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Background: Sarcoidosis is a systemic granulomatous disease of unknown cause. Natural improvement with favorable outcome is common, but a significant number of patients present with difficult to manage and progressive disease. The identification of biomarkers associated with disease activity and progression is warranted. Extracellular heat shock protein 90 (HSP90) α is a signaling molecule released by cells that induces proinflammatory signaling through interaction with certain receptors, such as lipoprotein receptor–related protein 1.

Materials and methods: HSP90α protein expression in lung tissues derived from patients diagnosed with sarcoidosis and control subjects was assessed by immunohistochemistry. Serum HSP90α concentration was measured in sarcoidosis patients and healthy controls and correlated with clinical outcomes. Bronchoalveolar lavage fluid (BALF) was collected and analyzed for HSP90α expression. Extracellular HSP90α released from macrophages was examined in human primary cells and an immortalized cell line.

Results: Macrophages and granulomas in sarcoidosis-affected lungs showed high HSP90α expression. Serum HSP90α levels were elevated in sarcoidosis patients compared with controls and correlated with BALF HSP90α levels. HSP90α concentrations in the circulation were correlated with biomarkers of disease stage. Both primary and immortalized macrophages showed a high capacity for secreting extracellular HSP90α.

Conclusion: These results demonstrate that macrophages in the lungs of sarcoidosis patients produce high levels of HSP90α, suggesting HSP90α as a potential biomarker and therapeutic target.
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Introduction

Sarcoidosis is a systemic inflammatory disorder characterized by granulomatous inflammation in multiple organs, such as the eyes, lungs, skin, and lymph nodes (1). Structurally, these granulomas are well-formed and typically non-necrotizing, which cause damage that can ultimately lead to organ dysfunction.

Several biomarkers are clinically available for both diagnostic purposes and for evaluating disease activity. Angiotensin-converting enzyme (ACE) and soluble interleukin-2 receptor (sIL-2R) are associated with lung function in sarcoidosis but of limited practical use (2). Lysozyme is another marker that may reflect lymphocytic activation of the disease (3). Many efforts to identify diagnostic biomarkers that enable more accurate prediction of disease status are currently underway. Heat shock protein 90 (HSP90) α is an isoform of HSP90, which is an intracellular molecular chaperone protein present in a variety of cell types (4). The function of secreted extracellular HSP90 (eHSP90) α is distinct from that of the intracellular form, and eHSP90α has been shown to interact with receptors such as lipoprotein receptor–related protein (LRP1) and human epidermal growth factor receptor-2. Interaction between eHSP90α and LRP1 promotes downstream signaling via phosphorylation of STAT3, ERK1/2, PI3K, and AKT1/2, resulting in an upregulation of proinflammatory signaling (5–7). Recent studies have suggested that eHSP90α may be a useful marker for the diagnosis of inflammation and fibrotic diseases (8–10). Whether there is an association between sarcoidosis and HSP90α has not yet been determined.

In the present study, we examined the expression of HSP90α in the lungs and circulation of sarcoidosis patients. HSP90α is highly expressed in lung macrophages and granulomas of sarcoidosis. We found that macrophages are a major source of eHSP90α and that production of eHSP90α by these cells is upregulated further in response to cytokine stimulation. Sarcoidosis patients showed elevated eHSP90α levels in the circulation and lungs, which might be associated with the pathogenesis and progression of the disease.



Materials and methods


Patients

Forty sarcoidosis patients treated at Toho University Omori Medical Center, and 30 age- and sex-matched healthy controls were recruited for evaluation of eHSP90α. The study was approved by the Ethics Committee of Toho University School of Medicine (protocol number A22080). All study subjects provided written informed consent for participation.

Diagnosis was based on the American Thoracic Society/European Respiratory Society/World Association for Sarcoidosis and Other Granulomatous Disorders statement on sarcoidosis (11). Briefly, patients with histological findings of noncaseating epithelioid granulomas from tissue specimens with relevant clinical and radiologic findings were diagnosed as having sarcoidosis. ACE, sIL-2R, and lysozyme levels were measured in the clinical laboratory. Radiologic staging of lung lesions was determined based on chest radiography and computed tomography (12).



Serum and bronchoalveolar lavage fluid (BALF) collection

Serum was collected at the time patients were enrolled in the study. Patients newly diagnosed with sarcoidosis during the study period underwent bronchoalveolar lavage with a fiberoptic bronchoscope. A total of 50 mL of saline was administered three times to the right medial lobe or left lingular lobe, and BALF was collected after each instillation. Collected serum and BALF were centrifuged at 3000 rpm for 10 min, and the resulting supernatants were aliquoted and frozen at −80°C until analysis.



Enzyme-linked immunosorbent assay (ELISA)

The concentration of eHSP90α in patient serum and BALF and in the supernatant of medium was determined using a human HSP90α ELISA kit (Enzo Life Sciences, NY, USA) according to the manufacturer’s instructions.



Human lung tissues

Formalin-fixed, paraffin-embedded human lung tissues from sarcoidosis and control lungs were obtained from the Biobank for Interstitial Lung Diseases at St Joseph’s Healthcare in Hamilton, Ontario, Canada. All work conducted using human tissues was approved by the Hamilton Integrated Research Ethics Board (11–3,559 and 13,523-C). Affected lung lesions of sarcoidosis patients and non-tumor areas of lung tissues from control subjects were selected and placed in a tissue microarray (TMA) block using TMA Master II (3DHISTECH Ltd., Hungary).

TMA slides were stained with hematoxylin and eosin (H&E), anti-CD68 antibody (Agilent Dako M0876, CA, USA), and anti-HSP90α antibody (Novus Biologicals NBP1-77685, ON, Canada). High-definition images were acquired using an Olympus VS120 Slide Scanner.



Cell preparation

THP-1 cells were purchased from the American Type Culture Collection (ATCC#TIB-202). THP-1 cells and monocytes were differentiated into macrophages by treatment with phorbol myristate acetate (Millipore Sigma, ON, Canada) at 10 ng/mL for 48 h.

Human monocyte-derived macrophages (MDMs) were generated from three healthy donors. Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood and purified by density-gradient centrifugation using BD vacutainer mononuclear cell preparation tubes (Becton Dickinson and Company, NJ, USA). CD14-positive cells were magnetically isolated from PBMCs using an Easy sep Human CD14-positive selection kit (STEMCELL Technologies, BC, Canada) according to the manufacturer’s protocol. CD14-positive cells were differentiated into unpolarized macrophages by treatment with 20 ng/mL macrophage colony-stimulating factor (Peprotech, QC, Canada) for 6 days.



Cell culture and macrophage polarization

Macrophages were cultured in RPMI-1640 medium supplemented with 2 mM L-glutamine, 1% penicillin/streptomycin, and 10% fetal bovine serum. Macrophages were polarized toward the M1 phenotype by treatment with 100 ng/mL lipopolysaccharide (Peprotech, QC, Canada) and 20 ng/mL recombinant human interferon (IFN)-γ (Peprotech QC, Canada). The supernatant was collected at each time point and analyzed for eHSP90α concentration.



Statistical analysis

Data are presented as mean ± SD. The Student’s t test or χ2 test were used to compare differences between two groups. Receiver operating characteristic (ROC) curve analysis was conducted to determine the optimal cut-off value of serum eHSP90α. Analyses of correlations between two groups were performed using Pearson’s correlation test. A p value of <0.05 was considered to indicate statistical significance. All statistical analyses were carried out using GraphPad Prism, version 8 (MDF Co., Ltd., CA, USA).




Results


Expression of HSP90α in human lung tissues

We examined the expression of HSP90α by immunohistochemistry on TMA slide generated from 34 sarcoidosis lung cores and 8 control lung cores. Control lung tissues displayed strong expression of HSP90α by lung macrophages and some alveolar epithelial cells (Figure 1).

[image: Figure 1]

FIGURE 1
 Expression of HSP90α in lungs as determined by immunohistochemistry. H&E staining (A), CD68 staining (B), and HSP90α staining (C) of normal lungs (n = 8). Positive signals were observed in lung macrophages.


Figure 2 shows representative TMA core sections of sarcoidosis lung tissues. Lung core regions containing granulomas were selected and isolated from lung biopsy specimens of 12 sarcoidosis patients under instruction of a lung pathologist (Supplementary Figure S1). Multiple epithelioid granulomas were observed upon H&E staining (Figure 2A). Granulomas showed overall highly positive signals for CD68, a pan macrophages marker, and HSP90α in the center region of granulomas (Figure 2A). Magnified images revealed that HSP90α expression was prominent in the central epithelial cells and multinucleated giant cells of granulomas but scarce in the interstitial cells and inflammatory lymphocytes surrounding the granuloma (Figure 2B).

[image: Figure 2]

FIGURE 2
 HSP90α expression in sarcoidosis lungs. (A) H&E staining (left), CD68 staining (middle), and HSP90α staining (right) of lung tissues of sarcoidosis from TMA slides (n = 34). (B) High-magnification image of sarcoidosis lungs stained for HSP90α. HSP90α was strongly expressed in the center of each granuloma.




Serum eHSP90α levels in sarcoidosis

Based on the finding that HSP90α was strongly expressed in sarcoid granulomas, we hypothesized that eHSP90α may be upregulated in the circulation and at local sites of disease. To test this hypothesis, we determined the eHSP90α levels in serum and BALF of sarcoidosis patients. Forty sarcoidosis patients and 30 healthy sex- and age-matched individuals were included in the study. Baseline characteristics of the patients and healthy controls are described in Table 1.



TABLE 1 Baseline characteristics of sarcoidosis patients and healthy controls.
[image: Table1]

Serum eHSP90α levels were significantly higher in sarcoidosis patients (18,300 ± 8,100 vs. 6,988 ± 3,930 pg./mL, p < 0.0001) (Figure 3A). ROC curve was generated to determine the diagnostic value of serum eHSP90α (Figure 3B). A cut-off value of 11,088 pg./mL allowed discrimination of sarcoidosis patients and healthy controls with 86.7% sensitivity and 82.5% specificity (area under the curve [AUC] 0.9196, p < 0.0001).

[image: Figure 3]

FIGURE 3
 Serum HSP90α concentration. (A) Serum eHSP90α levels in sarcoidosis patients (SA) (n = 40) and healthy controls (HC) (n = 30). (B) ROC curve discriminating SA and HC with 86.7% sensitivity and 82.5% specificity. The AUC was 0.9196 (p < 0.0001).




Correlation between eHSP90α level and sarcoidosis disease activity

To determine whether serum eHSP90α reflects sarcoidosis disease activity, we examined the associations between eHSP90α level and other disease markers. Serum eHSP90α level in sarcoidosis patients was significantly correlated with several biomarkers of sarcoidosis, including ACE, sIL-2R, and lysozyme (Figures 4A–C).

[image: Figure 4]

FIGURE 4
 Association between serum HSP90α level and sarcoidosis disease activity. Correlation between serum eHSP90α and other biomarkers of sarcoidosis, including angiotensin-converting enzyme (ACE) (A), soluble interleukin-2 receptor (sIL-2R) (B), and lysozyme (C). (D) Serum levels of HSP90α in stage 1 and stages 2–4 of sarcoidosis.


When examining the eHSP90α associations in the chest stages of the disease (12), the serum eHSP90α level was found to be higher in patients at more advanced chest stages compared with patients at lower chest stages (14,035 ± 5,697 vs. 20,128 ± 8,366 pg./mL, p = 0.031) (Figure 4D). These data suggest that serum eHSP90α corresponds to sarcoidosis disease activity and severity.



eHSP90α concentration in sarcoidosis lung

The level of eHSP90α in BALF was determined as a measure of eHSP90α in the lung. HSP90α was detectable by ELISA in the BALF of sarcoidosis patients (35,595 ± 38,816 pg./mL, n = 14), and the HSP90α level in BALF was higher in severe patients compared with patients at lower chest stages (16,928 ± 7,173 vs. 45,966 ± 45,649 pg./mL, p = 0.042) (Figure 5A).

[image: Figure 5]

FIGURE 5
 HSP90α levels in BALF of sarcoidosis patients. (A) BALF HSP90α concentration was elevated in patients in stages 2–4 compared with stage 1 patients. (B) BALF and serum HSP90α levels were significantly correlated in the same patients (r = 0.6974, p = 0.008).


To examine the association between serum and lung HSP90α levels, we analyzed the correlation between serum and BALF HSP90α concentrations in the same patients (Figure 5B) and found a strong correlation of BALF and serum HSP90α (r = 0.6974, p = 0.008).



eHSP90α secretion by macrophages

Based on the results of staining of tissues from healthy and sarcoidosis lungs, we hypothesized that macrophages are a source of eHSP90α in the circulation and lungs. To examine the capacity of macrophages to produce eHSP90α, we differentiated THP1 monocytes into macrophages and polarized them into the M1 phenotype. Measurement of eHSP90α level in the supernatant demonstrated that macrophages can constitutively secrete HSP90α to the extracellular space, and cytokine stimulation can further promote HSP90α production (Figure 6A). Similar to cell lines, human MDMs can also produce HSP90α at steady state, and M1 macrophages are capable of secreting greater amounts of HSP90α (Figure 6B).

[image: Figure 6]

FIGURE 6
 Secretion of extracellular HSP90α (eHSP90α) from macrophages. (A) THP1-macrophages were stimulated with or without M1 cytokine cocktail for 24 h or 48 h, after which the eHSP90α level in the supernatant was determined (n = 4). (B) Human MDMs were stimulated with or without M1 cytokine cocktail for 24 h or 48 h, after which the eHSP90α level in the supernatant was determined (n = 3).





Discussion

The pathogenesis of sarcoidosis is believed to start with the interaction between antigen-presenting cells and unidentified antigens, possibly infectious agents (e.g., Propionibacterium acnes, Mycobacterium), organic agents, and inorganic agents in genetically predisposed subjects (13, 14).

Innate immune cells, including alveolar macrophages, are activated through pattern recognition receptors and release proinflammatory and type 1 helper T (Th1)-skewing molecules such as IL-1, −6, −12, and − 18, tumor necrosis factor (TNF)-α, and IFN-γ (14, 15). These cytokines can promote the differentiation of CD4+ helper T cells into Th1 cells (16). Differentiated and activated Th1 cells also secrete these cytokines to alternatively activate macrophages, which can result in further promotion of inflammatory granulomatous signaling.

In in vitro systems, macrophages are functionally classified as M1 or M2, and stimulation assays can polarize/reprogram them into either phenotype. M1 macrophages exhibit antimicrobial activity in response to pathogens by releasing pro-inflammatory cytokines and chemokines such as TNF-α, IL-1β, IL-6, and CXCL10 (17, 18). By contrast, M2 macrophages (also called alternatively activated macrophages) can be induced by Th2-type inflammatory mediators and are characterized by an anti-inflammatory nature (17). During granuloma formation, M1 macrophages (also known as “classically activated” macrophages) are regarded as disease initiators (14). Our results indicated that HSP90α is highly expressed in epithelioid granulomas and that M1 macrophages can produce abundant eHSP90α compared with steady-state macrophages, which might support the hypothesis that HSP90α is contributing to the development and/or progression of sarcoidosis.

HSP90 is a molecular chaperone primarily involved in mediating the proper folding of proteins and correcting their localization, as well as regulating the disposal of incorrectly folded proteins (4). Proteins processed by HSP90 are referred to as “client proteins.” The interaction between HSP90 and a client protein is essential for normal biological processes and also plays a role in tumor survival, growth, and migration (19). HSP90 has two isoforms, HSP90α and HSP90β, which are encoded by identical cytosolic genes, with 86% homology (20). These two isoforms are from identical pools with different roles; the function of HSP90β seems to be limited to the intracellular form, whereas that of eHSP90α involves cellular responses to the microenvironment.

Recent studies have suggested that eHSP90α is an important immunomodulator due to its signaling functions (9) F5 peptides located in the linker of eHSP90 can bind to LRP1 on the cell membrane surface and transduce oncogenic, wound-healing, or inflammatory signals via phosphorylation of STAT3, ERK1/2, PI3K, and/or AKT1/2 (5–7). Therapeutic strategies targeting eHSP90 could thus regulate these signaling pathways without compromising the intracellular chaperone mechanism and therefore could represent a promising therapeutic approach in oncology and other fields in terms of target site accessibility and safety (21).

Secretion of eHSP90 in response to oxidative stress was first described in vascular smooth muscle cells but has also been reported to occur in tumor cells and fibroblasts (22–24). In the presence of various stressors, such as reactive oxygen species, hypoxia, UV radiation, or tissue injury, several-fold higher levels of eHsp90α protein have been detected in conditioned medium compared with resting cells without stimulation (7, 8, 22–24). Similar to reports regarding other types of cells, our study revealed that macrophages produce eHSP90α constitutively and that its production can be increased in response to cytokine stimulation. Other studies have reported that HSP90α is expressed in PBMCs and macrophages, and inhibition of HSP90α has been shown to suppress monocyte- and macrophage-derived inflammatory responses (25–28). High expression of HSP90α in lung macrophages and the production of eHSP90α by THP1-derived macrophages and primary macrophages observed in the present study are consistent with these reports and suggest that macrophages are a cellular source of eHSP90α.

Measurement of eHSP90α levels in the circulation has been reported as a predictive biomarker of lung cancer and pulmonary fibrosis progression (9). Furthermore, serum eHSP90α levels are increased in children with systemic inflammatory response syndrome compared with healthy children, and the level of eHSP90α has been associated with the development of multiple organ system failure (10). In the present study, serum eHSP90α levels were higher in patients with sarcoidosis compared with healthy controls and correlated with several markers reflective of sarcoidosis diseases activity. In addition, serum eHSP90α levels were high in advanced chest stages. Notably, eHSP90α secreted into the lungs was correlated with serum eHSP90α and reflected radiologic shadings. These results indicate that the serum eHSP90α level is a promising biomarker associated with sarcoidosis disease status.

In conclusion, HSP90α is highly expressed in lung macrophages. Various cell lines and primary macrophages secrete eHSP90α, particularly following cytokine stimulation. HSP90α levels in the serum and BALF are elevated in sarcoidosis patients, which could reflect disease activity. eHSP90α might therefore become a potential new biomarker of this disease, but this needs to be evaluated in large prospective cohorts. Furthermore, functional analysis of eHSP90α and identification of cells activated by the released eHSP90α will allow us to discuss eHSP90α as a potential specific therapeutic target for the disease.
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