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Abstract

Relapsing polychondritis (RP) is a multisystem inflammatory disorder, considered to associate with immune aberration. ‘

Increased T helper type-1 cell-related cytokines were reported in RP patients. mRNA expressions of a regulatory T cell cytokine
interleukin (IL)-10 increased, whereas pro-inflammatory cytokines IL18 and IL6 mRNA expressions decreased in freshly isolated
peripheral blood mononuclear cells of RP patients compared with those in healthy individuals. Upon in vitro stimulation with mitogen,
IL10 mRNA expressions decreased, and IL1B and IL6 mRNA expressions increased in RP patients.

This short-time dynamic change of gene expressions from anti-inflammatory to pro-inflammatory features of immune cells may be
associated with the “relapsing” disease course of patients with RP. IL18 mRNA expressions of peripheral blood mononuclear cells
exhibited positive correlations with serum matrix metalloproteinase (MMP)-3 concentrations in patients with respiratory involvement.
Such positive correlation was not found in those without respiratory involvement.

In a metagenomic analysis, an altered composition of gut microbes was found, suggesting that microbe metabolites such as short-

chain fatty acids may affect T cell responses of the patients.

In this review, the relationships among RP-related inflammatory molecules were summarized. The data support a hypothesis that
the immune conditions are different between steady-state and inflammation in RP patients.

Abbreviations: |FN = interferon, IL = interleukin, MMP = matrix metalloproteinase, PBMC = peripheral blood mononuclear cell,
RA = rheumatoid arthritis, RP = relapsing polychondritis, SCFA = short-chain fatty acid, TNF = tumor necrosis factor, Treg =

regulatory T.
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1. Introduction

Relapsing polychondritis (RP) is a chronic multisystem disorder
of unknown etiology. The disease is characterized by recurrent
episodic inflammation of cartilaginous tissues, such as the ears,
nose, larynx, and tracheobronchial tree. Inflammation is often
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observed in proteoglycan-rich structures, such as the eyes, inner
ears, heart, blood vessels, and kidneys."!

Recently, ear involvement and respiratory involvement of the
patients were found to be mutually exclusive in the incidence at
the last follow-up.”! Furthermore, based on the data, the patients
were divided into 3 subgroups: patients with ear involvement,
patients with respiratory involvement, and patients with both ear
and respiratory involvement.”*! Patients with ear involvement
frequently demonstrate central nervous system (CNS) involve-
ment, non-erosive arthritis, and conjunctivitis compared with
other subgroups of patients.’! Patients with respiratory
involvement frequently had saddle nose deformities and showed
a progressive disease course.'*3! Patients with both involvement
are frequently accompanied by cardiovascular involvement.**!

Distinctive immunological characteristics were also observed
in RP subgroups. Serum concentrations of matrix metallopro-
teinase (MMP)-3, the expression of which was recognized in RP
lesions, increased significantly in RP patients with respiratory
involvement compared with those without respiratory involve-
ment.*! An adult-onset auto-inflammatory disease with somatic
mutations of the ubiquitin activating E1 enzyme showed cell-
intrinsic severe myeloid inflammation and developed auricular
chondritis but not bronchial or laryngeal chondritis.”!

Culture-based assays using peripheral blood mononuclear cells
(PBMCs) were used to assess further immunological conditions in
patients with RP. Interleukin (IL)-10 mRNA expression in freshly
isolated PBMCs in RP patients was significantly higher than that
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in healthy individuals.!®! IL10 is a major regulatory T (Treg)-
related anti-inflammatory cytokine.!”! In contrast to the results of
freshly isolated PBMCs, in 6-hour-cultured PBMCs with mitogen
stimulation, IL10 mRNA expression decreased significantly in RP
patients compared with that in healthy individuals.!®!

24 hours after the initiation of the cell culture, RP PBMCs
produced significantly increased mRNA levels of the inflamma-
tory cytokine IL1B compared with those of healthy individuals.[®!
The short-term dynamics of PBMC gene expression from anti-
inflammatory to pro-inflammatory features in the culture assay
may be associated with relapsing and remitting clinical courses of
patients with RP. Interestingly, IL1 mRNA expression
correlated positively with serum concentrations of MMP3 in
RP patients with respiratory involvement, but not in patients
without respiratory involvement, suggesting that the molecular
mechanisms of chondritis are different between patients with and
without respiratory involvement.!

Simultaneously, remarkably altered gut microbiota composi-
tion were observed in patients with RP and the RP intestinal
microenvironment was suggested to be related to skewed T cell
function through the microbe metabolites.®

The aim of this review is to decipher the complex relationships
among RP-related inflammatory molecules using our data and a
literature review. A mechanical model of 2 disease conditions,
namely steady-state and inflammatory conditions, was then
proposed in the pathogenesis of RP.

2. Methods

2.1. Ethical statements

No ethical approval was required because this was a literature-
based study. Our original clinical studies were approved by the
institutional review boards of St. Marianna University School of
Medicine (approval number 2406) and were registered with the
University Hospital Medical Information Network-Clinical
Trials Registry (UMIN000018937). This review was evaluated
using the Scale for the Assessment of Narrative Review Articles
(SANRA).

2.2. Searching methods

A literature review of the subgroup classification of patients with
RP was conducted. Next, another literature review of immunol-
ogy studies was conducted with a focus on RP-related
inflammatory molecules. Relevant original English articles and
case reports of RP were retrieved from the PubMed and
MEDLINE databases in this review.

2.2.1. Subgroup classification studies. A search for the
subgroup classification of RP was conducted using the databases
with the terms “relapsing polychondritis” and “classification.”

2.2.2. Immunological studies. First, a search for papers was
performed with RP-related inflammatory molecules, that is,
“MMP3,” “inflammatory cytokines,” “inflammatory chemo-
kines,” “T cell cytokines,” and “gut microbe metabolites,”
adding to the term “relapsing polychondritis.” Second, an
assessment of the relationships among “rheumatoid arthritis
(RA),” “MMP3,” and “synovitis” was conducted using papers
from the databases to compare the RA histopathological data of
MMP3 with those of RP. Third, another search for articles was
performed using the terms “RA,” “MMP3,” “T cells,” and
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“macrophages” for the assessment of the pathological finding in
the immunocompetent cell migration and MMP3 expression to
compare the RA data with those of RP.

3. Discussions/observations

3.1. Subtype classification studies in RP

With the terms “relapsing polychondritis” and “classification,”
34 papers were collected from the databases.

A subgroup analysis of 239 patients with RP was performed
using data from a multi-institutional study survey conducted in
2009.B! In the analysis, the patients were divided into 3
subgroups: patients with ear involvement (approximately 50%
of 239 patients), patients with respiratory involvement (20%),
and patients with both ear and respiratory involvement (30%) at
the last follow-up (Fig. 1).13" All patients had ear involvement
and/or respiratory involvement.[*! Each subgroup demonstrated
characteristic clinical phenotypes with several differences in the
demographic data.®’ Conjunctivitis, CNS involvement, and
nonerosive arthritis are frequently observed in patients with
ear involvement.®! Patients with respiratory involvement
frequently have a saddle nose deformity with a progressive
disease course.’) Patients with both involvement were charac-
terized by cardiovascular involvement and a longer and
progressive disease course.®! The data suggest that the subgroup
analysis may play a role in the development of classification
criteria for RP.

Subsequently, the same survey data were analyzed with a focus
on patient symptoms at disease onset using similar methods.® At
the onset of RP, patients were divided into 4 subgroups: patients
with ear involvement (approximately 60% of all analyzed
patients), patients with respiratory involvement (20%), patients
with both ear and respiratory involvement (4 patients, 1.7%),
and patients with miscellaneous organ involvement (20%), such
as eye involvement, nasal involvement, nonerosive arthritis, inner
ear involvement, skin involvement, and CNS involvement
(Fig. 1).1%1 One-third of patients with ear involvement at disease
onset developed respiratory involvement later in the disease
course with a relatively high mortality rate,'®! suggesting the
importance of prophylactic strategies for RP patients with ear
involvement.

Consistent with our results, recent studies have identified
several subgroups utilizing patients’ demographic and clinical
information.”~"!! For example, a clinical study of RP identified 3
subgroups based on demographic data (2 variables), clinical
manifestations (14 variables), and use of immunosuppressants
and biologic agents.”! In this study, RP patients in subgroup type
1 were associated with myelodysplastic syndrome, cutaneous
involvement, and cardiovascular involvement without respirato-
ry involvement. RP patients in subgroup type 2 were relatively
young and had frequent tracheobronchial involvement and/or
laryngeal involvement. Subgroup type 3 patients demonstrated a
mild disease course and low numbers of clinical manifestations
and treatments. Another subgroup analysis divided the patients
into 3 subgroups based on clinical manifestations (8 varia-
bles).['” Patients in subgroup type 1 were defined as having
extensive cartilage damage and ear involvement. Patients in
subgroup type 2 had lower airway involvement and lower
incidence of nasal involvement and ear involvement. Patients in
subgroup type 3 were characterized by tenosynovitis/synovitis
and ear involvement with a lower incidence of respiratory
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Figure 1. A subgroup analysis of RP patients at the disease onset (left panel) and the last follow-up (right panel). The subgroup analysis was conducted based on

the incidence of auricular and respiratory involvement according to the findings of our previous study.

231 At the onset of RP, patients were divided into 4 subgroups:

patients with ear involvement (approximately 60%), patients with respiratory involvement (20%), patients with both ear and respiratory involvement (4 patients,
1.7%), and patients with miscellaneous organ involvement (20%), such as eye involvement, nasal involvement, nonerosive arthritis, inner ear involvement, skin
involvement, and CNS involvement.!'? After a mean follow-up of 4.7 years, the patients were divided into three subgroups: patients with ear involvement

(approximately 50%), patients with respiratory involvement (20%), and patients with both ear and respiratory involvement (30%)

[

involvement and nasal involvement. Certainly, the pathogenesis
of RP seems to be influenced by affected organs, at least in some
patients.

Recently, a single-center physician global assessment was
conducted to assess disease activity and progression in patients
with RP.['?! The authors concluded that most patients with RP
demonstrated persistent disease activity rather than relapsing and
remitting the clinical course, regardless of their treatment. The
disease processes of RP may be more complicated than previously
thought, and clinical investigations should be performed with
more frequent monitoring.

3.2. Immunological studies in RP

In the first search of immunological studies, 2 papers on MMP3,
19 papers on inflammatory cytokines, 3 papers on inflammatory
chemokines, 16 papers on T cell cytokines, and 2 papers on gut
microbe metabolites were retrieved in patients with RP. In the
second search, 71 papers on MMP3 and synovitis were collected
in patients with RA. In the third search, 43 papers on MMP3, T
cells, and macrophages were collected in patients with RA. The
literature review data with our research findings were summa-
rized in this review.

3.2.1. MMP3. MMP3 is an extracellular proteolytic enzyme that
cleaves many substrates.”®! Serum levels of MMP3 increased in
patients with rheumatic diseases, including RA, psoriatic
arthritis, and polymyalgia rheumatica."*! MMP3 expressions
in pannus tissues was significantly higher in RA patients than in
patients with osteoarthritis, and IL18 promoted MMP3
production in fibroblasts.'>! Synovectomy decreased serum
levels of MMP3.1¢! Serum MMP3 levels in patients with RA
correlated positively with MMP3 levels in the supernatants of
synovial tissue homogenates.'”! In the biopsy specimens of
patients with RA, the number of CD3+ T cells and CD68+
macrophages increased in the synovial tissue!'®! and the adjacent
cartilage-pannus junction.!'”) Infiltrating CD4+ T cell counts in

the synovial membrane correlated with synovial fluid MMP3
concentrations.*”! The numbers of inflammatory cells decreased
in surgical samples of patients with advanced RA.['®!

Serum MMP3 levels increased significantly in patients with RP
compared to those in healthy individuals.>*!! In the early stages
of the disease, immunocompetent cells, such as macrophages,
lymphocytes, neutrophils, and plasma cells, infiltrate into the
perichondrium!*?! through the blood vessels.!****! A histopatho-
logical examination of auricular chondritis in patients with RP
demonstrated that MMP3 expression was observed not only in
the degenerating chondrocytes but also in the perichondrium
tissues with relatively weak staining.!**! The MMP3 positive cell
numbers showed a positive correlation with the number of
apoptotic cells. CD4+ helper T cells and CD68+ macrophages
migrated mainly into the perichondrium of patients with RP.[*!

These data suggest that chondritis of RP patients and synovitis
of RA patients may share common features in the underlying
cellular and molecular mechanisms to some extent, especially in
view of the roles of MMP3 in inflammation, at least at the early
stages of the disease in some patients.

3.2.2. Inflammatory cytokines and chemokines. Several
articles have described the overexpression of inflammatory
cytokines and chemokines in patients with RP. Enzyme-linked
immunosorbent assay and bead-based assays demonstrated
elevated levels of IL8, CCL2,"**! and CCL421:2°! in patients
with RP compared with healthy individuals. Soluble forms of
triggering receptor expressed on myeloid cells (TREM)-1
increased significantly in the sera of patients with active RP
compared with those with inactive RP."*!! From these results, it is
conceivable that monocytes/macrophages and neutrophils are
over-activated in the peripheral blood of patients with RP.[?¢!
Previously, the levels of inflammatory cytokine mRNA
expression in PBMCs of patients with RP were measured and
the data were compared with those of healthy individuals using
an ex vivo culture assay with mitogen stimulation.!”! The
expression of IL1B, IL6, and tumor necrosis factor (TNF)-a
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decreased significantly in freshly isolated PBMCs of RP patients
compared with that in healthy individuals.!®! IL1B expression
increased significantly and IL6 increased moderately in 24-hour-
cultured RP PBMCs compared with that in healthy individuals.!®!
PBMC TNFa mRNA expression in RP patients remained at
significantly low levels throughout the 24-hour-culture period.'®’

Simultaneously, serum MMP3 levels increased significantly in
RP patients with respiratory involvement compared with those in
RP patients without respiratory involvement.' Serum MMP3
concentrations showed positive correlations with IL18 and IL6
mRNA expressions in 24-hour-cultured PBMCs in RP patients
with respiratory involvement, but not in RP patients without
respiratory involvement.!*! These analyses suggest that IL1B and
IL6 may be more effective in inducing MMP3 in laryngotracheal
cartilage than those in cartilaginous tissues of other organs,*”!
presumably through the overexpression of several RP-associated
autoantigens, including type II collagen?®! and matrilin1.**!

Skewed T cell responses may be associated with the differences
in mRNA expression between IL1B/IL6 and TNFa, as mentioned
in the next section.

3.2.3. T cell cytokines. In T cell-related cytokines, interferon
(IFN),213%1 110,12 and I1L128° increased in the sera of
patients with RP. Recent flow cytometry analysis of the T cell
subset indicated that Th2 cells and Treg cells decreased
significantly in patients with RP compared with healthy
individuals, and Th1 and Th17 cells were comparable between
them.!®!! To date, it has been generally assumed that the Th1
response is enhanced in the peripheral blood of RP patients.!*”!

In a study of RP PBMC gene expression,®! IL10 mRNA
expression in freshly isolated PBMCs increased significantly in
patients with RP compared with those in healthy individuals,
consistent with previous data of high serum concentrations of
IL10 in RP patients.?®! In contrast, IL10 mRNA expressions in 6-
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hour- and 24-hour-cultured PBMCs decreased significantly in RP
patients compared with that in healthy individuals. IL10 is a
major Treg-related cytokine, and the Treg cell-derived IL10 is
thought to be important in reducing the immune response against
viruses and bacteria.””! IL10 deletion induced severe spontaneous
inflammation in the intestine, probably because of intolerance to
gut microbes.®?! Thus, these data revealed that RP PBMCs
demonstrated short-time dynamics in gene expression from anti-
inflammatory to pro-inflammatory features.

Interestingly, the cartilage-protective effects of IL10 were
observed in type II collagen-®3! and matrilinl-induced>*
arthritis models. In an in vitro experiment using mechanically
injured cartilage IL10 supplementation increased type II collagen
expression®! and reduced MMP3 expression>® in tissues. Type
II collagen mRNA was increased in primary chondrocytes upon
supplementation with IL10.537!

These data suggest that the changes in mRNA expression in the
ex vivo assay may mimic the transition of the 2 different
immunological conditions of patients with RP, namely “steady-
state condition” and “inflammatory condition” (Fig. 2).

In the steady-state condition of RP patients (Fig. 2A), similar to
the experimental results of freshly isolated PBMCs, gut microbial
metabolites, as described in the next section, may promote
continuous IL10-producing Treg cell differentiation. Treg cells
may inhibit inflammatory cytokine production by monocytes/
macrophages.®®! Treg cell secreting IL10 have the potential
to protect cartilaginous tissues from inflammation in RP
patients.37371

In the inflammatory condition of RP patients (Fig. 2B), similar
to the results of 6-hour- and 24-hour-cultured PBMCs with
mitogen stimulation, trigger factors with inflaimmation may
induce anergy and exhaustion in Treg cells. Reduced IL10
production is associated with IFNy production by effector T
cells®" and IL1B and IL6 release from monocytes/macro-
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Figure 2. Schematic representation of pathogenic immune responses in |,
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A) freshly isolated peripheral blood mononuclear cells (PBMCs) and (B) cultured PBMCs

with mitogen stimulation in patients with RP. The data suggest that the changes of mRNA expressions in the PBMC experiments may mimic the transition of the 2
different immunological conditions of patients with RP, namely (A) steady-state condition and (B) inflammatory condition. (A) Propionate-producing gut microbes
promote continuously IL10-producing Treg cell differentiation. The Treg cells may inhibit inflammatory cytokine production of monocytes/macrophages. Treg cell
secreting IL10 has the potential to protect cartilaginous tissues from inflammation in patients with RP. (B) Trigger factors with inflammation may induce anergy and
exhaustion in RP Treg cells. Reduced IL10 production associates with IFNy production of effector T cells and IL18 and IL6 release from monocytes/macrophages,
which promotes damage of chondrocytes. MMP3 secreted by the chondrocytes aggravates chondritis in an autocrine manner. These molecules may relate

subsequently to severe chondritis in patients with RP.
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phages,*® which promotes damage to chondrocytes.*”’ MMP3

secreted by chondrocytes aggravates chondritis in an autocrine
manner.'**! These molecules may subsequently be related to
severe chondritis in patients with RP.

Previously, T cell-related cytokines, that is, IFNy,[0! 1L4,140!
and IL10M5*2! were reported to be associated with TNFa mRNA
destabilization through modification of RNA binding proteins in
macrophages. IL10-producing Treg cell dominance of PBMCs in
RP patients may reduce TNFa mRNA expression of monocytes/
macrophages in the steady-state immune condition of patients
with RP (Fig. 2A). Under inflammatory conditions (Fig. 2B),
IFNy may induce the mRNA destabilization of monocytes/
macrophages in RP patients. Further studies are warranted to
assess the differences in the inflammatory cytokine responses of
RP PBMCs against the stimulation of anti-inflammatory
compounds, such as disease-modifying anti-rheumatic drugs
and biologic agents.

3.2.4. Gut microbe metabolites. Inside the intestinal tract,
especially in the large intestine, many bacteria reside mainly in the
mucus and are closely related to host immunity through their and
host metabolites.**! Gut microbes are known to promote
immune system maturation through metabolites, and germ-free
mice demonstrate low induction of secretory IgA and CD4+/CD8
+ T cells in the intestine.[**! A recent study revealed that human
fetal tissues in gestational week 12-22 contained cultivable
bacteria and the genomes in several organs, such as the gut, lung,
and spleen, and the fetal T cells reacted with the bacterial
antigens.!*’! The researchers assumed that the immune compe-
tency and priming of fetuses were established from the early
stages of gestation using information from the placenta.
Microbes may have a close relationship with host immune
function during development.

The metabolites include short-chain fatty acids (SCFAs), bile
acids, choline metabolites, phenol, benzoyl, phenyl derivatives,
and indole derivatives.'*®! In the metabolites, SCFAs are the most
important gut microbe-derived molecules and exhibit various
effects on commensal and host homeostasis.*°!

SCFAs consist mainly of acetate, propionate, and butyrate, and
are produced by the fermentation of microbes from non-
digestible carbohydrates.*”! The Fermentation to acetate is
performed by relatively large numbers of intestinal bacteria, but a
few gut microbes produce propionate and butyrate.[*8! SCFAs are
utilized as energy sources for the body, and their consumption is
observed with SCFA-specific distribution.!*”! A large proportion
of butyrate is consumed in the colon epithelium cells and
maintains the integrity of the mucosal barrier by upregulating the
tight junction.!***°! Propionate involves in hepatic gluconeogen-
esis and acts as a modulator of glucose homeostasis.>'*%! Acetate
is consumed in the periphery, such as the brain, muscle, pancreas,
and adipose tissue.[*3>4

Recently, it was shown that SCFAs increased IL10-expressing
Treg cells in the intestine and reduced inflammation in mouse
disease models.’>=81 SCFAs controlled T cell differentiation
through epigenetic modification.!*>*”*8 Based on the data, a
metagenomic analysis was conducted to assess alterations in gut
microbial composition and gene function in patients with RP.[!

As expected, propionate-producing bacteria increased signifi-
cantly in the microbe proportion of RP patients compared with
that of healthy individuals.'®! RP prevalent gene functions of the
metagenomic data associated with the succinate-propionate
pathway, suggesting excess propionate production in the
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intestine of RP patients.®! These data may support the hypothesis
that gut microbes provide substantial Treg cell-inducing
stimulation to the intestinal immune system through the
production of propionate (Fig. 2A).

A large portion of intestinal Treg cells is thought to originate
from thymus-derived Treg cells after homing!**! during the early
stages of life,!®”! suggesting that the cells recognize self and
microbial antigens.>>*1%I" Indeed, human type II collagen
demonstrated 32% to 47% identity and 36% to 52% similarity
in the protein sequences to the bacterial species.!®*! Our basic
local alignment search tool protein database search identified 94
bacterial species with significant homology to human matrilin1
(23%-52% identity and 43%—69% similarity).

Furthermore, administration of SCFAs alone in germ-free mice
did not induce Treg cells in the intestine, indicating an
indispensable role of bacterial stimulation in Treg cell differenti-
ation.’”! These findings refocused on the molecular mimicry
between the host and microbes from the viewpoint of recent
metagenomic data.

4. Conclusions

Here, recent findings on the role of inflammatory molecules in
patients with RP are summarized using our data and a literature
review. The underlying molecular mechanisms of the patients
were discussed using the 2 conditions in Figure 2, namely patients
in steady-state condition and patients in inflammatory condition.
The presented approach will have great potential in the
development of therapeutic strategies based on clinical features
more accurately in patients with RP.
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