1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Eur Respir J. Author manuscript; available in PMC 2016 December 02.

-, HHS Public Access
«

Published in final edited form as:
Eur Respir J. 2016 June ; 47(6): 1797-1808. doi:10.1183/13993003.01469-2015.

Beryllium-induced lung disease exhibits expression profiles
similar to sarcoidosis

Li Li22 Lori J. Silveiral, Nabeel Hamzeh12, May Gillespiel, Peggy M. Mrozl, Annyce S.
Mayerl:2:3 Tasha E. Fingerlinl, and Lisa A. Maier1:2:3
1Dept of Medicine, National Jewish Health, Denver, CO, USA

2Division of Pulmonary and Critical Care Sciences, Dept of Medicine, School of Medicine, Denver,
CO, USA

SEnvironmental Occupational Health Dept, School of Public Health, University of Colorado,
Denver, CO, USA

Abstract

A subset of beryllium-exposed workers develop beryllium sensitisation (BeS) which precedes
chronic beryllium disease (CBD). We conducted an in-depth analysis of differentially expressed
candidate genes in CBD.

We performed Affymetrix GeneChip 1.0 ST array analysis on peripheral blood mononuclear cells
(PBMCs) from 10 CBD, 10 BeS and 10 beryllium-exposed, nondiseased controls stimulated with
BeSO,4 or medium. The differentially expressed genes were validated by high-throughput real-time
PCR in this group and in an additional group of cases and nonexposed controls. The functional
roles of the top candidate genes in CBD were assessed using a pharmacological inhibitor. CBD
gene expression data were compared with whole blood and lung tissue in sarcoidosis from the
Gene Expression Omnibus.

We confirmed almost 450 genes that were significantly differentially expressed between CBD and
controls. The top enrichment of genes was for JAK (Janus kinase)-STAT (signal transducer and
activator of transcription) signalling. A JAK?2 inhibitor significantly decreased tumour necrosis
factor-a and interferon-y production. Furthermore, we found 287 differentially expressed genes
overlapped in CBD/sarcoidosis. The top shared pathways included cytokine—cytokine receptor
interactions, and Toll-like receptor, chemokine and JAK-STAT signalling pathways.

We show that PBMCs demonstrate differentially expressed gene profiles relevant to the
immunnopathogenesis of CBD. CBD and sarcoidosis share similar differential expression of
pathogenic genes and pathways.
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Introduction

Chronic beryllium disease (CBD), a granulomatous lung disease caused by beryllium
exposure in the workplace, is characterised by the accumulation of beryllium-specific CD4*
T-cells in the lung. Depending on genetic susceptibility and exposure, CBD occurs in up to
20% of exposed workers [1]. Beryllium sensitisation (BeS) precedes CBD and is
characterised by a positive beryllium lymphocyte proliferation test (BeLPT) [2]. BeS
develops as a peripheral immune response to beryllium, but with no evidence of lung disease
and/or granulomas on lung biopsy. The prevalence of BeS ranges from 2 to 20% of exposed
workers [2-4]. BeS progresses to CBD at a rate of approximately 8% year™! [5].

Once CBD CD4* lung T-cells are activated, these cells clonally proliferate and secrete T-
helper 1 (Th1)-type cytokines such as interleukin (IL)-2, interferon-y and tumour necrosis
factor (TNF)-a [6-8], which results in macrophage activation, accumulation, aggregation
and the development of granulomatous inflammation [9]. Beryllium exposure stimulates a
variety of cellular responses, including cell migration [10], cytokine regulation [11] and
growth inhibition [12]. These immunomodulatory activities support the notion that beryllium
triggers an innate immune response in non-CBD individuals as well as an acquired immune
response.

The role of other genes and the regulation of their expression in BeS and CBD is unknown,
and only limited beryllium-related studies have been conducted to date [13, 14]. Genome-
wide expression patterns have been studied in sarcoidosis, a disease of unknown aetiology
that manifests as noncaseating granulomas, predominantly in the lungs [15-18]. As CBD
and sarcoidosis share clinical, radiological and histological similarities, we hypothesised that
CBD would share common pathogenetic pathways and disease-specific patterns with
sarcoidosis.

Our goal was to investigate the gene expression profile of CBD peripheral blood
mononuclear cells (PBMCs) to define genes and patterns relevant to CBD and that overlap
with sarcoidosis, which would provide insights into disease pathogenesis and assist in
clinical phenotyping.

Materials and methods

Study population and design

All participants gave informed written consent in accordance with the Declaration of
Helsinki and the study was approved by National Jewish Health Institutional Review Board
for Human Subjects (HS#2435). 20 CBD patients, 20 BeS patients and 20 controls (Con),
including 10 beryllium-exposed nondiseased controls (ND-Con, beryllium-exposed controls
without CBD or BeS) and 10 nonexposed nondiseased controls (NE-Con, nonexposed
controls without CBD or BeS), were enrolled in this study (figure 1). Attempts were made to
frequency-match the controls and cases by age and gender.

A two-stage study design was undertaken with 10 subjects per group enrolled in the first
phase. Those transcripts associated with CBD versus BeS and controls were validated in a
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second cohort of 20 subjects per group, including the initial 10 subjects per group and 10
new subjects per group, using high-throughput real-time PCR.

Disease diagnosis and exclusion—The diagnosis of CBD was established using
previously defined criteria, including a history of beryllium exposure, the presence of
granulomatous inflammation on lung biopsy, and a positive proliferative response of blood
and/or bronchoalveolar lavage (BAL) cells to BeSOy in vitro. The diagnosis of BeS was
established based on a history of beryllium exposure, a positive proliferative response of
PBMCs to BeSQy /n vitro on the BeLPT and the absence of granulomatous inflammation or
other abnormalities on lung biopsy. We excluded subjects being treated for CBD with
systemic immunosuppressants as this may impact gene expression. Some were treated with
inhaled corticosteroids. We excluded subjects if they used tobacco (smoking or otherwise) in
the past 6 months.

PBMC collection and beryllium treatment—Blood samples were drawn and PBMCs
were isolated from heparinised blood by Ficoll-Hypaque separation. PBMCs (1x108 mL™1)
were stimulated with 100 pM BeSO4 or medium alone and cultured for 24 h [19].

RNA preparation—Total RNA was extracted from PBMCs with an RNeasy Mini Kit
according to the manufacturer’s protocol (Qiagen).

Probe preparation and hybridisation—Probe preparation and hybridisation were
performed at the Genomics and Microarray Core at the University of Colorado Denver using
a GeneChip 1.0 ST array (Affymetrix, High Wycombe, UK).

High-throughput real-time PCR—High-throughput real-time PCR was performed to
verify the candidate genes using a TagMan™ OpenArray© NT Cycler System (Applied
Biosystems, Foster City, CA, USA) [20].

Western blotting—PBMCs were exposed to 100 uM BeSO, for 0, 1, 2, 6 and 24 h, and
then harvested for assay [21].

Beryllium lymphocyte proliferation test—Cells were incubated in the absence or
presence of 1 pM TG101348 for 30 min and treated without or with 10 or 100 pM BeSQOy4
for 4 days. Proliferation was measured as described elsewhere [19].

Statistical analysis

Data (apart from microarray experiments) were analysed by one-way ANOVA, followed by
Scheffe’s test for post hoc comparisons. The statistical analysis was performed using
commercially available software (Statview version 5.0.1; SAS Institute, Cary, NC, USA). A
p-value <0.05 was taken as statistically significant and all tests were two-sided.
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Microarray analysis

The intensity probes of the microarray samples were log,-transformed, and expression
normalisation and estimation were applied to the samples using the robust multiarray
analysis method to adjust for experimental variability using R version 2.13.0 (https://cran.r-
project.org). Microarray samples were grouped by CBD-stimulated/CBD-unstimulated,
BeS-stimulated/BeS-unstimulated and Con-stimulated/Con-unstimulated. We adjusted for
multiple comparisons using the Benjamini-Hochberg procedure. For each of the outcomes,
we first rank-ordered the differentially expressed genes according to the p-value, then
evaluated those genes that were upregulated or downregulated by >1.5-fold following the
analysis of expression intensity [22—-24]. The nominal significance level of each univariate
test was p<0.05 and the confidence level of the false discovery rate (FDR) was 90%.

Comparison of blood transcriptome with sarcoidosis

The genome expression levels for each comparison based on adjusted p-values were
compared with the differentially expressed transcripts from patients with sarcoidosis as
compared with control from KOTH et a/. [17], which were downloaded from Gene
Expression Omnibus (GEO). (http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?
acc=GDS4587). Cases were confirmed with biopsy.

Comparison of lung tissue transcriptome with sarcoidosis

Results

The expression levels for each comparison based on adjusted p-value were compared with
the 386 differentially expressed transcripts in the analysis performed by CROUSER et al.
[18], which were downloaded from GEO (http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?
acc=GDS3580). Cases were confirmed with biopsy.

Gene set enrichment analysis was performed as described elsewhere [25, 26] using web-
based software (http://www.broad.mit.edu/gsea/).

Functional classification and pathway analyses were evaluated with Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis in the Database
for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatic Resources
(http://david.abcc.ncifcrf.gov) [27].

Pathway analysis and network generation for overlapping genes in CBD and sarcoidosis
were performed with Ingenuity Pathways Analysis software (http://www.ingenuity.com).

Patient demographics

The demographics of the subjects are shown in table 1. No difference was seen in the age of
the BeS and CBD patients enrolled in this study. The majority of both subject groups were
male, typical of beryllium industries. No significant difference in the estimated duration
from first beryllium exposure was observed between BeS and CBD subjects. CBD subjects
had a statistically significant increase in the percentage of BAL lymphocytes compared with
BeS patients (17.9£13.0 versus 7.615.9, p<0.01). The clinical characteristics of patients with

Eur Respir J. Author manuscript; available in PMC 2016 December 02.


https://cran.r-project.org
https://cran.r-project.org
http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?acc=GDS4587
http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?acc=GDS4587
http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?acc=GDS3580
http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?acc=GDS3580
http://www.broad.mit.edu/gsea/
http://david.abcc.ncifcrf.gov
http://www.ingenuity.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 5

sarcoidosis are noted in online supplementary table S1a. On average, lung function was
similar between CBD and sarcoidosis cases. Sarcoidosis cases from KOTH et a/. [17] had
normal and low lung function, and were on systemic therapy and prednisone (online
supplementary table S1a). Sarcoidosis cases in KOTH et a/. [17] and our CBD cases showed
similar usage of inhaled corticosteroids.

Gene expression profiles demonstrate a prominent response from CBD compared with
BeS, and similarities between BeS and control PBMCs

Our analyses among the three groups of PBMCs (CBD-stimulated, BeS-stimulated and Con-
stimulated) revealed 472 significant genes (FDR <10% and p<0.05) (online supplementary
table S1). Comparing CBD-stimulated versus BeS-stimulated PBMCs revealed 797
significant genes, including 661 upregulated and 136 downregulated genes. Only 47 genes
were differentially expressed >1.5-fold, with 42 upregulated and five downregulated (online
supplementary table S1b and c). We observed 735 significant differentially expressed genes
between CBD-stimulated and Con-stimulated PBMCs. Interestingly, 543 genes were
upregulated and 191 were downregulated, with 237 differentially expressed >1.5-fold (233
upregulated and four downregulated genes; online supplementary table S2a and b). The
CBD-stimulated PBMCs demonstrated significantly higher expression levels of cytokine/
chemokine genes than Con-stimulated PBMCs, including CXCL10, CXCL9, CCL8, CCL3,
TINF, STAT2and SOCS3. Only three cytokine/chemokine genes (CCL3, CCL3L1and
SOCSI) were significantly higher in CBD-stimulated versus BeS-stimulated PBMCs.

Comparing BeS-stimulated with Con-stimulated PBMCs, 37 genes were differentially
expressed >1.5-fold, with 18 upregulated and 19 downregulated genes (data not shown).
Both CBD-stimulated and BeS-stimulated PBMCs demonstrated a Th1 immune response
with increased STATI, TINF, IRF1, IRF4, IRF8and ICAMI expression. Figure 2 shows gene
expression patterns based on KEGG pathways for CBD-stimulated versus Con-stimulated
and BeS-stimulated PBMCs (FDR <5% and p<0.001). The CBD-stimulated gene expression
was strikingly distinct from BeS-stimulated and Con-stimulated gene expression, with BeS-
stimulated most similar to Con-stimulated. In our study, we did not find activation of the
IL-17 pathways, which was confirmed by our T-cell immunophenotype study in CBD (data
under review). We have characterised the expression of Th17 from the lungs and peripheral
blood of patients with CBD in our study. There was no significant increase in IL-17* CD4*
T-cells detected on the memory T-cells in CBD, which is consistent with our current gene
expression data.

Comparing the CBD-unstimulated with BeS-unstimulated PBMCs, only nine genes (three
upregulated and six downregulated) were differentially expressed >1.5-fold (online
supplementary table S3a and b). There were 55 genes (27 upregulated and 28
downregulated) differentially expressed >1.5-fold in the CBD-unstimulated versus Con-
unstimulated PBMCs, while no genes were differentially expressed >1.5-fold in BeS-
unstimulated versus Con-unstimulated PBMCs (online supplementary table S4a and b).
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Analysis of gene sets and functional analyses revealed new and previously identified
candidate genes in CBD-stimulated versus Con-stimulated PBMCs

Based on the findings above, 161 functional gene sets were identified, representing 117
molecular functions or 766 biological processes, comparing CBD-stimulated with Con-
stimulated PBMCs. GO analysis revealed that these genes are mainly involved in functional
or biological processes related to leukocyte-mediated cytotoxicity, T-cell-mediated
cytotoxicity, cell killing, the cytokine-mediated signalling pathway and regulation and
antigen/protein/translation factor activity nucleic acid/major histocompatibility complex
(MHC) protein binding (figure 3). Using DAVID to compare CBD-stimulated with Con-
stimulated expression levels, we found more immune system processes, immune responses,
defence responses, responses to stress, inflammation responses, and responses to external
stimulus, wounding, other organisms, viruses and bacteria (p<0.0001). The most significant
of 18 enriched KEGG pathways was the JAK (Janus kinase)-STAT (signal transducer and
activator of transcription) pathway, containing 15 genes (p=0.000003; table 2).

CBD and sarcoidosis share transcriptional profiles, pathways and networks

The top differentially expressed genes in CBD and sarcoidosis were compared by Entrez
gene number, with 287 differentially expressed genes shared between CBD and sarcoidosis
PBMCs, including 271 upregulated and 16 downregulated genes (online supplementary table
S5a and b). The top regulators were NFKBIE, ICAM1 and L/LRB4, while the top pathways
were cytokine—cytokine receptor interactions, and Toll-like receptor, chemokine and JAK—
STAT signalling pathways. There were 14 genes regulated in opposite directions (online
supplementary table S5c and d). Evaluating these differentially expressed genes/pathways in
CBD and sarcoidosis revealed overlapping networks, involved in the inflammatory response,
immune response, lipid metabolism and molecular transport. The top overlapping networks
(figure 4) included STAT, CISH, SOCS1, SOCS2, SOCS3, TINFand others. The STAT
transcription factors serve as a hub for molecular connections.

Furthermore, we examined differentially expressed genes from sarcoidosis lung tissue in our
CBD profiles. We found that 33 differentially expressed genes overlapped in CBD PBMCs
and sarcoidosis lung, which included 13 upregulated genes (including CXCLY, FAMZ26F,
TAP1, CXCL11, GBP4, CCL8and STATI) and one downregulated gene. There were 19
genes regulated in opposite directions (online supplementary table S5e—h).

The top differentially expressed candidate genes were validated in a separate set of CBD,
BeS and control groups

We confirmed almost 450 of the 526 genes that we found above using real-time PCR. The
genes with the highest fold change included CXCL9, HCAR3, HCARZ, CD274, CLEC6A
and £GRZ, which were statistically significantly different between CBD-stimulated and
Con-stimulated groups (figure 5). Some samples had similar values, resulting in the
overlapping symbols in the “Con” groups (e.g. figure 5a). As above, BeS subjects were not
statistically different from CBD or controls, but displayed a more variable response than
controls.
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The JAK2-STAT1 pathway is functional in CBD

To assess the functional role of the top pathway and genes, we evaluated JAK?2 protein
phosphorylation in four CBD PBMCs by Western blotting. Expression of phospho (p)-
JAK2/p-STAT1 was increased after 1 h of beryllium stimulation, while SOCS3 was
increased after 6 h (figure 6a). The JAK2 inhibitor TG101348 significantly decreased the
proliferation of PBMCs in the BeLPT after both 10 and 100 uM beryllium treatment (n=6),
suggesting that the JAK pathway and JAKZ gene contribute to ongoing inflammation in the
lung in response to beryllium (figure 6b).

Discussion

In this study, we showed that BeS and CBD demonstrate a Th1 genomic transcriptional
profile, with cytokines and chemokines at higher levels in CBD than controls. Specifically,
the genes differentially expressed in CBD were mainly involved in functional or biological
processes related to leukocyte-mediated cytotoxicity, T-cell-mediated cytotoxicity, cell
killing, the cytokine-mediated signalling pathway and their regulation. The most significant
pathway was the JAK-STAT pathway, which is important in cytokine regulation. Not
surprisingly, the top genes associated with CBD included cytokine/chemokine and signalling
genes, such as CXCL10, CXCLY, TNF, STAT1, STATZand SOCS3. Furthermore, these
genes/pathways were apparent in another granulomatous lung disease, /.e. sarcoidosis, with
almost 300 genes concordantly regulated in both diseases. Finally, we confirmed the
functional aspects of JAK2, demonstrating that altering these genes impacts beryllium-
stimulated cytokine production and cell proliferation. The data provide important
information regarding the pathogenesis of CBD and, with similar findings noted in
sarcoidosis, have implications for other exposure-mediated immunological diseases.

We identified enrichment of genes involved in the JAK-STAT, cytokine—cytokine receptor
interaction, antigen processing and presentation, Toll-like receptor, and NOD (nucleotide-
binding oligomerisation domain)-like receptor signalling pathways as well as genes and
pathways not previously known to be involved in CBD, such as SOCS3and STAT1.
Abnormal activation of the JAK-STAT pathway has been implicated in autoimmune and
inflammatory diseases, such as rheumatoid arthritis [28, 29], systemic lupus erythematosus
[30] and Crohn’s disease [31], and other granulomatous lung diseases, including
tuberculosis [32] and sarcoidosis [32, 33]. Furthermore, the JAK2 inhibitor TG101348
decreased beryllium-induced proliferation in CBD, suggesting that the JAK pathway and the
JAKZ gene contribute to the ongoing inflammation in the lung in response to beryllium
(figure 6b). Inhibition of JAK genes has been proposed as treatment for autoimmune
inflammation, with JAK inhibitors among the first successful agents reaching clinical
application [34, 35]. Tofacitinib (tasocitinib), a JAK3 inhibitor, is used for psoriasis, while
TG101348, a JAK2 inhibitor, is in phase 1 trial for myelofibrosis [36]. Our results suggest
the potential of the JAK-STAT pathway as a target for immunomodulatory therapy in CBD
and potentially other granulomatous lung diseases.

Moreover, our data identify a CBD blood transcriptional signature including TNF-a. and
cytokine/chemokine genes, which are concordantly regulated in blood and likely contribute
to BeS and CBD pathogenesis. TNF-a is a potent pro-inflammatory cytokine that is
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essential for the formation and maintenance of granulomas in tuberculosis and sarcoidosis
[37-40]. MAIER et al. [41] identified CBD patients with increased TNF-a. levels associated
with worse clinical markers of disease severity. The TNF-a*02 allele in the promoter region
was a functional polymorphism that correlated with CBD severity [42]. Our study indicates
that a CBD blood transcriptional signature is a powerful tool to: 1) gain insight into different
pathways involved in the pathogenesis of CBD that can be studied further on a molecular
level; 2) define potential therapeutic targets based on additional study; and 3) explore
differentially expressed genes such as CCL3, CCL3L1and SOCSI that may be important in
BeS progression.

The expression profiles of beryllium-stimulated BeS are more similar to controls than to
CBD (figure 2), which is consistent with findings from our previous studies [43]. While BeS
individuals demonstrate an immune response to beryllium based on the BeLPT, they do not
show a significant Th1 immune response in the blood or lung. In addition, this is likely a
spectrum with beryllium-exposed workers (normal healthy controls) developing
sensitisation, some of whom are likely to progress to CBD, or may even be in the early
stages of this transition.

Among the GO terms related to biological process, regulation of leukocyte- or T-cell-
mediated cytotoxicity was present. Almost all of the genes included in the term encoded
MHC class | molecules, such as HLA-A, -B, -C, -E, -F and -G, which are involved in the
presentation of antigen to CD8* cytotoxic T-cells in CBD. This evidence suggests that CD8*
T-cells may also play a role in the development of CBD, although this has not been
evaluated to date. We did not find increases in Th17 genes, which is not surprising. We have
conducted a T-cell immunophenotype study in CBD (data under review), and characterised
the expression of Th17 from the lungs and peripheral blood of patients with CBD; we found
no significant increase in IL-17* CD4* T-cells detected on the memory T-cells in CBD,
which is consistent with our current gene expression data.

Evaluation of differentially expressed genes/pathways shared by CBD and sarcoidosis
showed that the top overlapping networks were involved in inflammation, immune
responses, lipid metabolism and molecular transport. Of the almost 300 differentially
expressed genes shared between CBD and sarcoidosis, STAT transcription factors (STAT1
and STAT?2) serve as a hub on which biologically important molecular connections
concentrate [44]. Interestingly, in another study, sarcoidosis lymph node granulomas
expressed abundant STAT1 and p-STAT1, suggesting its relevance in sarcoidosis [45]. While
we found STATI gene overexpression in PBMCs, we also found it increased in alveolar
macrophages (data not shown). In addition, STAT1-regulated chemokines, .. CXCL9,
CXCL10, CXCL11and CXCL16, were markedly upregulated in CBD and sarcoidosis
patients (online supplementary table S5a), suggesting the importance of STAT1 in these
diseases. STAT1 may also be a potential novel target for pharmacotherapy of chronic
granulomatous disease. Furthermore, the only gene upregulated in sarcoidosis but
downregulated in CBD was RNASES3, encoding for a ribonuclease which exhibits
antimicrobial activity against pathogenic bacteria. Sarcoidosis may be triggered by the
immune system responding to foreign substances, such as viruses, bacteria or chemicals,
which maybe a reason for the upregulated RNASES. It is possible that the differences found
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between CBD and sarcoidosis could be due to differences in the diseases themselves (as we
postulate for the findings for RMASE3 above), differences in the compartment studied
(PBMCs versus lung tissue), the use of beryllium stimulation, and/or differences in aetiology
and/or study design.

In addition to comparing CBD PBMCs with those of sarcoidosis PBMCs, we compared the
PBMC transcriptional profiling with lung gene expression and found a number of
differentially expressed genes between the two. Most of the concomitantly regulated genes
were related to the immune response (e.g. CCL8, CXCL9, CXCL11, TAP1, STAT1, CXCL9
and CXCL11). These genes have been implicated in granuloma formation in primates [46].
Interestingly, there were 19 genes which were divergent between these two diseases (online
supplementary table S5g-f). Genes that were upregulated in sarcoidosis but downregulated
in CBD were related to cellular macromolecule metabolic processes (e.g. FYB, PSIP1,
SH2D1A, CCNG2, IFNGRI1 and LPARS6). The only gene downregulated in sarcoidosis but
upregulated in CBD was RHBDDZ, which functions in signalling pathways related to cell
proliferation/survival in breast cancer [47]. These differences could be related to the two
different compartments tested, as some genes are known to be upregulated in the lung or
blood and decreased in the other [17]. Some of these differences could be due to differences
in disease severity, although on average the lung function was similar between groups, or
differences in treatment (as KOTH et a/. [17] included individuals on treatment).
Alternatively, these findings might suggest that the two diseases demonstrate some
difference in aspects of the immune response and/or proliferation, which should be evaluated
further. Furthermore, our blood experiments with beryllium stimulation reveal higher gene
expression levels than some of the sarcoidosis blood studies to date. In addition, we only
obtained transbronchial tissue for CBD on diagnosis, which is not sufficient to evaluate gene
expression. We have planned studies to obtain BAL cell gene expression beyond the scope
of this study.

In summary, our study shows that BeS and CBD PBMCs demonstrate differentially
expressed profiles relevant to immune function and pathogenesis. In addition, CBD shares
pathogenic genes/pathways with sarcoidosis. This study fills a crucial gap in our current
knowledge, allowing for the identification of new regulatory genes and networks that dictate
CBD and/or perpetuation of BeS. This important translational information will likely have
implications for other granulomatous and immune-mediated diseases. Most importantly, this
study provides the groundwork for further studies to explore biomarkers and investigate the
function of the genes and networks discovered herein, ultimately increasing our
understanding of the pathogenesis of CBD and other similar diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Flow diagram and study utilisation of the subjects enrolled in the study. CBD; chronic
beryllium disease; BeS: beryllium sensitisation; ND-Con: beryllium-exposed nondiseased
controls; NE-Con: nonexposed nondiseased controls; BeLPT: beryllium lymphocyte

proliferation test.

Eur Respir J. Author manuscript; available in PMC 2016 December 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

Page 14

CcCcLi3
CALMLG
FGF2
BCLZ
GADD458
TNFRSF14
FLTILG
TRADD
CNOT7
s0Cs3
CIsH
s0cs?
NFKBIE
SUGT1
EXOC7
CAPNT
COK4
RAP1A
FLOT1
CCND3
GNG5
TCIRGT
RELA
ILK
SMADZ
GNBZ
JUND
oTUDS
CSNK1G2
AKTZ
IL3RA
RARA
GADD45G
TLR7
MAF3K11
P2RX4
ENOT
CO-74
HLA-DPBT
PTPNé
ARFS
ARPCIB
PiM1

LYN
GMB1
HLA-F
cos1
SLC25A6
SHISAS

60_1567

62_1793
64_1680
66_1497
488678
74_1488
30_3099
32.3134
34_3253
38_3053
403245
42_3185
44_3062
46_3095
48_3140
50_3070

o0
E=}
(%)
o
w

0.9 Scaled and centred value 1.0

FIGURE 2.
Heatmap representing expressing profiles of beryllium-stimulated beryllium sensitisation

(BeS), chronic beryllium disease (CBD) and control (Con) peripheral blood mononuclear
cells determined by microarray analysis. Red indicates increased expression; green indicates
decreased expression relative to the nonfailing population mean. Gradients indicate the level
of gene expression change over time. Data range before thresholding: -2.7 to 2.9.
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FIGURE 3.
Gene Ontology category analysis related to the candidate genes found to differ between the

beryllium-stimulated chronic beryllium disease and control groups. MHC: major
histocompatibility complex. These 161 functional gene sets were identified to represent a
total of 117 molecular functions or 766 biological processes. The top 10 biological processes
and the top 10 molecular functions are shown.
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FIGURE 4.
Ingenuity Pathway Analysis of the top overlapping networks in chronic beryllium disease

and sarcoidosis. The network is displayed graphically as nodes (genes/gene products) and
edges (biological relationship between nodes). The node colour intensity indicates the fold
change expression of genes (red representing upregulation).
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Validation of the top chronic beryllium disease (CBD) candidate genes using the OpenArray
system: a) CXCLY, b) HCAR3, c) HCARZ, d) CD274, e) CLEC6A and f) EGRZ. Con:
control-stimulated group; CBD: CBD-stimulated group; BeS: beryllium sensitisation-
stimulated group. These top six genes overexpressed in CBD are shown as representative of
our findings for our validation. Each symbol represents an individual subject; bars show

mean+SEM.
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FIGURE 6.
a) Janus kinase (JAK)2/signal transducer and activator of transcription (STAT)1

phosphorylation was stimulated by beryllium in peripheral blood mononuclear cells
(PBMCs) from chronic beryllium disease (CBD) patients. PBMCs were treated with 100 pM
BeSQO, for the indicated period of time and cell lysates containing equal amounts of total
proteins were analysed by Western blot using antibodies against phospho (p)-JAK2, total
JAK?2, p-STAT1, STAT1 and actin. Total JAK2 and STAT1 served as a loading control. b)
The JAK? inhibitor TG101348 downregulated lymphocyte proliferation in CBD (n=6).
PBMCs were incubated in the absence (“Medium”) or presence of 1 uM TG101348 for 30
min, and treated with without or with 10 and 100 uM BeSO, for 4 days. Data are presented
as mean=SEM stimulation index (SI).
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Clinical characteristics of control, beryllium sensitisation (BeS) and chronic beryllium disease (CBD) subjects

Controls BeS CBD
ND-Con NE-Con

Subjects 10 10 20 20
Age years 55.5 (50-62) 62 (55-73) 56 (39-68) 62.5 (50-81)
Male/female 8/2 8/2 17/3 16/4
Race White/African-American/other 9/0/1 10/0/0 19/0/1 19/0/1
Duration since first exposure years 27.8+£14.6 24.7+7.8
Smoking status current/ex/never 0/1/9 0/0/10 0/3/17 0/5/15
FEV; L 2.9+0.74 2.71+0.57
FEV; % pred 83.47+16.63 84.80+17.46
FvVCL 3.78+0.89 3.51+0.74
FVC % pred 83.11+12.58 82.85+16.67
TLCL 6.69+1.46 6.47+1.15
TLC % pred 105.42+14.42  106.30+17.78
Dico 26.41+7.03  24.41+9.23
Dy co % pred 79.84+18.53  76.63+23.04
Inhaled corticosteroids 0(0) 6 (30)%
BAL cells

WBC count x10° 36.9+22.1 43.1+28.4

Lymphocytes % 7.645.9 17.9+13.0%

Data are presented as n, median (range), mean+SE or n (%). ND-Con: beryllium-exposed nondiseased control group; NE-Con: nonexposed

nondiseased control group; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; TLC: total lung capacity; O cQ: diffusing capacity
of the lung for carbon monoxide; BAL: bronchoalveolar lavage; WBC: white blood cell.

#p<0.01.
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TABLE 2

Pathways identified to be altered in beryllium-stimulated chronic beryllium disease peripheral blood
mononuclear cells (PBMCs) compared with beryllium-stimulated control PBMCs

Page 20

KEGG term

Genes

Pathway fold enrichment

False discovery rate

p-value

JAK-STAT signalling pathway

Cytokine—cytokine receptor interaction

Asthma

Antigen processing and presentation

Intestinal immune network for IgA

production

Allograft rejection

Toll-like receptor signalling pathway

Chemokine signalling pathway

Viral myocarditis

Systemic lupus erythematosus

B-cell receptor signalling pathway

Cell adhesion molecules

Graft-versus-host disease

Apoptosis

Type | diabetes mellitus

PTPNG, ILZRA, SOCS2,

S50CS3, S0CS1, PIM1,
BCL2L1, STAT1, CISH,
STATZ, CCNDZ, CSFZRB,
IL15RA, SPREDI, IL3RA

CCL3, TNF, CCL2, ILZRA,
CCR1, CXCLY, CCLS,
CDA40, CXCL11, CXCL10,
INHBA, TNFSF10,
TNFSF13B, CCL3L1,
CCL3L3, CSFZRB,
ILI5RA, IL3RA

TNF, FCERIG, HLA-
DPB1, CD40, HLA-DOB,
HLA-DRA

PSME1, PSMEZ, TAPZ,
TAP1, HLA-DPBI, HLA-
DOB, CD74, TAPBP,
HLA-DRA

TNFSF13B, CD&0,
IL15RA, HLA-DPBI,
CDA40, HLA-DOB, HLA-
DRA

TINF, CD80, HLA-DPBLI,
CDA40, HLA-DOB, HLA-
DRA

CCL3, TNF, CD80,
CXCLY, CD40, CXCL11,
STAT1, TLR7, CXCL10

CCL3, CCL2, LYN, NCFI,
CCR1, NCFIC, CXCLS,
CCL8, STATI1, CXCL11,

CXCL10, STATZ, CCL3L1,

CCL3L3

ICAM1, CD80, HLA-
DPB1, CD40, ABL2, HLA-
DOB, HLA-DRA

TNF, CD80, FCGRIC,
FCGRIA, HLA-DPBI,
CDA40, HLA-DOB,
TRIMZ21, HLA-DRA

PTPN6, DAPPI, LYN,
NFKBIE, LILRB3, CDé&1,
PIK3AP1

ICAM1, CD80, CD274,
HLA-DPBI, CD40, SDC4,
HLA-DOB, PDCDI1LG2,
HLA-DRA

TNF, CD80, HLA-DPB1,
HLA-DOB, HLA-DRA

TNFSF10, TNF, BCLZ,
CSFZRB, BCL2L 1, IL3RA,
TRADD

TINF, CD80, HLA-DPBI,
HLA-DOB, HLA-DRA

4.599

3.084

9.832

5.153

6.789

7.921

4.235

3.050

4.685

3.840

4.436

3.240

6.093

3.824

5.658
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0.003

0.097

0.318

0.329

0.534

0.895

1.231

1.801

3.725

4.721

4.872

6.432

8.946

9.764

11.464

0.000003

0.000087

0.000285

0.000295

0.000481

0.000807

0.001111

0.001630

0.003402

0.004331

0.004473

0.005950

0.008377

0.009179

0.010870
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KEGG term Genes Pathway fold enrichment  False discovery rate  p-value
Proteasome PSMB10, PSME1, PSME2, 5.056 16.452 0.016005

PSMBS8, PSMB9
Autoimmune thyroid disease CD80, HLA-DPB1, CDA0, 4.659 21.105 0.021053
HLA-DOB, HLA-DRA
NOD-like receptor signalling pathway TNF, CCL2, MEFV, CCLS, 3.833 36.208 0.039548
RIPK2

KEGG: Kyoto Encyclopedia of Genes and Genomes; JAK: Janus kinase; STAT: signal transducer and activator of transcription; IgA:

immunoglobulin A; NOD: nucleotide-binding oligomerisation domain.
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