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Abstract

Background: Chronic rhinosinusitis (CRS) without nasal polyps (CRSsNP) is a common disease
and is characterized by multiple inflammatory endotypes. However, molecular mechanisms in
CRSsNP are poorly understood compared to polypoid CRS.

Objective: To identify mechanisms and biomarkers associated with inflammatory endotypes
underpinning CRSsNP.

Methods: Ethmoid tissues and nasal lavage fluids (NLF) were obtained from control patients and
patients with CRS. The gene expression profiles were determined by microarray as well as
quantitative RT-PCR and expression of proteins was measured by ELISA and Luminex.

Results: Microarray found that 126, 241, and 545 genes were >3-fold and significantly elevated
in CRSsNP with type (T) 1 endotype (T1 CRSsNP), T2 CRSsNP, and T3 CRSsNP, respectively,
compared to control tissue. Selected identified genes were confirmed by RT-PCR. Gene set
enrichment analysis suggested that T1 CRSSNP was associated with IFN-y-signaling and anti-
viral immunity controlled by T cells (Th1l and CD8+), NK cells and antigen presenting cells
(APC); T2 CRSsNP was associated with STAT6-signaling and IgE-mediated activation controlled
by eosinophils, mast cells, Th2 cells, ILC2 and APC; and T3 CRSsNP was associated with 1L-17-
signaling, acute-inflammatory response, complement-mediated inflammation and infection
controlled by neutrophils, Th17 cells, B cells and APC. Results suggest that T1 (CXCL9 and
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CXCL10), T2 (eosinophilic proteins and CCL26) and T3 (CSF3) endotypic biomarkers in NLF
may be able to distinguish tissue endotypes in CRSsNP.

Conclusions: Inflammatory endotypes in CRSsNP were controlled by different molecular
mechanisms. NLF biomarker assays may allow for more precise and personalized medical
treatments in CRS.

Capsule summary

T1, T2 and T3 endotypes in CRSsSNP were controlled by distinct gene signatures with different
molecular mechanisms, and nasal lavage fluid biomarker assays may allow for more precise and
personalized medical treatments in CRS.
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INTRODUCTION

Chronic rhinosinusitis (CRS) is a common clinical syndrome responsible for over 400,000
surgeries per year and a total annual cost to the US health system estimated at $22 billion.1—3
CRS is frequently divided into two main phenotypes: CRS with nasal polyps (CRSwWNP) and
CRS without nasal polyps (CRSsNP). CRSwNP is primarily characterized by type 2 (T2)
inflammation, especially in Western countries.*-8 Furthermore, many transcriptome and
proteome analyses have identified mechanisms and molecules associated with T2
(eosinophilic) CRSWNP as well as non-eosinophilic CRSWNP.8-13

Despite the fact that 75-90% of all CRS patients are classified as CRSsNP, study of this
phenotype has been complicated by use of variable sinonasal biopsy sites having inherent
tissue-specific molecular differences (e.g. in host defense molecule expression),14 obscuring
the underlying heterogeneity of inflammation. While in CRSwNP it is obvious to study
nasal polyp (NP) tissue, investigators have used tissue biopsies from different anatomic
locations within the sinonasal cavity to evaluate inflammatory patterns in CRSsNP, leading
to issues with reproducibility in the literature. We recently evaluated biopsies from three
anatomic structures commonly removed at the time of endoscopic nasal surgeries - inferior
turbinate, uncinate tissue and ethmoid tissue (ET) - and demonstrated a variable degree of
inflammation in these sites in CRSsSNP; in general, ET had both the highest level of
inflammation and the greatest heterogeneity of inflammation.> For example, significant
elevations in expression of T2 markers (Charcot-Leyden crystal galectin [CLC] and IL-13)
and the type 3 (T3) marker, IL-17A were found only in ET but not in inferior turbinate or
uncinate tissue, indicating that ET is a more important location for these types of
inflammation in non-polypoid disease.® We further found that the distinct inflammatory
endotypes found in ET were associated with distinct clinical presentations in patients with
CRSsNP.” These results suggest that ET might be the best sinonasal tissue in which to study
CRSsNP pathogenesis.

In the US and Europe, it has become clearer that the most frequent inflammatory endotype
in CRSsNP is T2, as opposed to T1 or T3.4-7:15.16 However, the mechanisms of T2
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inflammation in CRSsNP, other than elevation of eosinophil markers and T2 cytokines, have
not been determined. In addition, the mechanisms underlying the T1 and T3 endotypes in
CRSsNP are still largely unknown. Furthermore, since published studies have all utilized
samples obtained at the time of sinus surgery, the relative frequencies of these endotypes in
patients who do not require surgery are not known. Mindful of these limitations, we set out
to better understand specific mechanisms and biomarkers in each CRSsNP endotype by
examining gene expression profiles in ET using microarray.

Patients and tissue collection

Patients with CRS and control patients were recruited from the Otolaryngology clinic and
the Northwestern Sinus Center of Northwestern Medicine. Detailed information and
characteristics of subjects in this study are shown in this article’s Online Repository at
www.jacionline.org (Supplementary Table E1-E3). All patients signed informed consent
forms and the protocol governing procedures for this study was approved by the Institutional
Review Board of Northwestern University Feinberg School of Medicine.

Real-time quantitative RT-PCR and microarray

Detailed methods for real-time quantitative RT-PCR (qRT-PCR) and information about
primers and probes (Supplementary Table E4) are shown in this article’s Online Repository.
The mRNA expression levels were normalized to a housekeeping gene, B-glucuronidase
(GUSB).

Microarray analysis with SurePrint G3 Human Gene Expression 8x60K v2 Microarray
(Agilent Technologies) was performed according to the manufacturer’s instructions at
University of North Carolina Lineberger Comprehensive Cancer Center, within the
Genomics Core Facility. The data were log 2 transformed, normalized by global
normalization, centered and then analyzed using Subio Platform ver. 1.23 (Subio Inc.,
Kagoshima, Japan). Gene ontology (GO) enrichment analysis and pathway analysis were
performed by g:Profiler. GO and pathways associated with endotypes were identified based
on an adjusted p value <0.05 by g:SCS algorithm.1”

Protein assays

Nasal lavage fluid (NLF) was obtained from patients before surgery. After suctioning the
nasopharynx, 8 ml of PBS was sprayed through a syringe toward the middle meatus, and the
resultant fluid was collected. Tissue extract was prepared by homogenization with a Bullet
Blender Blue (Next Advance, Averill Park, NY). The protein concentrations of each
biomarker in cell free supernatants were determined by commercial ELISA and Luminex
kits. Detailed methods are shown in this article’s Online Repository.

Statistical analysis

All statistical calculations were performed using Graphpad Prism version 6.07 (GraphPad
Software, La Jolla, CA), Subio Platform and g:Profiler. Differences between groups were
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analyzed using the 1-way ANOVA Kruskal-Wallis Dunn’s multiple comparison test or the
Mann-Whitney test. A p value of less than 0.05 was considered significant.

Identification of endotype-related genes in CRSsNP

We collected ET from 42 control subjects, 126 CRSsSNP patients and 55 CRSwWNP patients
and NP tissues from 63 CRSWNP patients (Supplementary Table E1) and identified T1, T2
and T3 endotypes by expression of IFN-y, CLC and IL-17A, respectively, using qRT-PCR
(Supplementary Fig. E1). We next selected 5 CRSsSNP patients with only T1 endotype (T1
CRSsNP), 8 with only T2 endotype (T2 CRSsNP) and 5 with only T3 endotype (T3
CRSsNP) for subsequent microarray analyses (Supplementary Fig. E1 and Table E2). We
also included ET from 9 CRSsNP patients that had no detectable elevations of T1, T2, or T3
inflammation (which we refer to as untypeable endotype (Tun CRSsNP) (Supplementary
Fig. E1)) and from 11 patients without sinonasal disease. Finally, 8 ET and 9 NP were
included from patients with CRSwWNP.

After filtering by exclusion of non-annotated genes, weakly expressed genes and
undetectable genes, we found that 31, 126, 241 and 545 genes (probes) were >3-fold
significantly elevated in Tun, T1, T2 and T3 CRSsNP, respectively, compared to controls in
microarray analysis (Table 1 and Supplementary Table E5). We found that over one third of
the up-regulated genes in Tun CRSsNP were uncharacterized “LOC” genes or pseudogenes
(Supplementary Table E5) and GO and pathway analyses did not identify any specific terms
(not shown). Therefore we did not further focus on Tun CRSsNP in the current study.

Mechanisms of inflammation in T1 CRSsNP

We first manually searched 126 genes that were up-regulated in T1 CRSsSNP and observed
that they were highly associated with IFN-y-mediated signaling and IFN-vy producing cells.
These included IFNG itself, IFN-y-induced genes!® 19, MHC-related molecules, T cell-
associated genes, NK cell- and CD8+ T cell-associated genes, and acute inflammatory and
host defense molecules2%: 21 (Table 2). To further understand the potential mechanisms of
inflammation, we performed GO and pathway analyses using the up-regulated genes in each
CRSsNP endotype (Fig. 1 and Supplementary Tables E6—E8). GO enrichment analysis
identified 156 biological process terms that were significantly associated with T1 endotype
(Fig. 1A and Supplementary Table E6). 88 terms including immune response and defense
response were shared across all three endotypes (Fig. 1A). We noted that 33 terms were
found only in T1 CRSsNP, including IFN-y-mediated signaling pathway, antigen processing
and presentation, NK cell mediated immunity and defense response to virus (Fig. 1B).
KEGG pathway analysis identified 32 pathways that associated with T1 endotype
(Supplementary Table E6) and 12 pathways that were associated only with T1 endotype
including antigen presentation, viral infection, NK cell mediated cytotoxicity and T helper
cell differentiation (Fig. 1CD). These results suggest that inflammation in T1 CRSsNP is
controlled by T cells, NK cells and antigen presenting cells (APC).
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Biomarkers of T1 CRSsNP in tissue

To identify specific biomarkers that are only elevated in the T1 endotype, we next screened
>3-fold significantly up-regulated genes in T1 endotype compared to control and all other
endotypes of CRSsNP and identified 12 genes which included IFNG, CXCL9, CXCL10 and
CXCL11 (Fig. 2AB). Clustering analysis also showed that these 12 genes were highly
elevated only in T1 CRSsNP (Fig. 2B).

To confirm our microarray analysis findings, we performed gRT-PCR in a larger cohort. We
separated endotypes using the 90th percentile of gene expression of the primary endotypic
markers (IFNG for T1) in control ET as the threshold for elevated expression,” and then
examined endotype specific genes comparing the presence (T1) and absence (Non-T1) of T1
endotype (Fig. 2C). We chose CXCL9 and CXCL10 as biomarkers and confirmed that they
were significantly elevated in T1 CRSsSNP compared to control, non-T1 CRSsNP and
CRSwWNP (Fig. 2C). Furthermore, mMRNA gene expression of IFNG, CXCL9 and CXCL10
strongly and positively correlated with each other in CRSSNP ET (n=126, Fig. 2D). These
results suggest that IFNG, CXCL9 and CXCL10 are appropriate and concordant biomarkers
for the T1 endotype in CRSsSNP.

Biomarkers of TL CRSsNP in nasal lavage

While we first identified biomarkers using surgical tissues (Fig. 2A), this is not practical in
an outpatient setting. We therefore pursued a method of endotyping using nasal lavage fluids
(NLF) that does not require surgery or biopsy and may have utility in studies based in the
clinic or in the field. We obtained NLF from control patients and patients with CRSsNP to
test whether levels of the identified biomarkers in NLF reflect inflammation in paired
adjacent tissue samples. We first found that detectability of IFN-y was low (2.3% positive
samples, not shown) in CRSSNP NLF. This suggests that IFN-y may not be useful for
endotyping NLF samples. In contrast, we found that detectability of CXCL9 and CXCL10 in
NLF by Luminex was 100% and the concentrations measured displayed nice variability
among patients in CRSsNP (Fig. 2E). We separated NLF samples by presence and absence
of T1 endotype using tissue PCR results (Fig. 2C) in 68 CRSsNP donors who had both
tissue RNA and NLF data and found that CXCL9 and CXCL10 proteins were significantly
elevated in T1 CRSSNP compared to control and non-T1 CRSsNP (Fig. 2E). We then
analyzed whether tissue levels of IFN-y correlated with these biomarkers in NLF in
CRSsNP. We found that IFNG mRNA in tissue positively and significantly correlated with
proteins for CXCL9 (r=0.702, p<0.0001) and CXCL10 (r=0.608, p<0.0001) in NLF in
CRSsNP (Fig. 2F). We also collected matched protein tissue extracts from CRSSNP patients
(n=71) and found that these biomarkers (CXCL9 and CXCL10) showed positive correlations
between NLF and tissue in CRSSNP (Fig. 2G). Receiver operating characteristic (ROC)
analysis also showed that CXCL9 (AUC, 0.869; p<0.0001; Sensitivity, 85%; Specificity,
75%) and CXCL10 (AUC, 0.815; p<0.0001; Sensitivity, 93%; Specificity, 63%) in NLF can
be used as biomarkers to predict the T1 endotype in CRS tissue (Supplementary Fig. E2 and
Table E9). These results suggest that CXCL9 and CXCL10 in NLF can be used as
biomarkers to predict T1 endotype in CRS tissue.
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Mechanisms of inflammation in T2 CRSsNP

We identified 241 up-regulated genes (Supplementary Table E5) in T2 CRSsNP that
included T2 cytokines, T2 inflammation-associated chemokines, markers of Th2 cells and
group 2 innate lymphoid cells (ILC2), IL-13 and STAT6-induced genes?? and activation
markers (Table 3). In addition, eosinophil-related?3: 24, mast cell-related?® 26, myeloid cell-
related?’: 28, basophil-related and regulatory T cell-related genes were up-regulated in T2
CRSsNP (Table 3). GO analysis identified 17 T2 CRSsNP-specific biological process terms
including antigen processing and presentation of lipid antigen, and T cell mediated
immunity (Fig. 1A, B, Supplementary Table E7). KEGG pathway analysis suggested that the
T2 endotype was associated with activation of the FceRlI signaling pathway (Fig. 1D,
Supplementary Table E7). These results suggest that inflammation in T2 CRSsSNP is
controlled by classical type 2 inflammation.

Biomarkers of T2 CRSsNP

We identified 47 genes that differentiated T2 CRSsNP from all other endotypes of CRSSNP
and control by microarray (Fig. 3A). Clustering analysis showed that 46 of these 47 genes
(except HSD3B2) were shared between ET from T2 CRSsSNP and CRSWNP and NP tissues
from CRSWNP patients (Fig. 3B and Supplementary Fig. E3). This indicates that these 46
genes are likely common biomarkers of the T2 endotype in tissue. As we did above with the
T1 endotype, we selected two T2 endotype specific genes, IL-13 and CCL26, and confirmed
that they were significantly elevated in T2 CRSsNP compared to control and non-T2
CRSsNP by qRT-PCR (Fig. 3C). Importantly, similar to our finding by microarray (Fig. 3B),
CLC, IL-13 and CCL26 were also elevated in ethmoid and NP tissues of CRSWNP and there
was no significant difference between T2 CRSsNP and CRSwWNP (Fig. 3C). Furthermore,
mRNAs for CLC, IL-13 and CCL26 significantly and positively correlated with each other
in CRSsNP tissue (n=126, Fig. 3D). These results suggest that the identified 46 genes,
including CLC, 1L-13 and CCL26, could serve as biomarkers of the T2 endotype in tissue.

We examined whether these biomarkers can be used in NLF to predict tissue T2 endotype in
CRSsNP. Since there was no standard detection system for the eosinophil marker CLC
protein at the time of this study, we assayed ECP protein, which is a commonly used marker
of eosinophils. We found that detectability of ECP, IL-13 and CCL26 proteins in CRSSNP
NLF was 100%, 14.0% and 75.6%, respectively (n=86, not shown), indicating that IL-13 is
less useful for endotyping using NLF samples. We next separated presence and absence of
T2 endotype in CRSSNP NLF using matched tissue RNA results (n=68) and found that ECP
and CCL26 proteins were elevated in T2 CRSsNP compared to control and non-T2 CRSsNP
in NLF samples although concentration of ECP between T2 CRSsNP and non-T2 CRSsNP
did not reach a significant difference (Fig. 3E). We also found that CLC mRNA in tissue
positively and significantly correlated with proteins for ECP (r=0.288, p=0.017) and CCL26
(r=0.327, p=0.007) in CRSsNP NLF (n=68, Fig. 3F). In addition, levels of ECP in NLF
positively correlated with ECP in tissue in CRSsNP (n=71, Fig. 3G). ROC analysis also
suggested that ECP (AUC, 0.767; p<0.0001; Sensitivity, 64%; Specificity, 84%) and CCL26
(AUC, 0.778; p<0.0001; Sensitivity, 64%; Specificity, 80%) can be used as biomarkers in
NLF to predict the T2 endotype in CRS tissue (Supplementary Fig. E2 and Table E9).
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Mechanisms of inflammation in T3 CRSsNP

Compared to control tissue, we identified 545 up-regulated genes in T3 CRSsNP (Table 1
and Supplementary Table E5) that included acute inflammatory and host defense

proteins20: 21 complement proteins, proinflammatory cytokines, class 11 MHC molecules,
neutrophil-associated genes?2 29, macrophage-related genes?’, B cell-related genes and T
cell-related genes (Table 4). Although IL-17A was undetectable by microarray (not shown),
IL-17F was detected as an up-regulated gene in T3 CRSsNP (Fig. 4A and Supplementary
Table E5) and many of the up-regulated genes in T3 CRSsNP are known to be induced by
IL-17A.22:30 GO enrichment analysis identified 435 terms that were significantly associated
with up-regulated genes in the T3 endotype and 226 terms that were uniquely associated
with T3 endotype (Fig. 1A, Supplementary Table E8). This included acute inflammatory
response and neutrophil activation, degranulation and chemotaxis (Fig. 1B). KEGG pathway
analysis suggested that B cell receptor signaling, IL-17 signaling, TNF signaling, NF-xB
signaling, complement activation and infectious diseases were uniquely associated with the
T3 endotype (Fig. 1CD, Supplementary Table E8). These results suggest that inflammation
in T3 CRSsNP is controlled by neutrophils, APC, B cells and Th17 cells and it may be
triggered by bacterial infection and activation of complement.

Biomarkers of T3 CRSsNP

We identified 84 genes that showed >3-fold and significant up-regulation in the T3 endotype
compared to control and all other endotypes of CRSsSNP by microarray (Fig. 4A). Clustering
analysis suggested that these genes may be variably elevated in ET of CRSWNP with some
(cluster A) found at elevated levels in NP and others (cluster B) which were not (Fig. 4B and
Supplementary Fig. E4). This suggests that genes in cluster B may be better biomarkers of
the T3 endotype. We next selected genes from cluster B (IL-17F, CSF3, SAAl and IL-1B)
and cluster A (IL-6), and performed qRT-PCR to confirm the microarray results. We found
that gene expression for IL-17F, CSF3 and SAA1 was significantly elevated in T3 CRSSNP
compared to all other groups (Fig. 4C). IL-1B and IL-6 also showed elevation in T3
CRSsNP when compared to non-T3 CRSsNP (Supplementary Fig. E5). We then found that
IL-17A significantly and positively correlated with IL-17F, CSF3, SAAL and IL-1B but not
with IL-6 in CRSSNP ET (n=126, Fig. 4D and Fig. E5). Overall, these PCR results confirm
our findings of gene expression patterns by microarray and suggest that genes in cluster B
including IL-17F, CSF3, SAAL and IL-1B, in addition to IL-17A, are good biomarkers of
the type 3 endotype of CRS in tissue.

We next examined these proteins in NLF and found that the detectability of IL-17A, CSF3,
SAA and IL-1p in CRSSNP NLF by Luminex was 11.6%, 96.5%, 79.1% and 53.5%,
respectively (n=86, not shown), suggesting that 1L-17A was the least useful biomarker in
NLF. Using tissue endotyping results in CRSsNP (n=68), we found that CSF3 protein was
elevated in T3 CRSsSNP compared to control in NLF samples (Fig. 4E). However, the
concentration of SAA, IL-1p and IL-6 did not show significant elevation in T3 CRSSNP
NLF samples (Fig. 4E and E5C). We further found that IL-17A mRNA in tissue only
significantly correlated with protein levels of CSF3 (r=0.376, p= 0.002) in CRSsNP NLF
(n=68, Fig. 4F). We also found that CSF3 showed positive correlations between NLF and
tissue in CRSsNP (n=71, Fig. 4G). ROC analysis also showed that CSF3 in NLF (AUC,
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0.662; p=0.030; Sensitivity, 44%; Specificity, 89%) is the best biomarker which we tested to
predict the T3 endotype in CRS tissue (Supplementary Fig. E2 and Table E9).

DISCUSSION

In the past decade, the underlying mechanisms and key immune cells responsible for
CRSwNP pathogenesis have been well characterized. In contrast, these processes have only
begun to be examined in CRSsNP. Recent studies have classified the inflammatory
environment in CRSsNP into T1, T2, or T3 endotypes.>~7 To our knowledge, this is the first
study to report transcriptome data for each inflammatory endotype of CRSsNP and to
identify potential mechanisms for each endotype. Furthermore, we have identified
biomarkers that can be useful classifying inflammatory endotypes in NLF from CRS
patients.

Classically, T1-mediated immunity provides defense against intracellular bacteria and
viruses, and IFN-vy is a key immune effector cytokine produced from activated CD4+ Thl
cells as well as CD8+ cytotoxic T cells, NK cells and ILC1.31 Although we initially
hypothesized that Th1 cells were the main T1 effector cell in T1 CRSsSNP, current study
found that CD8+ T cell- and NK cell-associated genes including CD8A, granzymes, NCR3
and ZNF683 were also highly elevated in T1 CRSsNP (Table 2). These results suggest that
both innate (NK cell) and adaptive (Th1 cell and CD8+ cytotoxic T cell) type 1 immune
cells are important in driving T1 CRSsNP. Since ILC1-specific markers have not been
identified and the frequency of ILC1 in sinus tissue was very low,32: 33 the role of ILC1 in
T1 CRSsNP is currently unclear and future studies using more sensitive approaches will be
required.

Both GO and pathway analyses suggested that the T1 endotype was associated with viral
infections (Fig. 1 and Supplementary Table E6). Innate immunity against viruses is triggered
by the recognition of virus by innate pattern recognition receptors including toll-like
receptors and RIG-I like receptors and the production of type | IFNs including IFN-a and
IFN- in infected cells.3* Type | IFNs further induce many antiviral proteins that inhibit
viral replication.3* However, our results showed that type | IFN and type | IFN-induced
genes were not elevated in T1 CRSsNP (Supplementary Table E5 and not shown). Instead,
IFN-y (a type Il IFN), many IFN-y-induced genes (e.g. MHC molecules and CXCR3
ligands), and T cells markers were up-regulated in T1 CRSsNP (Table 2). This suggests that
virus-mediated inflammation in T1 CRSsNP may be mainly regulated by adaptive T cell
mediated responses, including proliferation and activation of viral-specific Thl cells and
cytotoxic CD8+ T cells. Furthermore, innate NK cell-mediated cytotoxicity may be involved
in the anti-viral immunity in T1 CRSsNP. In addition to anti-viral immunity, phagocytosed
bacteria may also be involved in inflammation in T1 CRSsNP via similar pathways
including NK cell-mediated cytotoxicity and antigen specific Th1 cell- and cytotoxic T cell-
mediated adaptive immunity. However, GO and pathway analyses are only tools that predict
molecular events by selected genes (e.g up-regulated genes in endotype). Further studies will
be required to examine direct evidences of key identified GO terms and pathways in each
endotype including viral infection and T1 endotype.
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T2 inflammation-mediated immunity provides defense against helminth infection and is
involved in allergic disease. Our microarray results showed that key effector cytokines in T2
inflammation, IL-4, IL-5 and IL-13, and markers of known T2 cytokine producing cells, Th2
cells, mast cells, basophils and 1LC2,8 were all significantly up-regulated in T2 CRSsNP
(Table 3). This result suggests that known T2 cytokine-producing cells are the primary
contributors of T2 inflammation observed in T2 CRSSNP. We previously published that mast
cells, basophils and ILC2 were not elevated in CRSSNP and were only elevated in CRSWNP.
32,35,36 Our use of uncinate tissues from patients with CRSsNP and/or lack of subset
analysis using endotypic markers may explain our lack of detection of these cell types in our
previous studies.32 35 36 Fyrther study will thus be required to determine the presence of
these cells in CRSsNP using the more relevant ethmoid tissue, with endotyping in a large
cohort and also to examine the relative contribution of T2 cytokines from each cell type in
T2 CRSsNP.

In addition to markers of T2 cytokine producing cells, we also found many up-regulated
genes in T2 CRSsNP such as CCL18, CCL23, CD1c, CD163, F13A1, MRC1 (also known
as CD206), POSTN and cystatins (Table 3) that have been previously reported as NP-
associated genes.8-12. 37-40 Fyrthermore, T2 CRSsNP-specific genes were also significantly
elevated in ET and NP tissues from patients with CRSwWNP (Fig. 3B). These results suggest
that the mechanisms of T2 inflammation in T2 CRSsSNP and T2 CRSwNP are similar or the
same. What remains unclear is why, despite having similar T2 inflammatory environments,
polypoid tissue only develops in CRSWNP and not CRSsNP. Indeed, we identified several
genes that were only elevated in NP but not in T2 CRSsNP (not shown). In addition, we
have previously reported widespread activation of coagulation and deposition of crosslinked
fibrin in NP tissue.?1 42 Future investigations are needed to identify genes that specifically
are associated with NP formation.

GO analysis indicated that processing and presentation of lipid antigen was uniquely
associated with T2 endotype (Fig. 1B) and this association was due to the up-regulation of
group 1 CD1 molecules CD1A, CD1B and CD1C in T2 CRSsNP (Table 3 and
Supplementary Table E7). Group 1 CD1 molecules capture lipid antigen and present antigen
to group 1 CD1-restricted T cells. Several groups reported that group 1 CD1-restricted
autoreactive T cells promoted production of autoantibodies and autoimmune diseases.*3 We
previously found the elevation of autoantibodies in CRSWNP.44-46 |t may be valuable to
investigate the presence and role of group 1 CD1-restricted T cells in T2 CRSsNP.

T3-mediated immunity provides host defense against extracellular microbes such as bacteria
and fungi. IL-17A and IL-17F are key effector cytokines produced mainly from Th17 cells
and 1L.C3.31 We found up-regulation of 1L-17A, IL-17F and T cell-associated genes in T3
CRSsNP (Fig. 4 and Table 4) suggesting that Th17 cells may be the primary contributor of
T3 cytokines in T3 CRSsNP. However, it is still possible that ILC3 may play a minor role
and future study is needed to examine the contribution by ILC3.

GO and pathway analyses suggested that the T3 endotype is strongly associated with
neutrophilic inflammation (Fig. 1). Indeed, our microarray study found elevations of
numerous neutrophil chemokines, activation factors and receptors in T3 CRSsNP (Table 4).
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This suggests that neutrophils not only accumulated but also are highly activated in T3
CRSsNP /n vivo. In addition, pathway analysis suggested that the T3 endotype is associated
with B cell activation and complement pathways. Since we found up-regulation of C1Q in
addition to C3 and C4 and the gene signature of IgG-mediated neutrophil activation (Table
4), the classical complement pathway*® may play a role in T3 CRSsSNP. In addition,
complement factor B was elevated in both T1 and T3 CRSsNP (Tables 2 and 4), suggesting
that the alternative complement pathway“6 might also play a role in T1 and T3 CRSsNP. We
recently reported that the classical complement pathway is activated in NP.46 However, we
previously could not detect elevation of the complement pathway in CRSsNP.46 Similar to
studies of type 2 cells, we used uncinate tissues in those studies and did not perform a subset
analysis using endotypic markers which may explain the negative results.46 Future studies
are thus clearly required using ET of CRSsNP patients to revisit the influence of the
complement pathways in non-polypoid CRS.

We also found that up-regulated genes in the T3 endotype were highly associated with acute
inflammatory and host defense responses (Fig. 1 and Table 4). Importantly, many of these
genes are known to be induced in neutrophils, macrophages and structural cells including
epithelial cells and fibroblasts via direct activation of innate immune receptors on these cells
by pathogens as well as by paracrine activation through the production of IL-17 from
antigen specific Th17 cells and pro-inflammatory cytokines TNF and IL-1f from innate
immune cells including macrophages.3° This suggests that T3 CRSsNP may be associated
with bacterial infection. Importantly, we recently found that the T3 endotype potently
associated with the presence of intranasal pus, supporting this view.” This finding strongly
meshes with our current result.

In the present study, we identified biomarkers of each inflammatory endotype in tissue. Our
results suggest that CXCL9 (T1), CXCL10 (T1), CLC (T2), ECP (T2), CCL26 (T2), CSF3
(T3) SAA (T3) and IL-1p (T3), as well as T cell associated cytokines, IFN-y, IL-13 and
IL-17A, are useful biomarkers to detect each indicated endotype in CRS tissue. We also
attempted to identify biomarkers in NLF that are able to predict tissue endotypes in CRS.
We first found that the detectability of T cell associated cytokines in CRSSNP NLF was low.
This suggests that they are not useful markers for endotyping using NLF samples. We
further found that levels of CXCL9 and CXCL10 in NLF positively correlated with tissue T1
inflammation, ECP and CCL26 in NLF correlated with tissue T2 inflammation and NLF
CSF3 correlated with tissue T3 inflammation (Figs 2—4). This suggests that these molecules
are good biomarkers in NLF for inflammatory endotypes and measurement of these
biomarkers in NLF may be able to predict tissue inflammation without surgery and biopsy in
CRS.

Although we were able to identify up-regulated genes, biomarkers and potential mechanisms
in each endotype, our present study has certain limitations. Since the endotypes were defined
beforehand for the microarray samples, this was not a completely unbiased analysis and we
might be missing other unknown key endotypes besides T1, T2 and T3. Furthermore, we
failed to identify Tun CRSsNP specific mechanisms by microarray. Indeed, Principal
Component Analysis also showed that T2 and T3 endotypes are major factors to separate
distinct clusters (Supplementary Fig. E6). In contrast, normal control and Tun CRSsNP
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presented within the same cluster. Since the Tun endotype was assigned to patients based on
the absence of elevation of T1, T2, or T3 inflammation, this group may have more than one
unrecognized endotype, making it difficult to identify a single strong gene signature and
function. A larger scale transcriptomic study using a truly unbiased analysis might be of
value. Another potential limitation of our study might be the identification of T3 endotype
biomarkers. Although we found positive correlations between IL-17A and the identified
markers in tissue and between tissue IL-17A and NLF biomarkers (Fig. 4), these correlations
were not as strong as those found with T1 and T2 endotypes. ROC analysis also showed
similar patterns in T3 markers (Supplementary Fig. E2 and Table E9). Future studies are
necessary to identify, validate and evaluate additional T3 biomarkers in NLF. Nonetheless,
our studies indicate that CSF3 has utility in NLF and ET as a biomarker of T3 responses
(Fig. 4, Supplementary Fig. E2 and Table E9) until a more useful biomarker can be
identified. Several patients were taking a variety of medications including corticosteroids
and this might affect the results. We showed that systemic but not nasal steroid treatment
may influence levels of endotypic markers (Supplementary Figs. E7 and E8). Further
clinical studies will be required to validate the role of systemic steroid treatment on the
effect of endotype in CRSsNP. Finally, the sensitivity of the NLF assay might be an issue.
Since we used 8 ml of PBS to collect nasal fluids, all released factors in the nasal cavity are
recovered in a highly diluted state. We and other groups have also tried sponges, filter papers
and swabs to collect local secretions with some success.16: 47-49 Further validation studies
will be required to compare these techniques.

In conclusion, we report that inflammatory endotypes in CRSSNP are controlled by distinct
gene signatures with different mechanisms. The identified mechanisms in each endotype
may help discover endotype specific new therapeutic targets and NLF biomarker assays may
help in designing more precise and personal medicine strategies in CRS patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages

. CRSsNP has at least 3 major inflammatory endotypes that are controlled by
different molecular mechanisms and inflammatory cells.

. The identified mechanisms in each endotype may lead to discovery of
endotype specific new therapeutic targets.

. Nasal lavage biomarker assays may help in studies of the epidemiology,
genetics or outcomes in patients with diverse endotypes and lead the way to
personalized medicine strategies for the treatment of CRSsNP.
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C. KEGG pathway

T2 (7 pathways)
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« Chemokine signaling pathway
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« Cytokine-cytokine receptor interaction
« Viral protein interaction with cytokine

and cytokine receptor
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D. Endotype specific pathways by KEGG gene enrichment analysis

GO biological process p value KEGG pathway p value
T1 specific (33 terms) T1 specific (12 pathways)
Interferon-gamma-mediated signaling pathway 1.21E-14 Antigen processing and presentation 6.89E-20
Antigen processing and presentation 8.31E-14 Viral myocarditis 4.20E-14
Antigen processing and presentation of peptide antigen 1.83E-12 Th1 and Th2 cell differentiation 4.50E-13
Antigen processing and presentation of exogenous antigen 1.69E-11 Epstein-Barr virus infection 2.77E-12
NK cell mediated immunity 1.31E-06 Influenza A 9.43E-11
Positive regulation of cell killing 3.76E-05 Toxoplasmosis 1.85E-10
Antigen processing and presentation of endogenous antigen 1.60E-04 Tuberculosis 2.97E-09
Defense response to virus 7.04E-04 Human T-cell leukemia virus 1 infection 4.48E-08
Herpes simplex virus 1 infection 2.21E-06
T2 specific (17 terms) PD-L1 expression and PD-1 checkpoint pathway in cancer 1.53E-03
Antigen processing and presentation, endogenous lipid antigen 8.66E-05 Natural killer cell mediated cytotoxicity 9.50E-03
Antigen processing and presentation, exogenous lipid antigen 5.97E-04 Human immunodeficiency virus 1 infection 2.69E-02
Positive regulation of hemopoiesis 6.13E-04
T cell mediated immunity 1.06E-03 T2 specific (1 pathway)
GPCR signaling pathway, coupled to cyclic nucleotide 2nd messenger 2.70E-03 Fc epsilon RI signaling pathway 1.83E-03
Regulation of T cell tolerance induction 5.46E-03
Regulation of T cell mediated immunity 9.63E-03 T3 specific (11 pathways)
Positive regulation of macrophage activation 1.36E-02 Osteoclast differentiation 1.37E-09
NF-kappa B signaling pathway 1.28E-08
T3 specific (226 terms) B cell receptor signaling pathway 2.25E-08
Acute inflammatory response 2.63E-14 IL-17 signaling pathway 2 78E-08
Humoral immune response 1.82E-12 Pertussis 9.74E-06
Neutrophil activation 5.03E-12 TNF signaling pathway 9.16E-04
Granulocyte activation 7.77E-12 Legionellosis 1.62E-03
Regulation of acute inflammatory response 8.01E-11 Malaria 3.67E-03
Neutrophil mediated immunity 1.13E-10 Complement and coagulation cascades 4.73E-03
Neutrophil activation involved in immune response 2.46E-10 African trypanosomiasis 3.52E-02
Cellular response to biotic stimulus 4.35E-10 Chagas disease (American trypanosomiasis) 3.75E-02

Figure 1. Endotype specific GO biological processes and KEGG pathways in CRSsNP.
Venn diagrams showed the overlaps and endotype specific GO biological processes (A) and

KEGG pathways (C) in CRSsNP. Eight specific GO biological processes for each endotype
are shown in B. The complete list of endotype specific GO biological processes is shown in
Supplemental Tables E6—-E8. Endotype specific KEGG pathways are shown in D.
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Figure 2. T1 CRSsNP specific genes in tissue and biomarkers of T1 endotype in NLF.
A Venn diagram identified that 12 genes were >3-fold significantly elevated in T1 endotype

compared to control and all other CRSsNP endotypes (A). Hierarchical clustering was
performed using the 12 T1 CRSsNP specific genes in the microarray data (B). Expression of
mRNAs in control ET (n=42), CRSSNP ET (n=126), CRSWNP ET (n=56) and CRSWNP NP
(n=63) is shown in C. CRSsNP ET was divided into two groups by the presence (T1, n=46)
or absence (Non-T1, n=80) of T1 endotype based on the 90th percentile expression of IFNG
in control ET (shown by red dotted line). The protein concentrations in NLF and tissue
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extracts are shown (E-G). Protein expression in NLF compared across the groups is shown
in E. The Spearman rank correlations were assessed by matched RNA samples (D, n=126),
matched NLF and RNA samples (F. n=68) and matched NLF and tissue extract samples (G.
n=71) in CRSsNP. Results are shown as mean = SEM. ** p<0.01, **** p<0.0001 by one-
way ANOVA (C, E).
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Figure 3. T2 CRSsNP specific genes in tissue and biomarkers of T2 endotype in NLF.
A Venn diagram identified that 47 genes were >3-fold significantly elevated in T2 endotype

compared to control and all other CRSSNP endotypes (A). The hierarchical clustering was
performed using 47 T2 CRSsNP specific genes in the microarray data (B). Expression of
mRNAs in control ET (n=42), CRSSNP ET (n=126), CRSWNP ET (n=56) and CRSWNP NP
(n=63) was performed by gRT-PCR (C, D). CRSsNP was divided into two groups by the
presence (T2, n=60) or absence (Non-T2, n=66) of T2 endotype based on the 90th percentile
expression of CLC in control ET (shown by red dotted line in C). The protein concentrations
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in control NLF (n=42), CRSsSNP NLF and CRSsNP ET extracts were determined by ELISA
and Luminex (E-G). Protein expression in NLF compared across the groups is shown in E.
The Spearman rank correlations were assessed by matched RNA samples (D, n=126),
matched NLF and RNA samples (F. n=68) and matched NLF and tissue extract samples (G.
n=71) in CRSsNP. Results are shown as mean = SEM. * p<0.05, ** p<0.01, **** p<0.0001
by one-way ANOVA (C, E). UDL; under the detection limit.
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Figure 4. T3 CRSsNP specific genes in tissue and biomarkers of T3 endotype in NLF.
A Venn diagram identified that 84 genes were >3-fold significantly elevated in T3 endotype

compared to control and all other CRSsNP endotypes (A). The hierarchical clustering was
performed using 84 T3 CRSsNP specific genes in the microarray data (B). Expression of
mRNAs in control ET (n=42), CRSSNP ET (n=126), CRSWNP ET (n=56) and CRSWNP NP
(n=63) was performed by gRT-PCR (C, D). CRSsNP was divided into two groups by the
presence (T3, n=31) or absence (Non-T3, n=95) of T3 endotype based on the 90th percentile
expression of IL-17A in control ET (shown by red dotted line in C). The protein
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concentrations in control NLF (n=42), CRSsNP NLF and CRSsNP ET extracts were
determined by Luminex (E-G). Protein expression in NLF compared across the groups is
shown in E. The Spearman rank correlations were assessed by matched RNA samples (D,
n=126), matched NLF and RNA samples (F. n=68) and matched NLF and tissue extract
samples (G. n=71) in CRSsNP. Results are shown as mean £ SEM. * p<0.05, ** p<0.01, ***
p<0.001 and **** p<0.0001 by one-way ANOVA (C, E). UDL; under the detection limit.
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Table 1.

Top 15 up-regulated genes in each endotype of CRSsNP

Probe ID Gene Fold p-value
T1

A_33 P3343175 CXCL10 154  2.39E-06
A_23 P112026 IDO1 14.6  3.39E-06
A_24 P303091 CXCL10 14.3  9.54E-06
A_23 P18452 CXCL9 109 9.17E-05
A_24 P852756 HLA-DQA2 9.5 5.11E-06
A_23_P81898 UBD 9.3 2.21E-07
A_23 P151294 IFNG 9.2 5.21E-04
A_33 P3273884 HLA-DQAl 7.4 3.69E-04
A_23_P125278 CXCL11 7.2 1.35E-04
A_33 P3293049 HLA-DQAl 6.9 1.82E-04
A_23 P128993 GZMH 6.6 1.81E-04
A_33 P3408913 SAA2 6.6 9.46E-04
A_23 P22565 FATE1 6.3 4.50E-04
A_33 P3364089 SLCO1B3 6.2 1.03E-04
A_23_P46105 HAO2 6.1 3.28E-03
T2

A_24 P125335 CCL13 173.3 3.15E-10
A_23_P55270 CCL18 146.7 2.27E-08
A_23 P101683 CLC 139.6 1.78E-08
A_23 P144126 FETUB 123.2 5.76E-06
A_23_P112859 CST1 82.1 1.81E-05
A_24 P237175 CST2 64.4 1.11E-05
A_33 P3387991 CEBPE 54.1 2.96E-08
A_33_P3514487 VSTM1 49.9 1.42E-08
A_23 P215484 CCL26 40.1 5.12E-06
A_23 P251031 IL13 33.6 2.11E-05
A_23 P250302 CCR3 30.1 2.26E-08
A_23 P153390 CLEC4G 28.2 3.55E-06
A_23 P51217 CLCAl 26.1 9.10E-04
A_23_P101992 MARCO 16.3  5.00E-07
A_23 P321223 PMCH 15.6 2.09E-04
T3

A_23_P501754 CSF3 108.6  7.14E-06
A_23 P87238 SAA4 56.5 1.57E-05
A_23 P121695 CXCL13 50.7 6.98E-03
A_33_P3222424 CSF3 478 1.20E-04
A_33 P3408913 SAA2 47.6  3.48E-05
A_33 P3408918 SAA2 47.3 5.26E-05
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Probe ID Gene Fold p-value
A_24 P556318 SAA3P 46.9 2.95E-03
A_23 P331560 SLC26A4 40.2 1.22E-03
A_33_P3254844 CEACAM7 36.1 9.88E-05
A_23 P17065 CCL20 31.2 7.04E-04
A_33 P3260430 SPRR2A 29.8 1.12E-02
A_21_P0014941 SDIM1 24.2  9.46E-05
A_23 P150316 MMP12 23.2 2.93E-04
A_23 P26024 C150rf48 23.0 1.97E-07
A_23_P386478 TNIP3 19.3 4.83E-03
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Table 2.

Associated functions of up-regulated genes in T1 CRSsSNP

Association Up-regulated gene in T1 CRSsNP compared to control ET

IFN-y-induced CXCL9, CXCL10, CXCL11, IDO1, GBP1, GBP5, UBD, STAT1, MHC-related genes

MHC-related HLA-B, HLA-F, HLA-DPA1, HLA-DPB1, HLA-DPB2, HLA-DQA1, HLA-DQA2, HLA-DQB1,
HLA-DQB2, HLA-DRA, HLA-DRB1, HLA-DRB3, HLA-DRB4, HLA-DRB5, HLA-DMA, HLA-
DMB, CIITA, CD74

T cell CD3D, CD3G, CTLA4, TRAT1, CD8A

NK cell- and CD8+ T cell GZMA, GZMB, GZMH, CD96, CD160, NCR3, ZNF683

Acute inflammatory and host defense | CFB, SAA2, SAA4, TF
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Table 3.

Associated functions of up-regulated genes in T2 CRSsSNP

Association

Up-regulated gene in T2 CRSsNP compared to control ET

T2 inflammation

IL4, IL5, IL13, CCL13, CCL18, CCL23, CCL26

IL-13 and STAT6 induced

CLCA1, POSTN, SERPINB2, SERPINB10, CST1, CST2, FETUB

Activation CD69, IL2RA

Th2 and ILC2 ILIRL1, PTGDR2

Eosinophil ALOX15, CLC, CCL13, CCL26, CCR3, HRH4, RNASE2, RNASES3, SIGLECS, PRSS33, PTGDR2

Mast cell CPA3, HDC, MS4A2, HPGDS, TPSAB1, TPSD1

Basophil CLC, CCR3, PTGDR2

Myeloid cell CCR1, CCLS8, CCL23, CD1C, CD163, CD200R1, CD209, CD300LF, CNR2, F13A1, MARCO, MRC1, NLRP12

Regulatory T cell

IL2RA, FOXP3, IL10, CTLA4

Group | CD1

CD1A, CD1B, CD1C
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Table 4.

Associated functions of up-regulated genes in T3 CRSsSNP

Association

Up-regulated gene in T3 CRSsNP compared to control ET

Acute inflammatory and host
defense

SAA1L, SAA2, SAA4, HAMP, CFB, CP, DEFB4A, CHI3L1, S100A9, SERPINAL, SERPINA3

Complement

C1QA, C1QB, C1QC, C3, C4A, C4B, C4BPA, CFB

Proinflammatory cytokine

IL1B, IL6, IL17F, CSF3, LTB, TNFSF11, TNFSF14

Class Il MHC-related

HLA-DMB, HLA-DOB, HLA-DQA1, HLA-DQA2, HLA-DQB1, HLA-DQB, HLA-DRB3, HLA-
DRB4

Neutrophil CSF3, CSF3R, CXCL1, CXCL2, CXCL3, CXCL6, CXCR1, CXCR2, IL-8, CD177, FCGR3A, FPR1,
FPR2, FPR3, VNN2

Macrophage AIM2, CCL2, CCL7, CCL8, CCR1, FCGR1B, CNR2, MMP12, MPEG1

B cell CD19, CD22, CD72, CD79B, BLK, CXCL13

T cell CD3D, CD7, CD27, CD28, CD40LG, CTLAA4, ICOS, TIGIT
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