is not impaired.

Similar to other reports (19–27), we found increased levels of inflammatory cytokines in sarcoidosis. Our findings that a variety of these markers are negatively correlated with Treg function are novel. High Ki-67+ expression along with increased levels of inflammatory markers, suggest that sarcoidosis Tregs may be unable to sufficiently control immune activation in vivo, despite normal Treg function in vitro. Such discrepancies have been previously reported for murine Tregs (28). Another explanation which was not addressed in the current study is the resistance of sarcoid T cells, possibly along with monocytes or other immune cells, to Treg suppression, i.e. the situation where Tregs have no apparent abnormalities, but resulting Treg control is still not efficient.

In our cohort, Treg suppressive function was decreased while inflammatory markers were upregulated in the subgroup of subjects with LAN. These finding are in contrast to the more favorable prognosis for patients without LAN observed by Scadding decades ago, albeit with a different imaging modality between that study and ours (29). However, a recent study on non-sarcoidosis interstitial lung disease found, similar to our results, that LAN was associated with worse clinical measures and outcomes (30).

Prior studies have found that circulating levels of sCD25 and TNF RI and II correlated with disease activity in sarcoidosis (19, 25–27, 31–33), and that Ki-67 expression was increased in sarcoid granulomas (34, 35). To our knowledge we are the first to demonstrate that Ki-67 is altered in the blood in sarcoidosis, with higher expression associated with impaired Treg function and increased levels of inflammatory markers. Together, our findings suggest that a combination of markers including Ki-67 expression may be used for assessing disease activity in sarcoidosis.

There are several important limitations of this study. Our outcome assessment was limited to pulmonary status. To investigate the possible role of Treg function in pulmonary sarcoidosis, our cohort was enriched for patients with findings suggestive of active disease, including pulmonary symptoms attributable to sarcoidosis with nodular features on chest imaging resembling inflammatory changes. However, a gold standard biomarker for sarcoidosis activity is lacking, and some in our cohort may have been in a quiescent phase of disease. Dyspnea was assessed in a binary fashion (present or not). Use of a validated symptom scale could allow for a more granular assessment of dyspnea burden. Another limitation is the relatively small size of our cohort and the single center design which may restrict the generalization of our observations. We utilized two different cohorts of healthy donors for PBMCs and for the plasma to ensure matching plasma samples by age, gender, race and smoking history, which may affect reproducibility of healthy donor’s data. Finally, in the current study we evaluated blood Tregs and levels of circulating cytokines, but not bronchoalveolar lavage cells or immune markers. It still remains to be seen to what extent local features are reflected in peripheral blood.

In conclusion, we have identified a set of inflammatory markers (sCD25, TNFR I and II) and Ki- 67 expression in sarcoidosis which may reflect suppressive capability of FOXP3+ Tregs in vivo, and therefore serve as indirect measures of Treg suppressive function. In addition, these markers, along with CXCL10 and TNFα, may be useful to identify patients who will require treatment at one year follow-up. In our cohort, direct and indirect measures of impaired Treg function were associated with worse clinical measures and outcomes, suggesting that Treg function contributes to the pathogenesis in sarcoidosis. Further work is needed to determine if manipulation of Treg function could be therapeutically employed to improve clinical outcomes.
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Treatment-naive at

Organs affected Thoracic = Years btw diagnosis enrollment? Type of treatment and indication
by sarcoidosis LAN and enrollment Type of treatment at 1 year of follow-up
and indication
1 | Lome L7 heart No 0.5 No Tx Steroids
extra-thoracic LN
No
2 Lungs (51-75%) , . 0.44 No Tx No follow-up data
imaging data
3 | Lungs (51.75%), Yes 129 Steroids IEX, refractory disease
heart, spleen
4 | Lunes GL75%), No 364 Steroids + MTX No Tx
heart, liver
5 Lungs (51-75%) Yes 0.09 No Tx No Tx
6 Lungs (6-25%), skin No 1.95 Steroids No Tx
7 | Lungs (26-50%) Yes 0.94 No Tx No Tx
8 Lungs (51-75%), heart Yes 10.96 Steroids + MTX No Tx
9 | Lungs (76-100%) No 0.59 No Tx No Tx
No Tx, but Abatacept
1 L 26-. Yo .07 N
0 ungs (26-50%) es 0.0 (CTLA4-Tg) for RA o Tx
11 | Lungs (26-50%) Yes 0.32 No Tx Steroids + IFX
12 | Lungs (51-75%) No 1.76 MTX 25 mg weekly No Tx
13 | Lungs (<5%) Yes 1.75 No Tx No Tx
14 | Lungs (26-50%), spleen Yes 3.02 No Tx No Tx
-25%), eyes, .
15; | 2R E 25%) ey Yes 0.07 No Tx Steroids
CNS, spleen
16 | Lungs (<5%) Yes 0.00 No Tx No follow-up data
17 | Lungs (6:25%), No 001 No Tx No Tx
spleen, skin
g | g (M eeikin | v 576 Acthar Gel Steroids
extra-thoracic LN
19 Lungs (51-75%) Yes 0.00 No Tx Steroids
No
20 | Lungs (6-25%), spleen s 0.00 No Tx No Tx
imaging data
21 | Lungs (6-25%) Yes 0.00 No Tx No follow-up data
22 Lungs (26-50%), heart Yes 8.11 Steroids No Tx
Lungs (26-50%), extra-
23 thorcic EN No 2,08 No Tx No Tx
24 | Lungs (51-75%) Yes 251 No Tx Steroids
25 | Lungs (51-75%) Yes 0.11 Steroids No Tx
26 | Lungs (<5%) Yes 0.01 No Tx No Tx
27 | Lungs (51-75%) No 0.20 No Tx No Tx
28 | Lungs (<5%), heart, liver No 0.80 No Tx No Tx
29 | Lungs (26-50%), heart Yes 31.6* No Tx No Tx
Lungs (51-75%), eyes, skin, Yes 053 No Tx HD

extra-thoracic LN

NS, central nervous system; RA, rheumatoid arthritis; LN, lymph node(s).

LAN = thoracic lymphadenopathy, >1 cm in short diameter on computed tomography imaging.

Tx, treatment; Steroids, systemic corticosteroids, equivalent of at least 10 mg/day of prednisone; MTX, methotrexate; IFX, Infliximab, monoclonal antibody against tumor necrosis factor-alpha;
HD, hydroxychloroquine.
The radiographic extent of disease in lungs shown in brackets.
*While this patient had a remote history of sarcoidosis, for concern of recurrent disease he had undergone lung biopsy (with findings of active sarcoid inflammation) at the time of blood sample
collection for this study and at time of imaging to assess for LAN.
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