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Abstract

Objectives—To determine whether disease processes related to granulomatosis with polyangiitis
(GPA\) are reflected in gene expression profiles of nasal mucosa.

Methods—Nasal brushings of the inferior turbinate were obtained from 32 patients with GPA
(10 with active nasal disease, 13 with prior nasal disease, 9 with no history of nasal disease) and a
composite comparator group with and without inflammatory nasal disease (12 healthy people, 15
with sarcoidosis, 8 with allergic rhinitis). Differential gene expression was assessed between
subgroups of GPA and comparators.

Results—339 genes were differentially expressed between the GPA and comparator groups
(absolute fold change > 1.5; false discovery rate < 0.05). Top canonical pathways upregulated in
nasal brushings from patients with GPA include granulocyte adhesion and diapedesis (p=8.6
E-22), agranulocyte adhesion and diapedesis (p=1.3 E-14), interleukin 10 signaling (3.0 E-11), and
TREML1 signaling (9.0 E-11). A set of genes differentially expressed in GPA independent of nasal
disease activity status included genes related to epithelial barrier integrity (fibronectin 1,
desmosomal proteins) and several matricellular proteins (e.g. osteonectin, osteopontin).
Significant overlap of differentially expressed genes was observed between active and prior nasal
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disease GPA subgroups. Peripheral blood neutrophil and mononuclear gene expression levels
associated with GPA were similarly altered in the nasal gene expression profiles of patients with
active or prior nasal disease.

Conclusions—RProfiling the nasal transcriptome in GPA reveals gene expression signatures
related to innate immunity, inflammatory cell chemotaxis, extracellular matrix composition, and
epithelial barrier integrity. Airway-based expression profiling is feasible and informative in GPA.

Keywords

vasculitis; granulomatosis with polyangiitis (GPA Wegener’s); gene expression; ANCA-
associated vasculitis; nasal mucosa

Nasal disease occurs in the majority of patients with granulomatosis with polyangiitis (GPA,
Wegener’s) and is often a presenting feature of the disease[1]. Features of nasal disease in
GPA include obstruction, crusting, ulceration, epistaxis, and cartilaginous/bony destruction
with potential resultant saddle nose deformity[2]. The incidence of rhinosinusitis at time of
diagnosis is estimated to be 75% in GPA, and 90% of patients with GPA will develop
sinonasal disease at some point during the course of disease[1, 3]. For many patients with
GPA, localized symptoms of upper airway involvement can precede the development of
antineutrophil cytoplasmic antibodies (ANCA) and systemic disease by months to years[4].

There is an unmet need for novel diagnostic biomarkers and markers of nasal disease
activity in GPA. When nasal histology for GPA is defined by the presence of small vessel
vasculitis, granuloma, or extravascular necrosis, the diagnostic accuracy of nasal biopsies is
only approximately 50%][5]. Patients with GPA often report persistent upper airway disease
despite treatment and improvement in inflammation in other organ systems. In these
settings, distinguishing symptoms of active nasal disease from symptoms related to chronic
nasal damage is often challenging.

The objective of this study was to characterize the nasal transcriptome in GPA using
samples collected with a minimally invasive brushing technique. Whole genome gene
expression profiling of nasal brushings was used to identify differentially expressed genes in
GPA versus a composite comparator group. Gene sets were identified within subsets of
patients with GPA in association with active nasal disease, nasal damage, and independent
of nasal disease activity status.

METHODS

Study Population

All patients were recruited from a single-center academic university hospital. The
institutional review board approved the study, and all patients provided informed consent.
Patients taking anticoagulants or with a known bleeding diathesis were excluded.

Granulomatosis with Polyangiitis Group: All patients with GPA fulfilled the 1990 American
College of Rheumatology (ACR) Classification Criteria for Wegener’s granulomatosis[6].
To insure diagnostic accuracy, all patients were required to have documented anti-neutrophil
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cytoplasmic antibodies (ANCA) with specificity to either myeloperoxidase (MPO) or
proteinase 3 (PR3) at some point during the disease course. Patients were classified into 3
groups based on nasal-related symptoms and disease status: 1) active nasal disease at the
time of nasal brushing; 2) a history of prior nasal disease with inactive nasal disease at the
time of nasal brushing; or 3) no known history of nasal symptoms attributed to GPA at any
point during the disease course. Active nasal disease was defined as > 1 week ongoing
symptoms of nasal obstruction, bloody nasal discharge, or nasal crusts attributed to active
disease accompanied by visual conformation of nasal mucosal abnormalities on nasal
speculum examination at the time of sample collection.

Composite Comparator Group: Healthy volunteers, patients with sarcoidosis, and patients
with allergic rhinitis were recruited into a composite comparator group. Sarcoidosis was
included because it is a multi-system granulomatous disease with features that overlap GPA
including nasal involvement. All patients with sarcoidosis had biopsy-confirmed disease.
Patients with allergic rhinitis were recruited from an allergy clinic with diagnosis confirmed
by clinical features and specific IgE testing. All patients with allergic rhinitis had ongoing
nasal symptoms at the time of sample collection.

Eosinophilic Granulomatosis with Polyangiitis (Churg-Strauss) Group: A second
comparator group comprised of patients with eosinophilic granulomatosis with polyangiitis
(EGPA) was studied because EPGA is a small-vessel vasculitis that shares many features
with GPA, including a high prevalence of nasal disease. All patients with EGPA fulfilled the
1990 American College of Rheumatology (ACR) Classification Criteria for Churg Strauss
Syndrome[7].

Sample Collection and Processing

Using a nasal speculum, brushings were obtained from the right inferior turbinate with a
standard cytology brush (Medical Packaging Company, Camarillo, CA) as previously
described[8]. Brushings were placed in RNA lysis buffer and frozen at —80C until use. RNA
was isolated via Qiagen RNeasy Mini Kits per manufacturer’s protocol. The integrity and
purity of RNA were assessed using an Agilent Bioanalyzer and spectrophotometric analysis,
respectively. An average of 3ug of high-quality total RNA was obtained from each
collection. Visual inspection by light microscopy of representative slides prepared from
nasal brushings confirmed that samples included 80-90% epithelial cells per high-powered
field with a small fraction of hematopoietic cells included in each brushing sample.

Microarray Data Acquisition and Preprocessing

100ng of total RNA from nasal brushings was processed, labeled, and hybridized to
Affymetrix GeneChip Human Gene 1.0 ST Arrays each containing 19,658 probe sets, as
previously described[9]. Samples were processed in 3 separate batches, and samples from
patients with EGPA were only included in the third batch.

Microarray data were analyzed using Partek Genomics Suite software (Partek Inc., St.
Louis, MO). Probe summarization and normalization were performed using Robust
Multichip Average and Log2 transformation (Affymetrix Chip Definition File Human Gene
1.0 ST v1.r4). For comparisons involving microarray data from patients with EGPA, only
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the batch 3 samples were analyzed. Data quality was assessed using principal components
analysis and sample histogram plots, and no samples were excluded. Differential gene
expression was identified using mixed linear regression models adjusting for treatment
status and batch effect. Treatment status was defined as “on treatment” versus “off
treatment” based upon use of glucocorticoids or other immunosuppressant agents at the time
of nasal sampling.

Microarray Data Analysis

Prior to sample processing for microarrays, patients with GPA were selected and matched to
the composite comparator group on the basis of age, sex, and race. Differential gene
expression was compared between patients with GPA and the composite comparator group.
A 1.5 fold-change and a false discovery rate (FDR) < 0.05 defined differential expression.
As a secondary analysis, gene expression was compared between each of the three GPA
subgroups (active nasal, prior nasal, never nasal) and the composite comparator group. For
these analyses given the smaller sample sizes of the subgroups, a fold change of >1.5 and p-
value < 0.05 without FDR correction defined differential gene expression. Pathway analysis
of relevant gene sets was examined using default settings in Ingenuity Pathway Analysis
(IPA, QIAGEN Redwood City). Gene Set Enrichment Analysis (GSEA) was used to
compare differentially expressed genes derived from nasal brushings to published
transcriptomic data sets in GPA derived from blood (Supplementary Material).

Validation of Candidate Genes by real time PCR

RESULTS

Gene expression of selected candidate genes was validated by quantitative RT-PCR. The
analysis was performed using SYBR Green-based RT2 qPCR Primer Assays (Qiagen,
Valencia, CA). GAPDH was used as a housekeeping gene to normalize all samples. All real-
time PCR experiments were carried out in triplicate on each sample.

Patient Characteristics

Nasal brushings of the inferior turbinate were obtained from 32 patients with GPA (10 with
active nasal disease, 13 with prior nasal disease, 9 with never nasal disease) and 35 controls
with and without inflammatory nasal disease (12 healthy people, 15 with sarcoidosis, 8 with
allergic rhinitis). There were no significant clinical or demographic differences between
patients with GPA and the composite comparator group, except more patients with GPA
were taking glucocorticoids and other immunosuppressant agents compared to the
composite comparator group (Supplemental Table 1). Five of 15 (33%) patients with
sarcoidosis had active or prior nasal disease and 5 of 12 (42%) patients with EGPA had
active nasal disease at the time of sample collection.

Differential Expression in the GPA versus Composite Comparator Groups

There were 393 probesets (339 genes) differentially expressed between GPA and the
composite comparator group (see Supplemental Table 2 for complete list). Visualization of
differential expression is displayed in Supplemental Figures 1&2. A list of the most
differentially expressed genes by fold change is provided in Table 1. Differential expression
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of proteinase 3 (PR3) and myeloperoxidase (MPQO), the major auto-antigens in GPA, was
not observed between GPA and the comparator group. Upregulation of genes related to
epithelial structural proteins was observed in GPA, including keratin and small proline-rich
proteins. Of the 339 differentially expressed genes, the top 5 canonical pathways
upregulated in nasal brushings from GPA patients were granulocyte adhesion and diapedesis
(ratio=29/177; p=8.6 E-22), agranulocyte adhesion and diapedesis (ratio=23/189; p=1.3
E-14), interleukin (IL) 10 signaling (ratio=13/69; p=3.0 E-11), LXR/RXR activation
(ratio=16/121; p=4.3 E-11), and TREML1 signaling (ratio=13/75; p=9.0 E-11). Of the 393
probes differentially expressed between GPA and the composite comparator group, there
was concordant differential expression in 270 (69%) of the probes between GPA and EGPA,
including most of the top differentially expressed genes displayed in Table 1.

Differentially Expressed Genes in GPA Subgroups

Intersection of genes that were differentially expressed between the 3 GPA subgroups
(active nasal disease, prior nasal disease, no prior history of nasal disease) and the composite
comparator group are displayed in Figure 1. 26 probes (18 genes) were differentially
expressed in all three GPA subgroups versus the composite comparator group, including
upregulation of genes involved in cellular adhesion [fibronectin 1 (FN1), desmoglein-3
(DSG3), and desmocollin 2 (DSC2)] and matricullular proteins [osteopontin (SPP1),
osteonectin (SPARC)]. Differential expression of other key matricellular proteins was
observed throughout the dataset. Thrombospondin 1 and 2 (THBS1, THBS2) were
upregulated (fold change = 2.33/1.24; p=1.4E-03/4.4E-04) and hevin (SPARCL1) was
downregulated (fold change —2.00, p= 4.1E-06) in nasal mucosa from patients with GPA
versus comparators.

Among genes differentially expressed in GPA with prior nasal disease versus the composite
comparator group, 463 of 539 probes (86%) were also differentially expressed in GPA with
active disease. There were 62 probes (48 genes) that were uniquely differentially expressed
between GPA with prior nasal disease and the composite comparator group, which may
reflect changes in gene expression related to nasal damage.

Selected Candidate Genes and Validation by RT-PCR

Five candidate genes with increased expression in nasal brushings from patients with GPA
were selected for validation by RT-PCR. These genes included: triggering receptor
expressed on myeloid cells 1 (TREML1), IL-8, osteopontin (SSP1), small proline-rich protein
1B (SPRR1B), and alpha-1 antitrypsin (SERPINA1). Candidate genes were selected on the
basis of degree of differential expression in the dataset and any known associations with
GPA.. Gene expression of each candidate gene as measured by microarray is displayed by
disease subgroup (Figure 2). Differential expression of each gene was confirmed in a subset
of patients with GPA and comparators by RT-PCR (data not shown).

DISCUSSION

This report details the first whole-genome gene expression profiling study of airway tissue
from patients with GPA. Using a minimally invasive nasal brushing technique, gene
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expression signatures were defined in association with disease activity status. Because
rhinosinusitis is an early, prevalent, and characteristic feature of GPA, gene expression
pathways identified by profiling nasal mucosa from patients with GPA may provide insight
into disease pathogenesis and disease susceptibility. Histologically, necrotizing vasculitis
and inflammation consisting of histiocytes, lymphocytes, plasma cells, and multinucleated
giant cells surrounding geographic areas of basophilic necrosis with granuloma formation is
characteristic of nasal involvement in GPA[10]. Differentially expressed genes identified in
the nasal mucosa of patients with GPA suggest the importance of innate immunity,
granulocyte and agranulocyte migration and diapedesis, extracellular matrix composition,
and epithelial barrier integrity in the pathogenesis of nasal disease in GPA. These findings
parallel results from a previous study that measured expression values of 49 selected
transcripts in nasal mucosa from patients with GPA versus controls and found differential
expression of a genes related to antimicrobial defense (defensins, SL000A7), innate
immunity (TLR4, MYD88), and epithelial barrier integrity (fibronectin 1, thrombospondin
receptor)[11].

Neutrophils are a critical component of the innate immune system and are a key pathogenic
cell in ANCA-associated vasculitis[12]. Differential expression of genes related to
neutrophil chemotaxis (IL-8, CXCR1, CXCR2, FPR1, FPR2), inflammation (IL1, IL1R2)
and toll-like receptors (TLR2, TLR4, TLR8) was observed in nasal mucosa in GPA
compared to healthy and disease controls. The most upregulated gene in nasal mucosa in
GPA was TREM1. TREML1 is a signaling receptor on neutrophils and monocytes that
amplifies pro-inflammatory cytokine production, degranulation, and phagocytosis in
response to bacterial stimuli[13]. Increased serum levels of soluble TREM1 have been
associated with disease activity in AAV[14]. TREM1 may serve as an important mediator
between the nasal microbiome and disease pathogenesis in GPA.

Expression of SERPINA1 was increased in the nasal mucosa of patients with GPA during
active and prior nasal disease. SERPINAL encodes for alpha-1 antitrypsin, which is a serine
protease inhibitor of PR3. Point mutations in the SERPINA1 gene have been associated with
development of GPA [15], and polymorphisms in the SERPINAL gene have been associated
with severe treatment-refractory rhinosinusitis[16]. Increased SERPINAL expression in
nasal mucosa of patients with GPA raises the possibility of a protease-antiprotease
imbalance in the nasal environment that could play a causal role in the development of GPA.

A set of differentially expressed genes in the nasal mucosa of patients with GPA compared
to healthy and disease controls was identified independent of nasal disease activity status,
including matricellular proteins. Matricellular proteins (eg osteopontin, osteonective, hevin,
and thrombospondins) are secreted into the extracellular matrix and have been implicated in
granuloma formation, a defining phenotypic feature of GPA[17][18].

The strengths of this study include use of a novel, minimally invasive tissue sampling
method to perform comprehensive whole-genome transcriptomics in a highly relevant organ
in GPA. Profiling of a tissue directly involved with disease offers an advantage for
understanding pathways involved in the disease. A composite comparator group comprised
of healthy and relevant disease controls and an additional vasculitis comparator group were
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included to increase the likelihood that identified gene expression signatures were specific to
GPA and not generic to nasal inflammation.

There are some potential limitations of this study to consider. Nasal brushings collect a
heterogeneous cell population comprised primarily of epithelial cells with some contribution
from hematopoietic cells. Several interesting epithelial-cell specific candidate genes
emerged from these analyses including SPPR1, DSC1, and DSG3. Epithelial cells,
neutrophils, or macrophages can express other candidate genes, such as SERPINAL, SPP1,
and IL-8. Future studies to assess these candidate genes in purified cell populations from
patients with GPA are warranted. Comparisons of expression signatures identified from
nasal brushings with signatures derived from deeper nasal biopsies with confirmatory
immunohistochemistry studies in nasal biopsy tissue are needed. Patients did not undergo
naso-laryngoscopy which may have been useful to define the extent of upper respiratory
involvement and direct the site of tissue sampling beyond brushing of the inferior turbinate.
Results from this study suggest potential for interaction between the nasal microbiome and
nasal innate immunity in GPA; however, the nasal microbiome was not assessed in this
cohort. More patients with GPA compared to the other study groups were taking
glucocorticoids or other immunosuppressant agents at the time of sampling; however,
differential gene expression was assessed in regression models that adjusted for treatment
status. Finally, there were small numbers of patients within each subgroup, increasing the
potential for false discovery in the secondary analyses.

Profiling of the nasal transcriptome in GPA reveals gene expression signatures related to
innate immunity, inflammatory cell chemotaxis, epithelial barrier integrity, and extracellular
matrix composition. By studying gene expression in association with nasal disease activity,
sets of genes related to active disease, damage, and disease susceptibility were identified.
Future studies to validate and investigate these candidate biomarkers in the context of
disease pathogenesis in GPA are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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62 Probes (48 genes) exclusive to Prior
Nasal GPA

Upregulated in Prior Nasal GPA: CRNN,
KLK13, IL36A, TNIP3, CXCL6G, SPINKS,
DOX3Y, MMP12, LUM, FAM25C, MTNR1A,
DEFB4A, C150rfd8, CEACAMI, SPNS2,
FAMB3A, MMP7, DUOXAZ2, CEACAMT,
CXCL1, OVOL1, PDZK1IP1, CLDN17, CCL20,
DUDX2, DUSPS, TMEMASA, UTY, CXCL2,
FLG, TMPRS511D, STC1, P2RY10, GCOM1,
SERPINB1, PHLDA1, COLBA3, BPIFAL,
GRHL3, GABRE, MPEG1

Downregulated in Prior Nasal GPA:
SLC22A16, SNORDASC, GLDN, FERMT2,
MYOT, FAM107A

GPA - no history of nasal disease
(178 probes)

Page 9

26 Probes (18 genes) overlap all 3 GPA
Subgroups

Upregulated in GPA: FN1, HBB, HBA1,
SPARC, TMPRSS11E, KRT16, KRTGA, DSC2,
SPRR1B, S100AB, SPP1, KRTGB, LYPD3,
DSG3, SLC34A2

Downregulated in GPA: C100rf107, NTS,
SERPINB10

26

62 1786

437

GPA - prior history of nasal disease

(539 probes)

FIGURE 1.

GPA - active nasal disease

(2319 probes)

Venn diagram showing the number and overlap of differentially expressed probes between
the 3 GPA subgroups and the composite comparator group. There were 26 probes that were
differentially expressed in all 3 GPA subgroups versus the comparator group, and these
genes are listed in an insert. There were 62 probes that were uniquely differentially
expressed between subjects with GPA and prior nasal disease versus the comparator group,
and these genes are listed in an inset.
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FIGURE 2.
Dot plots illustrating microarray-based gene expression values of 5 selected candidate genes

across all of the different subgroups in this study. The boxplots show the range of gene
expression for each gene. The dots show individual patient data within each subgroup and
are color coded to reflect treatment status [red = not on treatment for disease; blue = patient
receiving either oral glucocorticoids, nasal glucocorticoids, or other immunosuppressant
agents]. Significantly increased expression in patients with GPA with active or prior nasal
disease was observed for all candidate genes (p<0.001). There was a trend of increased
SPP1 and SPRR1B expression in all subgroups of patients with GPA relative to the
composite comparator groups with highest expression of SPP1 observed in the GPA
subgroup with active nasal disease and the highest expression of SPRR1B observed in the
GPA subgroup with prior nasal disease.
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