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Purpose of review

Immune system modulators have been under investigation to help elucidate the underlying
pathophysiologies of chronic rhinosinusitis (CRS). Psoriasin (ST00A7) and calgranulins (STO00A8, STO0A9,
and STO0A12) are S100 proteins that have been studied for their immune-mediating responses to
pathogens within the context of CRS. This review highlights the expression patterns and proposed roles of

S100 proteins in CRS with (CRSWNP) and without (CRSsNP) nasal polyps.

Recent findings

Elevated levels of STOOA7 and STO0A12 were measured in the sinonasal tissues of patients with CRSsNP
compared with CRSWNP and controls. STOOA12 expression in CRSsNP was significantly correlated to
disease severity. Contrastingly, increased STO0A8, STO0A9, and S100A8/A9 levels were demonstrated
in the nasal polyp tissues of patients with CRSWNP compared with those in inferior turbinate and uncinate
tissues of patients with CRSsNP and controls.

Summary

The reported differential expression patterns and activities of psoriasin and calgranulins suggest that S100
protfeins exert unique and concerted roles in mediating immunity in different subtypes of CRS. These studies
will enable further investigations focused on understanding the immune-modulating mechanisms of S100
proteins in different inflammatory signaling pathways and disease phenotypes of CRS toward the pursuit of

identifying new biomarkers and targets for improved outcomes.
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Chronic rhinosinusitis (CRS) is an inflammatory
condition of the nose and paranasal sinuses symptom-
atically characterized by nasal obstruction, mucopur-
ulent nasal drainage, facial pain, and decreased or
loss of sense of smell [1]. Although an etiologically
and pathologically heterogeneous disease, studies
have suggested that maladaptive innate immune
responses with associated epithelial barrier breakdown
may be an essential cause of the disease. CRS is broadly
classified into two phenotypes: CRS with nasal polyps
(CRSWNP) and CRS without nasal polys (CRSsNP) [2].
The observed inflammatory mechanisms in CRSWNP
are commonly driven by allergic and eosinophilic
T-helper cell type 2 (Th2)-mediated responses, charac-
terized by CD4+ lymphocyte activation and the
secretion of proinflammatory Th2-associated cyto-
kines [3-6]. Th2 inflammation can also be nonallergic,
induced by pollutants or pathogens that initiateinnate
immune responses, whereas CRSsNP is predominated
by neutrophilic Thl-associated cytokine mediated
signaling pathways and CD8+ lymphocyte activation.
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Increasing investigations, therefore, have focused
on elucidating the biological roles of innate immune
modulatorsin CRStobetterunderstand the underlying
diseases caused by these complex inflammatory
profiles.

Proinflammatory innate immune responses in
CRS are triggered by interactions of pattern recog-
nition receptors (PRRs) with their ligands, pathogen
and damage-associated molecular patterns (PAMPs
and DAMDPs, respectively). PRRs, such as the Toll-like
receptors (TLRs) [7-10] and the receptor for
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KEY POINTS

e Calgranulins have been identified as emerging
biomarkers of inflammation.

e S100 proteins are differentially expressed in subtypes
of CRS.

e S100 proteins demonstrate different expression patterns
with respect to location of tissue sampling (e.g.,
uncinate, inferior turbinate, nasal polyp, anterior
ethmoid, blood, and nasal lavage fluid) and tissue
subsite (e.g., epithelium, basement membrane,
seromucous glands, and subepithelial stroma).

e S100 proteins exert unique and concerted roles in
mediating immunity in CRS.

advanced glycation end products (RAGE) [11], serve
critical roles in maintaining airway homeostasis and
in early inflammatory signaling. These functions are
initiated by PRR response to endogenous molecules
(alarmins) released by effector cells upon tissue
damage, as well as to exogeneous PAMPs derived
from pathogens during infection and DAMPs
secreted by activated immune and necrotic cells
[12]. PRR-ligand interactions stimulate the produc-
tion and release of proinflammatory cytokines, che-
mokines, and DAMPs, promoting the chemotaxis
and activation of innate immune antigen-present-
ing cells and initiating adaptive immune and tissue
repair processes. Abnormal PRR-ligand-mediated
signaling can lead to maladaptive immune
responses that may contribute to the pathogenesis
of disease [12]. Numerous immune-modulating
DAMPs, therefore, have been studied for their roles
in activating these pathways within the context of
CRS, including psoriasin and calgranulins.
Psoriasin and calgranulins are calcium-binding
S100 proteins that are involved in innate and adap-
tive immunity. Psoriasin (S100A7), secreted by pri-
mary keratinocytes [13,14], is present in the brain
during infection [15] and contributes to tissue bar-
rier defense mechanisms [16-18]. Although psoria-
sin was originally identified as an immune system
modulator in the inflammatory condition psoriasis
[13], SI00A7 has been implicated in breast cancer
[19] and epithelial squamous cell carcinomas of the
skin and bladder [20,21]. Calgranulins A, B, and C
(S100A8, S100A9, and S100A12, respectively) are
secreted by granulocytes, monocytes, and necrotic
cells [22-25] and have been identified as emerging
clinical biomarkers of inflammation [22,26-29].
Calgranulins have also demonstrated immune sys-
tem-modulating properties in rheumatoid and juve-
nile idiopathic arthritis, inflammatory bowel
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disease, and cystic fibrosis [30,31]. In addition to
their independent functions, SI00A8 and S100A9
have been reported to dimerize, forming calprotec-
tin, which has a unique activity in different biologi-
cal contexts [32]. Psoriasin and calgranulins elicit
proinflammatory and proliferative responses
through activating RAGE [14,15,33-35] and TLR4
[22,36-38] in numerous inflammatory conditions,
including chronic asthma [39], and also exert che-
motactic properties. SI00A7 is a potent chemoat-
tractant for CD4+ lymphocytes and neutrophils
[40], whereas S100A8, S100A9, and S100A8/A9
attract neutrophils [41,42], and S100A12 leads to
the influx of monocytes and mast cells [28,43-435].

Within the last decade, investigations of psor-
iasin and calgranulins investigations have been
extended to CRS, because of increasing reports
underscoring the importance of S100 proteins as
clinical markers of inflammation and in innate
immunity. This review highlights reports that have
characterized the gene and protein expression of
psoriasin, calgranulins, and calprotectin in serum,
nasal lavage fluid (NLF), and different sinonasal
tissue regions and subsites with respect to CRS sub-
types [46,47,48,49%,50,52]. The proposed roles of
S100 proteins in epithelial barrier function and
innate immune-mediating response to pathogens
will additionally be discussed.

The differential expression patterns of psoriasin and
calgranulins are summarized in Table 1. Psoriasin is
expressed in the epithelium and seromucous glands
of inferior turbinate [50] and uncinate [47] tissues in
healthy controls, with increased S100A7 signal
observed in the inferior turbinate. Tieu et al. [47]
also detected S100A7 expression in the epithelium,
glands, and subepithelial stroma of uncinate tissues
in patients with CRSsNP and CRSwNP, although the
S100A7 signal was decreased in both groups com-
pared with controls. Another study reported the
downregulation of SI00A7 mRNA levels in inferior
turbinate and uncinate tissue homogenates in both
CRS phenotypes when compared with healthy con-
trols [51]. Protein levels of psoriasin were also found
to be significantly lower in the NLF in both CRS
subtypes when compared with controls [47]. A sep-
arate report corroborated this result, showing
decreased levels of SI00A7 in NLF obtained from
patients with allergic rhinosinusitis in comparison
to controls [46]. Similarly, serum psoriasin expres-
sion was shown to decrease in both CRSWNP and
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S Table 1. The reported expression patterns of S100 proteins in chronic rhinosinusitis with respect to the results for each S100 gene or protein, analysis method, location of
'§ specimen sampling, and overall conclusion from each respective investigation
2 Reference Protein Method Specimen analyzed Comparison Results Proposed biological roles
o
% Tieu et al. [47] S100A7 ELISA Inferior turbinate, Control ST00A7 is significantly elevated in inferior Reduced immune barrier function
Q@ uncinate turbinate tissue compared with uncinate in patients with CRS might
= tissue underlie their increased
S)) susceptibility to infections,
o bacterial and fungal
2 colonization, or both in the
s upper airways and sinuses
% S100A7 ELISA Uncinate Control versus CRS S100A7 is significantly upregulated in
a subtypes uncinate tissue from CRSsNP compared
o with CRSWNP and controls. The
z expression of STO0A7 is significantly
e increased in CRSWNP compared with
I controls
e S100A8/A9 ELISA Nasal polyp, uncinate, Control versus CRS ST00A8/A9 is significantly increased in
S inferior turbinate subtypes polyp tissue compared with uncinate
3 and inferior turbinate tissues from
'> CRSwWNP, CRSsNP, and controls
= S100A7 ELISA NLF Control versus CRS ST00A7 is significantly decreased in NLF
cg; subtypes from CRSWNP and CRSsNP compared
& with controls
ﬁ STO0A8/A9 ELISA NLF Control versus CRS ST00A8/A9 is significantly decreased in
% subtypes NLF from CRSWNP compared with
e controls
’ S100A7 ELISA Serum Control versus CRS S100A7 is decreased (not significant) in
subtypes serum from CRSsNP and CRSWNP
compared with controls
ST100A8/A9 ELISA Serum Control versus CRS ST00A8/A9 is significantly decreased in
subtypes serum from CRSWNP compared with
CRSsNP and controls
S100A7 HC Uncinate Control versus CRS ST100A7 is present in the nasal respiratory
subtypes epithelium, glands, and subepithelial
stroma of uncinate tissues from
CRSwWNP, CRSsNP, and controls
STO0A8/A9 IHC Uncinate Control versus CRS S100A8/A9 is present in the nasal

subtypes

respiratory epithelium, glands and

subepithelial stroma of uncinate tissue of
CRSwWNP, CRSsNP, and controls
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Table 1 (Continued)

Reference Protein Method

Specimen analyzed

Comparison

Results Proposed biological roles

Van Crombruggen S100A8 ELISA
et al. [52]
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Nasal polyp, control

inferior turbinate

Nasal polyp, control
inferior turbinate

Nasal polyp, control
inferior turbinate

Nasal polyp, control
inferior turbinate,
CRSwWNP inferior

turbinate

Nasal polyp, control
inferior turbinate,
CRSwWNP inferior

turbinate

Nasal polyp, control
inferior turbinate,
CRSwWNP inferior

turbinate

Nasal polyp, control
inferior turbinate

Control versus
CRSwWNP

Control versus
CRSwNP

Control versus

CRSwNP

Control versus
CRSwWNP

Control versus

CRSwNP

Control versus

CRSwNP

Control versus
CRSwWNP

S100AS8 is significantly upregulated in
polyp tissue compared with inferior
turbinate tissue from controls

The inflammatory and remodeling
characteristics of CRSWNP
specifically allow for the
increased retention of STO0A8,
S100A9, and STO0A8/A9 in
the ECM of CRSWNP tissues.
Upon release, homodimeric
proteins act as local danger
signals, inducing inflammatory
mediators, predominantly via
TLR4 activation

ST100A?9 is significantly increased in polyp
tissue compared with inferior turbinate
tissue from controls

ST00A8/A9 was significantly increased in
polyp tissue compared with inferior
turbinate tissue from controls

Inferior turbinate tissues from controls
showed negligible STOOA8 expression.
Inferior turbinate and nasal polyp tissues
from CRSWNP showed pronounced
S100A8 expression around the
basement membrane, blood vessels,
and ECM structures and was also
expressed by monocytes and neutrophils

Inferior turbinate tissues from controls
showed negligible STOOA9 expression.
Inferior turbinate and nasal polyp tissues
from CRSWNP showed pronounced
S100A9 expression around the
basement membrane, blood vessels,
and ECM structures and was also
expressed by monocytes and neutrophils

Inferior turbinate tissues from controls
showed negligible STO0A8/A9
expression. Inferior turbinate and nasal
polyp tissues from CRSWNP showed
pronounced ST00A8/A9 expression
around the basement membrane, blood
vessels, and ECM structures and were
also expressed by monocytes and
neutrophils

The mRNA expression level of STO0A8
did not differ between nasal polyp
tissues from CRSWNP and inferior
turbinate tissue from controls
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Table 1 (Continued)

Reference Protein Method Specimen analyzed Comparison Results Proposed biological roles
S100A9 mRNA Nasal polyp, control Control versus The mRNA expression level of STO0A9
inferior turbinate CRSWNP did not differ between nasal polyp
tissues from CRSWNP and inferior
turbinate tissue from controls
Richer et al. [51] S100A7 mRNA Inferior turbinate, Control versus CRS The mRNA expression level of STO0A7 is This study showed marked
uncinate subtypes significantly decreased in inferior reductions in the expression of
turbinate and uncinate tissues from several genes involved in
CRSwWNP and CRSsNP compared with epithelial barrier maintenance
controls and repair in the inflammatory
state of CRS
S100A8 mRNA Inferior turbinate, Control versus CRS The mRNA expression level of STO0A8 is
uncinate subtypes significantly decreased in inferior
turbinate and uncinate tissues from
CRSWNP and CRSsNP compared with
controls
S100A9 mRNA Inferior turbinate, Control versus CRS The mRNA expression level of STO0A9 is
uncinate subtypes significantly decreased in inferior
turbinate and uncinate tissues from
CRSWNP compared with controls
Kvarnhammar S100A7 IHC Inferior turbinate Control S100A7 is present in epithelium and S100A7 levels are diminished in
et al. [50] seromucous glands of inferior turbinate rhinitis patients, suggesting that
tissue from controls the antimicrobial defense system
is compromised in patients with
SAR
Cho et al. [48] S100A8/A9 ELISA Nasal polyp Age of CRSWNP The expression of STOOA8/A9 decreases Epithelial barrier dysfunction may
with aging play a particularly important
role in the pathogenesis of the
CRSWNP in the elderly
Bryborn S100A7 Two-dimensional gel NLF Control versus allergic The NLF expression of STO0A7 is ST100A7 is a potent chemotactic
et al. [46] electrophoresis with rhinosinusitis decreased in allergic rhinosinusitis and factor, and its downregulation
mass spectrometry controls during inflammation might be
important in CRS
Pulsipher S100A12 ELISA Anterior ethmoid Control versus CRS ST00A12 is significantly increased in ST100A12 is differentially
et al. [49%] subtypes CRSsNP compared with CRSWNP and expressed in subtypes of CRS
controls and is significantly elevated in
patients with CRSsNP and
associated with CRS-specific
disease severity. STO0A12
expression is negatively
correlated with HNE expression
in CRSWNP
S100A12 HC Anterior ethmoid Control versus CRS ST00A12 is increased in CRSsNP

subtypes

compared with CRSWNP and controls

CRS, Chronic rhinosinusitis; CRSsNP, chronic rhinosinusitis without nasal polyps; CRSWNP, chronic rhinosinusitis with nasal polyps; ELISA, enzyme-linked immunosorbent assay; ECM, extracellular matrix; IHC,
immunohistochemistry; mRNA, maternal ribonucleic acid; NLF, nasal lavage fluid; STOOAT2, calgranulin ¢; STO0OAZ, psoriasin; STO0AS, calgranulin A; STOOA8/A9, calprotectin; STO0A9, calgranulin B.
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CRSsNP compared with controls, although not sig-
nificantly [47].

The expression patterns of calgranulins A and B
and calprotectin have also been investigated in CRS
with respect to sinonasal tissue location of sampling
and subsite. Van Crombruggen et al. [52] demon-
strated the negligible expression of S100AS,
S100A9, and S100A8/A9 in the inferior turbinate
tissues of controls and increased expression of these
proteins in the basement membrane, blood vessels,
and extracellular matrix (ECM) of inferior turbinate
and nasal polyp tissues of patients with CRSWNP. This
study additionally measured no changes in the gene
expression of SI00A8 and S100A9 in the nasal polyp
and inferior turbinate tissues of CRSWNP compared
with controls [52]. In contrast, Richer et al. [51]
reported decreased levels of SI00A8 and S100A9
mRNA in the inferior turbinate and uncinate tissue
homogenates of patients with CRSWNP compared
with controls. Moreover, Tieu et al. [47] demon-
strated that ST00A8/A9 expression was significantly
increased in nasal polyp tissue compared with unci-
nate and inferior turbinate tissues of controls and of
patients with CRSWNP and CRSsNP. This study addi-
tionally measured significant reductions in the levels
of calprotectin in NLF and serum obtained from
patients with CRSWNP in comparison to CRSsNP
and controls. These results suggest that sinonasal
tissue location and subsite, as well as the underlying
disease associated with phenotype, are important
when considering the potential biological implica-
tions of calgranulins and calprotectin in CRS.

Pulsipher et al. [49%] recently characterized the
expression patterns of SI00A12 in CRS. In this study,
the protein levels of S100A12 were found to be
significantly elevated in the anterior ethmoid
homogenates of patients with CRSsNP compared
with CRSWNP and controls. S100A12 expression
levels were not statistically different between
patients with CRSWNP and controls. The authors
further measured the expression of human neutro-
phil elastase (HNE) in anterior ethmoid tissues,
reporting a significant increase in HNE expression
in patients with CRSsNP-compared controls and
CRSwWNP. Although not significant, a positive corre-
lation between S100A12 and HNE expression in
patients with CRSsNP was reported, whereas a sig-
nificantly negative correlation between these two
proteins was observed in patients with CRSwNP. In
addition to this study, Van Crombruggen et al. [52]
examined the correlations between S100 protein
expression and CRS-specific disease severity, report-
ing no significant correlations between clinical
parameters of CRS and levels of SI00AS8, S100A9,
and S100A8/A9. In contrast, Pulsipher et al. [49%]
showed that disease severity (computed
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tomography scores) in patients with CRSsNP was
significantly correlated to S100A12 tissue expres-
sion. Further characterization is required for deter-
mining whether S100A12 may be considered a
biomarker of inflammation associated with Th1-
biased signaling in CRSsNP.

Taken together, the expression patterns of psor-
iasin and calgranulins vary according to disease
subtype, location of tissues sampling, and tissue
subsite, suggesting that the manifestation of inflam-
mation and signaling pathways also vary in different
regions of the sinuses. Furthermore, most studies
compare biomarker results measured in nasal polyp
tissues from patients with CRSWNP to those from
uncinate or inferior turbinate tissues of controls and
patients with CRSsNP, which has a different tissue
structure. Although no nasal polyp analog exists in
control patients, biomarker detection in similar tis-
sue sampling regions should be conducted for intra-
patient comparisons to fully characterize the
pathophysiology of the nasal mucosa.

Regarding S100A7 and innate immunity, Tieu et al.
[47] reported the differential expression of psoriasin
in subtypes of CRS, which may be resultant from the
differing causes contributing to the disease states
observed in CRSWNP and CRSsNP. As psoriasin has
been shown to exert antimicrobial effects by per-
meabilizing bacterial cell membranes in skin disor-
ders [16,18], it may also exhibit similar innate
immune responses against invading pathogens in
CRS [53]. Psoriasin production is known to be
repressed by Th2-associated cytokine interleukin 4
(IL-4) [50], which supports the upregulation of
S100A7 in CRSsNP compared with CRSWNP diseases.
Moreover, psoriasin is a potent chemoattractant for
CD4+ lymphocytes and neutrophils [40], suggest-
ing that S100A7 may be helping to modulate a
positive feedback mechanism that maintains
immune system homeostasis in CRSsNP.
Increasing evidence proposes the involvement
of PRR-ligand-mediated interactions in the initia-
tion of inflammatory signaling in CRS. PRRs, such as
RAGE, serve as immune rheostats in stimulating
immune responses at the mucosal-air interface in
CRS [8-10]. With the exception of the upper and
lower respiratory tract, RAGE expression is undetect-
able in most cell types and tissues under normal
physiology [11]. Several investigations have impli-
cated RAGE and calgranulins in CRS, hypothesizing
that multiple mechanisms may be activated to influ-
ence CRS disease. One possible mechanism is direct
ligation with membrane-bound RAGE (mRAGE).
Psoriasin is a known ligand of RAGE [35], and
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S100A12 was one of the first discovered ligands of
RAGE, termed EN-RAGE [38]. RAGE ligation by
psoriasin and S100A12 can lead to proinflammatory
responses through the activation of mitogen-acti-
vated protein kinases and nuclear factor k-light-
chain-enhancer of activated B cells (NF-kB), leading
to the accumulation of reactive oxygen species and
cell death [11,35,54,55]. Activation of RAGE leads to
increased secretion of tumor necrosis factor o« and
interleukin 1 8 by monocytes and endothelial cells
[38], resulting in the activation of Thl-mediated
responses [43]. Thus, the increased levels of psoria-
sin and S100A12 observed in the sinonasal mucosa
of patients with CRSsNP compared with CRSwNP
and controls, suggest potential roles as key proin-
flammatory ligands that drive the inflammatory
milieu seen in Th1-driven profiles in CRS [56,57].
Another mechanism for RAGE-mediated activa-
tion in CRS considers the interaction of S100A12
with the soluble forms of RAGE, collectively known
as SRAGE. sRAGE lacks a transmembrane and cyto-
plasmic domain and has two isoforms: endogenous
secretory RAGE (esRAGE), derived from alternative
mRNA splicing and cleaved RAGE (cRAGE), derived
from the proteolytic cleavage of mRAGE by metal-
loproteinases [11,58]. sRAGE is largely considered
an anti-inflammatory decoy receptor for mRAGE
ligands, but has also been associated with inflam-
matory signaling pathways [59]. Previous studies by
Van Crombruggen et al. [52] have reported higher
levels of SRAGE in the inferior turbinate tissues from
patients with CRSsNP in comparison to controls;
SRAGE expression was also shown to be decreased in
CRSwNP. The authors attributed the observed
SRAGE increase in CRSsNP to elevated levels of
ECM scaffolding proteins, as the cleaved form of
SRAGE binds these proteins, compared with the
disordered ECM environments found is CRSwNP.
CRSWNP is predominantly characterized by a
Th2-biased cytokine profile and eosinophil infiltra-
tion [56,57]. SI00A8 and S100A9 levels were found to
be elevated in CRSWNP compared with controls and
in CRSsNP, similar to observed in other conditions
associated with Th2-mediated pathophysiologies
[60,61]. In addition to psoriasin, ST00A8/A9 exhibit
antimicrobial effects in different biological contexts
[62,63]. SI00A8 and S100A9 are potent ligands of
TLR4, and TLR4-mediated pathway activation can
result in the production of cytokines that favor a
Th2-biased adaptive immunity [7,52]. Although gen-
erally secreted as calprotectin by neutrophils, proin-
flammatory effectors commonly associated with
CRSwWNP, including Staphylococcus aureus, can pro-
mote the cleavage of this molecule, leading to the
activation of TLR4 by S100A8 and S100A9 and the
initiation of host-defense mechanisms [52].
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Interestingly, SI00A12 has also been shown to
block the activity of SI00A9. In a recent report, the
binding domains of RAGE were examined. The
authors reported that S1I00A12 can dimerize with
S100A9, in turn restricting S100A9 from interacting
with the RAGE V domain, which is essential for signal
propagation [64"]. SIO0A9 has been implicated in
tumor growth and proliferation through binding to
various innate immune receptors [65]. Although the
role of RAGE compared with TLR4 may be minor in
CRSwWNP, it may contribute to CRSwWNP disease.
Although levels of S100A12 are elevated in CRSsNP
and S100A9 in CRSwNP, perhaps the upregulation of
S100A12 observed in CRSsNP is indicative of a more
balanced immune environment, reducing the mech-
anisms that favor polyp growth.

The review highlights key findings demonstrating
the differential expression patterns and proposed
roles of innate immune-modulating S100 proteins
in subtypes of CRS. Although only one study has been
published on this topic within the last 18 months
[49%], increasing reports have focused on identifying
new potential biomarkers of inflammation and
innate immunity to further elucidate the complex
inflammatory mechanisms contributing to CRS dis-
ease. The literature described over the last decade
illustrates such inflammatory pathway complexity
in CRS. Differences in expression patterns of psoria-
sin (S100A7), calgranulins A (S100A8), B (S100A9),
and C (S100A12), and calprotectin (SI00A8/A9) were
demonstrated in different sinonasal regions (e.g.,
uncinate, inferior turbinate, anterior ethmoid, nasal
polyp, blood, and NLF), tissue subsites (e.g., epithe-
lium, basement membrane, seromucous glands, and
subepithelial stroma), and CRS phenotypes. Overall,
these findings suggest inflammation may manifest
differently with respect to sinus location and that
similar tissue sampling regions should be analyzed
for conducting intra and interpatient comparisons of
inflammatory profiling to fully characterize the
pathophysiology in CRS.
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