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Abstract: Interstitial cystitis/bladder pain syndrome is a debilitating condition of
unknown etiology characterized by persistent pelvic pain with lower urinary tract
symptoms and comprises a wide variety of potentially clinically useful phenotypes with
different possible etiologies. Current clinicopathological and genomic evidence suggests
that interstitial cystitis/bladder pain syndrome should be categorized by the presence or
absence of Hunner lesions, rather than by clinical phenotyping based on
symptomatology. The Hunner lesion subtype is a distinct inflammatory disease with
proven bladder etiology characterized by epithelial denudation and enhanced immune
responses frequently accompanied by clonal expansion of infiltrating B cells, with
potential engagement of infection. Meanwhile, the non-Hunner lesion subtype is a noninflammatory disorder with little evidence of bladder etiology. It is potentially associated
with urothelial malfunction and neurophysiological dysfunction, and frequently presents
with somatic and/or psychological symptoms, that commonly result in central nervous
sensitization. Animal models of autoimmune cystitis and neurogenic sensitization might
serve as disease models for the Hunner lesion and non-Hunner lesion subtypes,
respectively. Here, we revisit the taxonomy of interstitial cystitis/bladder pain syndrome
according to current research, and discuss its potential pathophysiology and
representative animal models. Categorization of interstitial cystitis/bladder pain
syndrome based on cystoscopy is mandatory to design optimized treatment and
research strategies for each subtype. A tailored approach that specifically targets the
characteristic inflammation and epithelial denudation for the Hunner lesion subtype, or
the urothelial malfunction, sensitized/altered nervous system and psychosocial problems
for the non-Hunner lesion subtype, is essential for better clinical management and
research progress in this complex condition.

Key words: animal model, autoimmune cystitis, bladder pain syndrome, interstitial
cystitis, pathophysiology.

Introduction
IC/BPS refers to a symptom syndrome complex characterized by persistent pain perceived to
be related to the urinary bladder in conjunction with urinary frequency and/or urgency, and
presents with a wide variety of clinical phenotypes.1–4 Although the whole picture of IC/BPS
remains unclear, IC/BPS with Hunner lesions is currently a well-recognized clear clinical
entity, characterized by the cystoscopic ﬁnding known as Hunner lesions, reddish mucosal
lesions accompanied by abnormal capillary structures (Fig. 1). Past studies have shown that
this entity presents with distinct clinicopathological and genomic characteristics compared
with other forms of IC/BPS.5–11 This evidence suggests that IC/BPS with Hunner lesions
comprises a potentially distinct disease entity with different etiology in the IC/BPS umbrella.
In the past, many clinical studies were carried out to develop promising therapies for IC/BPS.
However, most failed to achieve positive results. Likewise, a wide range of basic studies on
the pathogenesis of IC/BPS have been carried out, but the results were variable and inconsistent. These unexpected and confusing results are likely due to multiple clinical conditions (i.e.
pathogenetically different entities) having been combined in a single (and small) cohort.12 In
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Fig. 1 A Hunner lesion. (a) A Hunner lesion is a reddish mucosal lesion lacking the normal capillary structure, frequently covered by fibrin clots. (b) Narrow-band imaging
cystoscopy of the Hunner lesion emphasizes the abnormal capillary structure converging toward the lesion.

addition, the unknown etiology, diverse clinical symptoms
and varying histological manifestations also hinder clearly
showing the landscape of IC/BPS. In this article, we review
recent evidence on IC/BPS categorization to describe the
evolving taxonomy of IC/BPS, discuss the potential pathophysiologies and animal models, and suggest future strategies
to achieve better clinical management and research progress
of IC/BPS based on these emerging concepts.

Categorization of IC/BPS
The workshop on IC/BPS phenotyping at the 4th International Consultation on Interstitial Cystitis Japan meeting discussed potential categorization of IC/BPS in terms of their
clinical characteristics, epidemiology and bladder histology.4,8
It was unanimously agreed that IC/BPS with Hunner lesions
is a proven, clinically relevant subtype that should be
regarded as a distinct disease entity. However, other forms of
IC/BPS could not be clearly deﬁned because of their obscure
pathophysiology and histology, and their varied clinical manifestations. Thus, IC/BPS can be categorized into two subtypes at present: (i) IC/BPS with Hunner lesions, which is
also known as the ESSIC BPS type 3; and (ii) IC/BPS without Hunner lesions, which includes the ESSIC BPS type 1
and 2. These two subtypes, which are distinguished simply
by the cystoscopic presence or absence of Hunner lesions,
present with different, but overlapping, clinical characteristics
and cannot be clinically differentiated in the absence of cystoscopic ﬁndings (Table 1). IC/BPS with Hunner lesions is
characterized by an older age at diagnosis, more severe bladder-centric symptoms, reduced bladder capacity, fewer
comorbid non-bladder conditions and more favorable outcomes on endoscopic treatment compared with IC/BPS without Hunner lesions.7,9 IC/BPS without Hunner lesions is
frequently accompanied by non-bladder symptoms, including
other common systemic pain problems (“bladder-beyond”
pain), psychosocial health problems and affect dysregulation.13 Recent studies have shown that these clinical characteristics of IC/BPS without Hunner lesions strongly overlap
with those of widely known somatoform disorders or FSSs,
2

Table 1 Differences in clinical characteristics between IC/BPS with and
without Hunner lesions (comparison with the counterpart)
IC/BPS with
Hunner
lesions
Age at diagnosis
Extent of symptoms
Bladder-centric
symptom severity
Bladder capacity
Comorbid conditions†
Endoscopic surgery‡
Bladder pathology

Older
Bladdercentric
Severer
Smaller
Fewer
Effective
Proven

IC/BPS without
Hunner lesions

Reference

Younger
5–8, 143, 144
Bladder-beyond 7
Equally or
less severe
Larger
More
Less effective
Unproven

7, 11, 140
5–8, 11
7
9, 10, 28
6, 8, 11, 17–19,
22, 65, 66, 103

†Non-bladder conditions including somatoform disorders, psychosocial
health problems or affect dysregulation. ‡Elimination/steroidal injection
for Hunner lesions.

such as irritable bowel syndrome, ﬁbromyalgia, chronic fatigue syndrome and migraines.14–16 This evidence suggests that
there might be a subgroup of patients with IC/BPS without
Hunner lesions representing a FSS that manifests somatic
symptoms related to the pelvis. Bladder histology is clearly
distinct between the two forms of IC/BPS (Fig. 2). IC/BPS
with Hunner lesions has a proven bladder histology that manifests epithelial denudation and chronic inﬂammatory
changes, such as lymphoplasmacytic and MC inﬁltration,
stromal ﬁbrosis, and edema.17,18 Of note, these histological
changes are not conﬁned to Hunner lesions, but can be
observed in the entire bladder (i.e. pancystitis).19 Meanwhile,
IC/BPS without Hunner lesions shows few histological
changes.17–19 This histological evidence showed that IC/BPS
with Hunner lesions is truly a chronic inﬂammatory disease
of the bladder, whereas IC/BPS without Hunner lesions is a
non-inﬂammatory disorder with no obvious bladder etiology.
Our recent whole transcriptome analysis of IC/BPS emphasized this concept by showing the distinct gene expression
proﬁle of IC/BPS with Hunner lesions, in which the genes
© 2020 The Japanese Urological Association
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involved in immune responses and infection were upregulated
(Fig. 3; Table 2). In contrast, the gene expression proﬁle of
IC/BPS without Hunner lesions was similar to that of non-IC
controls.11 In addition, there are few documented clinical
examples of a patient converting between the two forms of
IC/BPS. Based on this evidence, the workshop concluded that
it would be logical if IC/BPS with Hunner lesions be
excluded from the current IC/BPS umbrella and deﬁned as
IC, and the remaining forms (IC/BPS without Hunner lesions)
be designated as BPS.4
Glomerulations (mucosal bleeding after bladder overdistension) have been considered another characteristic disease
marker of IC/BPS. However, recent studies have cast doubt
on its signiﬁcance in the diagnosis and etiology of IC/
BPS.11,20 To obtain biological evidence that could shed light
on this controversial matter, we carried out genomic and
histological analyses of the microvasculature in bladder
biopsy samples from patients with IC/BPS without Hunner
lesions. Consequently, the presence of glomerulations did
not affect gene expression, or the degree of subepithelial
inﬂammation and neovascularization.11 These ﬁndings

(a)

(b)

suggest that glomerulations might not be a phenotypic feature of IC/BPS. However, we cannot conclusively discount
the signiﬁcance of glomerulations in IC/BPS at present.
Therefore, we propose that, for the time being, the appearance of glomerulations during bladder hydrodistension
should be recorded, although not used for diagnostic or
therapeutic decision-making.

Pathophysiology of IC/BPS
IC/BPS with Hunner lesions
The underlying mechanisms that perpetuate inﬂammation in
IC/BPS with Hunner lesions remain elusive. However, we
found that accumulation of plasma cells and frequent expansion of light chain-restricted B cells in the bladder are the
characteristic histological features of IC/BPS with Hunner
lesions (Fig. 4).19 A recent RNA-seq analysis showed that
genes involved in biological pathways related to cell proliferation, immune system and infectious disease were signiﬁcantly upregulated in IC/BPS with Hunner lesions
(Table 2).11 In the past, deposits of immunoglobulin and

(c)

Fig. 2 Histological features of IC/BPS. (a) IC/BPS with Hunner lesions (lesion area). Dense subepithelial inflammatory infiltrates, epithelial denudation and increased
neovascularization are observed, often accompanied by lymph follicles (magnification: 9100). (b) IC/BPS with Hunner lesions (non-lesion area). Note that similar
inflammatory changes are observed in a non-lesion area (magnification: 9200). (c) IC/BPS without Hunner lesions. Few inflammatory changes with retained urothelium (magnification: 9200).
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Fig. 3 Genomic landscape of IC/BPS, modified
from the results of Akiyama et al.11 IC/BPS with
Hunner lesions (red: lesion area, yellow: nonlesion area) shows a distinct gene expression
pattern from IC/BPS without Hunner lesions (blue)
and controls (green). The gene expression pattern
of IC/BPS without Hunner lesions is similar to that
of controls.
© 2020 The Japanese Urological Association
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Table 2 Significantly enriched biological pathways in IC/BPS with Hunner
lesions (selected results from Akiyama et al.11)

Pathway ID

Kyoto Encyclopedia of Genes and
Genomes pathway name (no.
genes)

No. enriched
genes

Upregulated pathways
hsa01521 EGFR tyrosine kinase inhibitor
37
resistance (79)
hsa05163 Human cytomegalovirus infection
71
(225)
hsa05167 Kaposi sarcoma-associated
61
herpesvirus infection (186)
hsa05165 Human papillomavirus infection
85
(339)
map09020 Pathways in cancer (526)
120
hsa04062 Chemokine signaling pathway
54
(185)
hsa05220 Chronic myeloid leukemia (76)
30
hsa05169 Epstein–Barr virus infection (201)
56
hsa04722 Neurotrophin signaling pathway
38
(119)
hsa04150 mTOR signaling pathway (151)
41
hsa04662 B-cell receptor signaling pathway
27
(71)
hsa04664 Fc epsilon RI signaling pathway
23
(68)
hsa04650 Natural killer cell-mediated
38
cytotoxicity (131)
hsa04064 NF-kappa B signaling pathway (95)
29
hsa04621 NOD-like receptor signaling
44
pathway (168)
hsa04210 Apoptosis (138)
71
hsa05221 Acute myeloid leukemia (66)
22
hsa04666 Fc gamma R-mediated
27
phagocytosis (91)
hsa04660 T-cell receptor signaling pathway
29
(101)
hsa04151 PI3K-Akt signaling pathway (354)
75
hsa04659 Th17 cell differentiation (107)
28
hsa04612 Antigen processing and
22
presentation (77)
hsa04658 Th1 and Th2 cell differentiation
25
(92)
hsa04672 Intestinal immune network for IgA
16
production (49)
hsa04668 TNF signaling pathway (110)
26
hsa04620 TLR signaling pathway (104)
25
hsa04066 HIF-1 signaling pathway (100)
24
hsa05100 Bacterial invasion of epithelial
19
cells (74)
hsa04370 VEGF signaling pathway (59)
16
hsa04915 Estrogen signaling pathway (137)
37
hsa04670 Leukocyte transendothelial
25
migration (112)
hsa04010 MAPK signaling pathway (295)
54
hsa00532 GAG biosynthesis – chondroitin
7
sulfate/dermatan sulfate (20)
hsa04540 Gap junction (88)
19
hsa04350 TGF-beta signaling pathway (84)
18
hsa00534 GAG biosynthesis – heparan
7
sulfate/heparin (20)
hsa04640 Hematopoietic cell lineage (97)
20
hsa05120 Epithelial cell signaling in
15
Helicobacter pylori infection (68)
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Table 2 (Continued)

Pathway ID
P-value
<0.0001

<0.0005

<0.001

<0.005

<0.01

<0.05

hsa04750

Kyoto Encyclopedia of Genes and
Genomes pathway name (no.
genes)

Inflammatory mediator regulation
of TRP channels (97)
Down-regulated pathways
hsa01521 AMPK signaling pathway (120)
hsa05163 Aldosterone-regulated sodium
reabsorption (37)
hsa04072 Phospholipase D signaling
pathway (146)
hsa00270 Cysteine and methionine
metabolism (45)
hsa00564 Glycerophospholipid metabolism
(97)
hsa03320 Peroxisome proliferator-activated
receptor signaling pathway (72)
hsa04330 Notch signaling pathway (48)
hsa01230 Biosynthesis of amino acids (74)
hsa00563 Glycosylphosphatidylinositolanchor biosynthesis (25)

No. enriched
genes

P-value

20

28
12

<0.0005
<0.001

29

<0.005

11

<0.05

19
15
11
15
7

complement, and increased expression of chemokine receptor
CXCR3 and its ligands (CXCL9, 10 and 11), in the bladder
tissue of patients with IC/BPS with Hunner lesions has been
reported.21–23 This evidence suggests that an immunological
inﬂammatory process frequently accompanied by B-cell clonal expansion might underlie the pathophysiology in a subgroup of patients with IC/BPS with Hunner lesions.
Urothelial denudation is another characteristic histological
feature of IC/BPS with Hunner lesions. Speciﬁcally, full layers of the urothelium are frequently sloughed off at Hunner
lesion sites, whereas partial layers remain attached at nonlesion sites.18 This entire loss of the urothelial barrier at
lesion sites could permit urinary stimuli to directly come into
contact with afferent peripheral nerves in the bladder. This
could be one possible explanation for the hypersensitive bladder symptoms; that is, occasionally susceptible to the change
in urine composition in patients with IC/BPS, as consumption
of speciﬁc diets exacerbate the symptoms.24–27 Clinical evidence that treatments targeted to Hunner lesions have favorable effects, despite the pancystitic nature of this form, might
support this notion.9–10,28 However, whether there is a causal
relationship between the urothelial denudation and the subepithelial inﬂammation in patients with IC/BPS with Hunner
lesions remains to be determined. We next to discuss the
potential pathophysiologies of IC/BPS with Hunner lesions,
focusing on the urothelial deﬁciency and characteristic subepithelial inﬂammatory process featured by frequent B-cell clonal expansion.

Primary autoimmunity to the bladder tissue
Simply, we could associate the urothelial denudation and
enhanced immune responses in IC/BPS with Hunner lesions
with autoimmunity to the bladder tissue. In the past, antiurothelial autoantibodies have been found in patients with
IC.21,29,30 High incidence and titers of autoantibodies in the
© 2020 The Japanese Urological Association
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Fig. 4 Light chain-restricted B cells infiltrating in IC/BPS with Hunner lesions. (a–c) Light chain restriction in the infiltrating plasma cells in IC/BPS with Hunner
lesions. (a) Hematoxylin–eosin staining shows dense plasma cell infiltration in the subepithelial layer. (b,c) In situ hybridization for the (b) kappa chain or (c) lambda
chain. Most plasma cells are kappa chain-restricted (magnification: 9200).

serum and bladder of patients with IC have also been
reported.31,32 In this context, it is of interest that bladder disorders are commonly noted in patients with systemic autoimmune diseases, such as Sjogren’s syndrome, systemic lupus
erythematosus and autoimmune thyroiditis, with histological
evidence of deposits of immunoglobulin and complement in
the bladder.33 Furthermore, the lower urinary tract symptoms
in these patients resemble those in patients with IC/BPS with
Hunner lesions.34,35 In addition, female preponderance and an
increased prevalence of comorbid systemic autoimmune
disorders are well-known epidemiological features of IC/
BPS.36–38 Collectively, this evidence strongly suggests the
possible autoimmune nature of IC/BPS with Hunner lesions.
In animal models, forced autoimmunity against the bladder
tissue can induce chronic cystitis that resembles human IC/
BPS in histology and symptomatology.39–41 However, speciﬁc autoantibodies against bladder tissue have not been
reported in patients with IC/BPS with Hunner lesions, thus
this hypothesis remains controversial. Recently, we found that
the immune responses in IC/BPS with Hunner lesions might
be related to bladder infection.11,19 In this context, it is of
great interest that female IC patients have a higher prevalence
of positive urine cultures42,43 or altered urine bacterial ﬂora
than controls.44,45 Furthermore, an increased frequency of
Epstein–Barr virus infection was reported in patients with IC/
BPS with Hunner lesions.46 Infection is known to drive
autoimmune pathogenesis in individuals with genetic susceptibility.47–49 Urothelial barrier dysfunction might help microbial invasion into the bladder mucosa during this process.50
Taken together, this evidence suggests that autoimmune
responses against the urinary bladder might develop in conjunction with infection in IC/BPS with Hunner lesions. Further studies on the connection between autoimmunity and
epithelial denudation and infection in IC/BPS with Hunner
lesions are warranted.

Inflammatory reaction secondary to bladder
tissue injury
The immunological inﬂammatory reaction of IC/BPS with
Hunner lesions might be elicited secondarily against endogenous pathogens derived from cellular components (damageassociated molecular pattern) exposed to the immune system
© 2020 The Japanese Urological Association

after bladder tissue cell injury caused by mechanical/chemical
insult, aberrant metabolism or infection. Ketamine-induced
cystitis, which is known to mimic IC/BPS with Hunner
lesions clinically, is thought to be caused by direct damage to
the urothelium by urine metabolites of ketamine.51 Parsons
et al. suggested that cationic urinary components could
potentially be cytotoxic to the urothelial cells, resulting in
bladder mucosal injury.52,53 Some dietary metabolites, medications and nutritional supplements also exert cytotoxic
effects on the urothelium.26 Altered levels of antiproliferative
or growth factors, and increased apoptotic activity have been
also reported in IC/BPS.54,55 Chronic urinary tract infection
could lead to increased urothelial cell apoptosis.56 As a result,
secondary to these bladder tissue cell disruptions, an inﬂammatory reaction might be induced against released endogenous pathogens, including proteins and peptides,
polysaccharides and proteoglycan, nucleic acids, and phospholipids through pattern recognition receptors.57 Furthermore, persistent inﬂammatory stress could evoke clonal
expansion of inﬁltrating lymphocytes.58,59 This hypothesis
might explain the fact that autoantibodies reported in the past
were not speciﬁc to IC/BPS.

Neurogenic inflammation
MC inﬁltration in IC/BPS: MC inﬁltration has been considered a characteristic disease marker for IC/BPS.60–66
Before the year 2000, Giemsa staining, toluidine blue staining, periodic acid-Schiff staining and c-kit immunohistochemistry were used to identify MCs in routine pathology.
However, these staining methods are not speciﬁc for human
MCs.61,65,66 Since the 2000s, when a human MC-speciﬁc
antibody (an anti-tryptase antibody) was developed, emerging evidence, including our recent study, has cast doubt on
the signiﬁcance of MC inﬁltration in IC/BPS.67–70 We evaluated MC densities in IC/BPS with and without Hunner
lesions, and equally inﬂamed non-IC controls using an
anti-tryptase antibody; each subtype of IC/BPS and its corresponding control (i.e. IC/BPS with Hunner lesions and
non-IC chronic cystitis, or IC/BPS without Hunner lesions
and normal bladder, respectively) had a comparable degree
of background lymphoplasmacytic inﬁltration. The results
showed that MC densities did not differ between IC/BPS
5
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and controls with equal background inﬂammation.70 Other
recent studies have also suggested that increased MC density might not be a speciﬁc histological feature of IC/
BPS.67–69

Nerve–MC interaction axis: Enhanced release of neuropeptides from the sensory and/or sympathetic nerves leads to persistent afferent nerve sensitization and local inﬂammatory
changes.71 These processes, referred to as neurogenic inﬂammation, are mediated by MCs. Neurotransmitters released by
peripheral neurons, including vasoactive peptides, calcitonin
gene-related peptide, tachykinins or substance P, induce MC
degranulation and the release of pro-inﬂammatory mediators,
such as histamine, serotonin, tryptase, TNF-a and NGF,
resulting in local bladder inﬂammation. These inﬂammatory
mediators act back on the afferent neurons in a positive feedback loop, resulting in increased release of neuropeptides that
further exacerbate the MC degranulation and inﬂammatory
response (known as the nerve–MC interaction axis).72–79 Persistent afferent nerve stimulation results in altered neural plasticity and central nervous sensitization in the dorsal root
ganglia and the upper spinal cord, contributing to symptom
persistence in IC/BPS.80 Chitinase-like protein (YKL-40),
another protein contained within MC granules, also promotes
stromal edema and ﬁbrosis.81 Thus, MCs play a role in
diverse pathophysiological processes including the synthesis
of pro-inﬂammatory cytokines, leukocyte recruitment, afferent
nerve sensitization and vascular remodeling.82 However, as
aforementioned, a skeptical view on the role of MCs in IC/
BPS is emerging based on recent studies. Gamper et al.
reported that not only MC counts, but also the degree of MC
degranulation did not differ signiﬁcantly between patients
with IC/BPS and overactive bladder and non-IC controls
without bladder pain, suggesting that the functional contribution of MCs to the pathophysiology of IC/BPS might be
questionable as well.69 Given the disproportionately low
numbers of inﬁltrating MCs compared with other inﬁltrating
inﬂammatory cells in IC/BPS with Hunner lesions, it might
well be unlikely that MCs play a pivotal role in its pathogenesis. Meanwhile, based on this current evidence, the role of
MCs in IC/BPS without Hunner lesions should not be completely discounted, as MCs have been implicated in other disorders characterized by afferent hypersensitivity and
neurogenic inﬂammation, that are known to frequently overlap with IC/BPS without Hunner lesions.83–86 The role of
neurogenic inﬂammation and MC inﬁltration in IC/BPS
should be revisited in light of categorization of IC/BPS and
proper controls.

Increased angiogenesis in the bladder mucosa
Increased angiogenesis is considered another pathogenic feature of IC/BPS, as it could be associated with the formation
of glomerulations in conjunction with urothelial deﬁciency.50,87,88 However, recent studies have cast doubt on
the speciﬁcity of glomerulations in IC/BPS.11,20 Our quantitative analysis of the subepithelial microvasculature showed
increased microvessel density in IC/BPS with Hunner
lesions, and showed that microvessel density did not differ
according to the presence or absence of glomerulations in
6

IC/BPS without Hunner lesions.11 Increased levels of VEGF,
a pro-inﬂammatory growth factor that induces neovascularization, have also been reported in IC/BPS with Hunner
lesions.89 Given the robust chronic inﬂammatory changes in
IC/BPS with Hunner lesions, increased angiogenesis might
result from the subepithelial inﬂammation, rather than being
the cause of the inﬂammation. Comparison with non-IC
chronic cystitis, as we did in the MC assessment, might help
validate the speciﬁcity of VEGF in IC/BPS with Hunner
lesions.
Thus, the etiology of IC/BPS with Hunner lesions might
be multifactorial, as the variable cystoscopic appearance of
Hunner lesions implies. Given the evidence from clinical, epidemiological and basic research studies described in this
review, genetic, environmental and infectious factors might
all play a role in the pathogenesis of IC/BPS with Hunner
lesions.

IC/BPS without Hunner lesions
The key to understanding the pathophysiology of IC/BPS
without Hunner lesions is exploring the mechanisms underlying nociceptive ampliﬁcation in the absence of overt bladder
pathology.

BPS as a somatoform disorder
Growing evidence suggests a potential connection between
IC/BPS without Hunner lesions and somatoform disorders.
Chen et al. showed that somatic symptoms could be linked
to biological pathways that increase the risk of IC/BPS without Hunner lesions.16 A study that carried out magnetic resonance imaging of the brain of patients with UCPPS and
ﬁbromyalgia, and pain-free controls showed similar abnormal
brain activity in patients with UCPPS and ﬁbromyalgia.90
The relationship between speciﬁc dietary intake and symptom
changes is commonly seen in IC/BPS and FSSs,24-27,91-95 in
which some dietary metabolites might act as excitatory neurotransmitters, resulting in the central nervous sensitization.96,97
These ﬁndings suggest that IC/BPS without Hunner lesions
might share its pathogenetic neurophysiological process
affecting the CNS with somatoform disorders or FSSs.98 The
underlying pathophysiology of FSSs remains unclear, but
aberrant neuroimmune or endocrine processes with certain
stressors might be responsible for central nervous sensitization and systemic hypersensitivity.99

Urothelial alterations
Parsons et al. postulated that abnormalities of the GAG layer
might be associated with the urothelial dysfunction of IC/
BPS.100 The GAG layer, which consists of glycoproteins and
proteoglycans, plays a pivotal role in protective barrier function.101 Disruption of the GAG layer leads to increased
urothelial permeability. The use of conventional intravesical
therapies with GAG family components, such as heparan sulfate, chondroitin sulfate or hyaluronic acid, in IC/BPS is
based on the hypothesis that replenishment of the GAG layer
might promote urothelial layer recovery.102 In contrast, Liu
et al. reported that tight junction proteins, such as E-cadherin
and zonula occludens-1, are downregulated in patients with
© 2020 The Japanese Urological Association
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IC/BPS without Hunner lesions compared with patients with
stress urinary incontinence or overactive bladder syndrome.103 Recurrent urinary tract infection could lead to
downregulation of E-cadherin expression of the urothelium,56
which might explain the symptom exacerbations exposed
after bacterial infection in patients with IC/BPS.104 The
umbrella cells of patients with IC/BPS, including those without Hunner lesions, showed denudation, defects in integrity
and microplicae, and severe pleomorphism by electron microscopy, and the degree of the umbrella cell defects correlated
with symptom severity.50 These urothelial alterations impair
its barrier function, resulting in increased permeability, which
enables urinary stimuli to gain access to the subepithelial tissue and stimulate the afferent neurons persistently, leading to
central nervous ampliﬁcation with subtle histological bladder
disruption undetectable by optical microscopy.105

Altered nociceptive sensory pathways
Neurogenic inﬂammation contributes to bladder afferent
hypersensitivity and stromal ﬁbrotic/edematous changes
through nerve–MC interactions, as aforementioned. Kim
et al. reported that ﬁbrosis and MC counts are increased in
IC/BPS without Hunner lesions, suggesting the potential
involvement of neurogenic inﬂammation in its pathophysiology.106 Elevated gene expression of NGF and transient receptor potential vanilloid type 2 in IC/BPS without Hunner
lesions was also reported.23 These ﬁndings might indicate the
sensory pathways that are altered in patients with IC/BPS
without Hunner lesions.

Animal models
Potential animal models of IC/BPS with
Hunner lesions
For many years, animal models induced by local or systemic
administration of noxious stimuli, such as hydrochloric acid
and cyclophosphamide, have been used for IC/BPS research,
in which induction of “chronic” cystitis requires repetitive
administration and the inﬂamed bladder manifests few dense

lymphocytic inﬁltrates (e.g. lymphoid follicles) seen in IC/
BPS with Hunner lesions.107,108 However, current evidence
has emphasized that an immunological inﬂammatory process
accompanied by frequent B-cell clonal expansion might
underlie the pathophysiology of IC/BPS with Hunner lesions.
In this context, EAC models can most closely mimic IC/BPS
with Hunner lesions. EAC models were ﬁrst reported in the
early 1990s, and have continually emerged since then
(Table 3). At present, EAC models can be categorized into
four groups: (i) EAC models induced by bladder tissue
homogenate; (ii) EAC models induced by bladder urothelial
antigens; (iii) spontaneous EAC model; and (iv) transgenic
EAC models. These models are capable of recapitulating one
or more key clinical correlates seen in patients with IC/BPS,
offering a unique property for investigating certain speciﬁc
aspects of human IC/BPS, such as bladder inﬂammation, pelvic/bladder pain and voiding dysfunction.

EAC models induced by bladder tissue homogenate
During the early stage of EAC development, investigators used
homogenized bladder tissues for immunization to induce EAC
in rodents. This EAC type has been developed in Balb/
cAN,109,110 SWXJ(H-2q.s)111,112 and C57BL/6 mice,113,114 as
well as in Lewis rats.115,116 In these models, bladders histologically showed thickened lamina propria, perivascular lymphocytic inﬁltration, increased urothelial permeability, increased
vascularity and glomerulations, and detrusor MC accumulation.
They also showed functional changes, such as increased urinary frequency and suprapubic pain behavior, and decreased
bladder capacity.113,114 These ﬁndings remained for several
months, and were transferable to na€ıve syngeneic animals
through adoptive splenocyte transfer.109,115 The successful
induction of cystitis by adoptive transfer showed the capacity
of primed immune cells to recognize and respond to normal
bladder tissues. These EAC models have been applied in therapeutic studies, including the use of angiotensin II type 1 receptor antagonist,110 anti-CXCL10 antibody112 and NK1R

Table 3 Animal models of autoimmune cystitis

Species

Strain

Induction of autoimmune cystitis

Antigen

Bladder
inflammation [Ref]

Mouse
Mouse
Rat
Mouse
Mouse

Balb/cAN
SWXJ (H-2q.s)
Lewis
SWXJ (H-2q.s)
Balb/c-Fcgr2b
Pdcd1 /
Balb/c
Balb/cJ
C57BL/6
C57BL/6
URO-OVA
URO-OVA
URO-OVA
URO-OVA/OT-I

Immunize with
Immunize with
Immunize with
Immunize with
Spontaneous

Unknown
Unknown
A 12-kDa protein
UPK II
UPK IIIa

109, 110
111, 112
115, 116
40
120

UPK 3A
UPK 3A
Unknown
TRPM8
Transgenic
Transgenic
Transgenic
Transgenic

39, 119
118
113, 114
117
41, 122–124
128
Figure 6
41, 123, 127

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

/

syngeneic bladder homogenate
syngeneic bladder homogenate
syngeneic bladder homogenate
recombinant UPK II

Immunize with UPK3A65-84 peptide
Immunize with UPK3A65-84 peptide
Immunize with syngeneic bladder homogenate
Immunize with TRPM8 T2 peptide
Adoptive transfer of OVA-specific CD8+ T cells
Adoptive transfer of OVA-specific CD4+ T cells
Adoptive transfer of OVA-specific T and B cells
Spontaneous
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OVA
OVA
OVA
OVA

Pelvic/bladder
pain

Voiding
dysfunction

MC
increment

109
111
115, 116
40
120

109
111, 112

39, 119
118
113, 114
117
124

113, 114
117
124

(Upo)
127

(Upo)
127

120

39, 119
118
113, 114
117
41
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antagonist.114 All treatments showed favorable effects on
reducing cystitis and associated symptoms in the EAC models.

EAC models induced by bladder urothelial antigens
Since the past decade, investigators have used known bladder
urothelial antigens for immunization to induce EAC in mice.
Altuntas et al. used recombinant mouse UPK II to induce
EAC in mice.40 This model showed T-cell inﬁltration in the
urothelium, upregulated gene expression of IFN-c, TNF-a,
IL-17A and IL-1b, and voiding dysfunction. Zhang et al.
used T2 peptide, an antigenic epitope of TRPM8 protein to
induce EAC in mice.117 The EAC mice showed extensive Tcell inﬁltration, edema and MC accumulation in the bladder,
and showed increased suprapubic pain and urinary frequency.
Izgi et al. used an UPK3A-derived immunogenic peptide
(UPK3A 65–84) to induce EAC in mice.39 The mice showed
antigen-speciﬁc lymph node cell proliferation, serum antibody
responses, upregulated gene expression of IFN-c, TNF-a, and
IL-1b, and increased suprapubic pain and voiding dysfunction. The induced immune responses were characterized by
selective activation of CD4+ T cells with a Th1-like phenotype, whereas no CD8+ T-cell activation was observed. Bicer
et al. reported that the pelvic pain in the EAC mice was
mediated by chemokine CCL2-driven MCs in the bladder, as
treatment with MC stabilizer cromolyn or histamine receptors
1/2 antagonists inhibited pelvic pain.118 Also, mice defective
in CCL2 or chemokine C-C motif receptor 2 gene showed
markedly reduced pelvic pain along with reduced MC accumulation after EAC induction.118 Recently, Li et al. reported
that local treatment with low-energy shock wave improved
bladder inﬂammation and pain, and reduced levels of TNF-a
and NGF in bladder and serum in the EAC mice.119

Spontaneous EAC model
Sugino et al. reported that double knockout mice in low
afﬁnity type IIb Fc receptor for immunoglobulin G and programmed cell death 1 presented anti-urothelial autoantibodies,
such as anti-UPKIIIa antibody, and therefore could spontaneously develop EAC during the normal aging process.120
This model showed degenerated urothelium, such as poorer
plaque formation and ablated umbrella cells, increased number of c-kit-, CD4-, CD11c- and B220-positive cells, and
upregulated gene expression of TNF-a and IL-1b, as well as
voiding dysfunction.

Transgenic EAC models
We have strived for developing transgenic EAC models since
2004, and reported our ﬁrst model URO-OVA in 2007.41 The
URO-OVA mice express the well-deﬁned model antigen,
OVA, as a “self” antigen on the urothelium, and develop
bladder inﬂammation after adoptive transfer of OVA-speciﬁc
CD8+ T cells from OT-I mice that express the transgenic
CD8+ TCR speciﬁc for the OVA257-264 epitope peptide (H2Kb).121 The bladder shows profound cellular inﬁltration,
including MCs, edema, mucosal hyperemia and epithelial
hyperplasia, with a peak at 7–14 days, and upregulated gene
expression for TNF-a, NGF, substance P, IL-6, IFN-c and
8

MCP-1 after cystitis induction.41,122,123 In parallel with bladder inﬂammation, the URO-OVA mice show increased pelvic/bladder nociceptive responses and irritative voiding
symptoms.124 Thus, this model recapitulates the key pathological features of IC/BPS with Hunner lesions, providing a
novel EAC model for IC/BPS research.
Our early studies showed the responsiveness of the UROOVA model to intravesical treatment with DMSO,123 one of
the mainstays in the pharmacological treatment of human IC/
BPS. The DMSO administration signiﬁcantly reduced bladder
inﬂammation and gene expression for IL-6, TNF-a, NGF,
MCP-1 and IFN-c. The studies also showed that DMSO
impaired effector CD8+ T-cell inﬁltration in vivo and viability
in vitro.
The URO-OVA model presents altered TLR4 activation,124
which is consistent with our recent ﬁndings suggesting a signiﬁcant role of TLR4 in IC/BPS pain.125 To determine the
role of TLR4, we generated URO-OVATLR4 / mice that
retained the urothelial OVA expression, but lacked TLR4
expression.124 Interestingly, we observed that UROOVATLR4 / mice showed reduced pelvic/bladder nociceptive
responses, although similar bladder inﬂammation and voiding
dysfunction to URO-OVA mice were observed. We further
treated the URO-OVA EAC mice with TAK-242, a well-deﬁned TLR4 selective inhibitor,126 and observed signiﬁcant
pain relief in the treated mice.124 Our study showed the role
of TLR4 in autoimmune-associated pelvic/bladder pain.
To develop a transgenic EAC model that can more closely
mimic human IC/BPS, we generated URO-OVA/OT-I mice
through crossbreeding between URO-OVA and OT-I mice.
The F1 generation acquires both urothelial OVA expression
and endogenous OVA-speciﬁc CD8+ T cells and, therefore,
can spontaneously develop bladder inﬂammation over time
during the normal aging process.41,123,127 The EAC initiates
at 4 weeks, and appears mild at 4 weeks, moderate at
6 weeks and severe at 8 weeks that sustains up to 20 weeks
tested (Fig. 5). Like the URO-OVA mice, the URO-OVA/
OT-I mice show pelvic/bladder pain and voiding dysfunction
after EAC development, providing a valuable model for identifying the mechanisms underlying the initiation, progression,
and maintenance of chronic cystitis and associated symptoms.127
In addition to CD8+ T cells, CD4+ T cells are capable of
inducing EAC in the URO-OVA mice. We observed that
adoptive transfer of OT-II CD4+ T cells that express the
transgenic TCR speciﬁc for the I-Ab/OVA323–339 epitope peptide induced EAC in the URO-OVA mice.128 Our studies
showed that antigen-speciﬁc CD4+ T cells functioned as
direct effector cells and induced EAC independent of CD8+
T cells.
In addition to T cells, B cells are also implicated in the
pathophysiology of IC/BPS with Hunner lesions, as described
in this review. To evaluate the role of B cells, we generated
antigen-speciﬁc B cells, along with antigen-speciﬁc T cells,
through immunization of C57BL/6 mice with adjuvant-emulsiﬁed OVA protein. We observed that URO-OVA mice
developed EAC after adoptive transfer of splenocytes (a mixture of T and B cells) from the OVA-immunized mice. The
bladder showed remarkable cellular inﬁltration, vascularity
© 2020 The Japanese Urological Association
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(a)

(b)

(a)

(b)

Fig. 5 (a) Spontaneous autoimmune cystitis in a
URO-OVA/OT-1 mouse at 20 weeks-of-age. Dense
mononuclear cell infiltration, vasodilation, mucosal
hyperemia and epithelial hyperplasia are observed
in the bladder (magnification: 9200). (b) An
enlargement of the area outlined by the
rectangular dot box (magnification: 9400).

Fig. 6 (a) EAC in a URO-OVA mouse at 21 days
after adoptive transfer of splenocytes from OVAimmunized C57BL/6 mice. Remarkable cellular
infiltration, vascularity, mucosal hyperemia,
stromal edema and epithelial hyperplasia are
observed in the bladder (magnification: 9200). (b)
An enlargement of the area outlined by the
rectangular dot box (magnification: 9400).

and mucosal hyperemia with a peak at 14–28 days after cystitis induction (Fig. 6). In parallel with bladder inﬂammation,
the EAC mice showed increased urinary frequency and pain
behavior, and decreased micturition volume (our Upo). The
determination of the role of B cells in the EAC is currently
underway.
The EAC models have been used in IC/BPS research for
nearly three decades. However, the current EAC models have
certain limitations as follow. First, all models are induced by
known or unknown bladder tissue antigens. Unfortunately,
direct evidence for the involvement of bladder tissue antigens
in human IC/BPS is still lacking. Second, in IC/BPS with
Hunner lesions, the bladder urothelium manifests denudation,
erosions or thinning; whereas, the majority of EAC models
show urothelial hyperplasia, which is not a characteristic histological feature of IC/BPS with Hunner lesions. Third, all
studies used female mice and the sex impact on the EAC is
not clear. However, despite these limitations, these EAC
models most closely mimic the pathophysiology of IC/BPS
with Hunner lesions, providing a unique translational property for research in the ﬁeld.

Potential animal models of IC/BPS without
Hunner lesions
Animals with neurogenic cystitis, which show neural hyperexcitability without overt bladder etiology, can be used as
models of IC/BPS without Hunner lesions. Pelvic organ
cross-sensitization can result in neurogenic cystitis with little
evidence of bladder etiology, and might explain the frequent
overlap between UCPPS, including IC/BPS, and irritable
© 2020 The Japanese Urological Association

bowel syndrome or vulvodynia.129 Ustinova et al. showed in
a rat model that colonic irritation could induce bladder afferent sensitization and increase MC inﬁltration.129 Montalbetti
et al. showed that, in rats, increased urothelial permeability
caused by disrupted urothelial tight junctions resulted in bladder afferent nerve hyperexcitability and upstream central
nerve sensitization with few inﬂammatory changes, and without altering epithelial quantity or umbrella cell polarity/differentiation.130,131 In contrast, emerging evidence has suggested
a potential connection between bladder/pelvic hypersensitivity
and psychological/physiological stress, involving functional
alteration of the CNS, in humans. Jasmin et al. showed that
CNS dysfunction induced by retrograde infection of the bladder with pseudorabies virus led to neurogenic inﬂammation
in the bladder, resulting in MC degranulation and elevated
urinary histamine content.132,133 Chronic WAS is another
well-known model highly relevant to human IC/BPS without
Hunner lesions. Rats exposed to WAS showed bladder hypersensitivity symptoms including a decreased threshold of micturition, increased urinary frequency and hyperalgesia.134–136
The rats also showed increased subepithelial MC inﬁltration
and urinary NGF levels,137,138 with increased engagement
and connectivity of brain micturition neuronal circuits and
motor cortex regions.135 In addition, this WAS-induced bladder hypersensitivity was exacerbated by early life stress,139
which could mimic the potential relationship between childhood relational affect dysregulation and the development of
IC/BPS without Hunner lesions in humans.140 Interestingly, a
recent study reported the potential link between WAS-induced chronic stress and urothelial dysfunction, which was
mediated by autonomic mechanisms and mitochondrial
9
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malfunction.137,141 Taken together, these models might facilitate the development of novel therapies and future research
on the pathogenesis of IC/BPS without Hunner lesions.

Summary and future perspectives
In this article, we emphasized the critical differences between
IC/BPS with and without Hunner lesions. IC/BPS with Hunner lesions is an inﬂammatory disease of the urinary bladder
potentially associated with enhanced immune responses and
infection, whereas IC/BPS without Hunner lesions is a noninﬂammatory disorder with little evidence of bladder etiology.
Thus, the IC/BPS umbrella does not represent a series of one
disorder, but comprises a variety of “distinct” disorders.
On the basis of symptomatology, IC/BPS can be categorized into “bladder-centric” or “bladder-beyond” phenotypes.
The former can be represented by IC/BPS with Hunner lesions
that presents with more severe bladder/urethral pain, smaller
bladder capacity, speciﬁc clinical prognosis and few comorbid
systemic conditions. The latter category is represented by IC/
BPS without Hunner lesions that frequently presents with
somatic symptoms, and affects dysregulation, larger anatomical bladder capacity and more comorbid systemic conditions.
However, clinical phenotyping based on patient demographics, the presence of other comorbid diseases and symptom
severity, as well as characteristics measured by validated scoring systems, such as UPOINT and the Interstitial Cystitis
Symptom Indices, cannot distinguish the presence or absence
of Hunner lesions.142–144 Meanwhile, bladder histology could
differentiate these two forms. IC/BPS with Hunner lesions has
a proven bladder histology that manifests epithelial denudation and chronic inﬂammatory changes characterized by pancystitis and frequent expansion of inﬁltrating B cells, whereas
IC/BPS without Hunner lesions shows little histological
changes in the bladder. Therefore, we propose that categorization of IC/BPS should be carried out based on cystoscopic
(and histological) examination at initial diagnosis to ensure
speciﬁc clinical and investigational methodologies optimized
for each subtype. For example, local fulguration and steroid
injections, intravesical instillation of DMSO, and
cyclosporine A administration should be indicated to patients
with Hunner lesions. In contrast, a neuromodulation therapy
and/or a multidisciplinary treatment strategy modeled on the
management of related somatoform disorders and forms of
affect dysregulation might be rationale for patients with IC/
BPS without Hunner lesions. Taken together, a tailored
approach that targets the chronic inﬂammation and epithelial
denudation for IC/BPS with Hunner lesions, or the sensitized/
altered nervous system, urothelial malfunction and psychosocial problems for IC/BPS without Hunner lesions, might be
reasonable, and could lead to better outcomes in clinical management and future research of IC/BPS.
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