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Abstract

diagnostic biomarkers for HIC.

patients from GSE57560.

expression in patients from GSE57560.

Background: Hunner’s interstitial cystitis (HIC) is a complex disorder characterized by pelvic pain, disrupted urine
storage, and Hunner lesions seen on cystoscopy. There are few effective diagnostic biomarkers. In the present study,
we used the novel machine learning tool CIBERSORT to measure immune cell subset infiltration and potential novel

Methods: The GSE11783 and GSE57560 datasets were downloaded from the Gene Expression Omnibus for analysis.
Ten HIC and six healthy samples from GSE11783 were analyzed using the CIBERSORT algorithm. Gene Set Enrichment
Analysis (GSEA) was performed to identify biological processes that occur during HIC pathogenesis. Finally, expres-
sion levels of 11T cell follicular helper cell (Tfh) markers were compared between three healthy individuals and four

Results: Six types of immune cells in HIC from GSE11783 showed significant differences, including resting mast cells,
CD4% memory-activated T cells (CD3" CD41 HLA-DR cells), MO and M2 macrophages, Tfh cells, and activated natural
killer cells. Except for plasma cells, there were no significant differences between Hunner’s lesion and non-Hunner's
lesion areas in HIC. The GSEA revealed significantly altered biological processes, including antigen-antibody reactions,
autoimmune diseases, and infections of viruses, bacteria, and parasites. There were 11 Tfh cell markers with elevated

Conclusion: This was the first demonstration of Tfh cells and CD3% CD4™ HLA-DR™ cells with elevated expression in
HIC. These cells might serve as novel diagnostic biomarkers.

Keywords: Bioinformatic, Immune system diseases, Mast cells, Interstitial cystitis, Hunner-type interstitial cystitis

Background

Interstitial cystitis (IC), also known as bladder pain
syndrome (BPS), is a chronic condition character-
ized by painful lower urinary tract symptoms [1]. The
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condition affects millions of people and significantly
impairs their quality of life. The diagnosis is challeng-
ing, and there are limited treatment options. Using
cystoscopy, IC can be divided into two phenotypes:
Interstitial cystitis with Hunner’s lesion (HIC) and
Interstitial cystitis without Hunner lesions (NHIC) [1].
HIC occurs in between 10 and 20% of all IC patients
[2]. Another report stated that the worldwide prev-
alence of HIC ranged from 3.5 to 56% [3]. HIC is
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distinguished from NHIC based on pathological and
clinical differences [4]. Abnormal immunity is a well-
known histological feature of HIC [5]. In the past,
several gene expression studies credibly indicated dys-
functional inflammatory cytokines and autoimmune
pathways HIC [6, 7]. The underlying etiology and
mechanisms involved in phenotypes with HIC remain
unclear.

The precise role of autoimmunity in HIC has not yet
been clarified or compared to other autoimmune dis-
eases [4]. To date, many hypotheses have been pro-
posed, including infiltration and accumulation of mast
cells, clonal expansion of infiltrating lymphocytes,
and increased urothelial cell apoptosis [8, 9]. Stud-
ies showed that immune cells and autoantibodies are
closely related to IC/HIC [10, 11].

Nevertheless, there are no diagnostic cell biomark-
ers of HIC, and understanding of immune cell subset
infiltration in HIC is incomplete. Classic methods for
studying immune cell subsets such as flow cytometry
and immunohistochemistry rely on limited phenotypic
markers. Tissue disaggregation before flow cytometry
can lead to cell loss or damage, thereby distorting the
results [12].

The CIBERSORT algorithm, developed by New-
man et al., provides estimations of the abundances of
member cell types in mixed cell populations using gene
expression data. The approach is suitable for RNA mix-
tures from nearly any tissue [13]. A leukocyte gene sig-
nature matrix containing 547 genes was pre-installed
with CIBERSORT to distinguish 22 human immune
cell phenotypes, including monocytes, T cells, B cells,
neutrophils, macrophages, plasma cells, natural killer
cells, eosinophils, dendritic cells, mast cells, and several
subsets of the above. The samples can be deconvolved
by applying linear support vector regression (a novel
machine learning approach) [13]. After permutation
analysis, the relative fraction of 22 immune cell subsets
can be assessed [13]. By exhibiting strong performance
on its large scale and substantially improved accuracy,
novel therapeutic targets and cellular biomarkers iden-
tification can be made possible. Nevertheless, this pio-
neering algorithm has not yet been applied to HIC.

Therefore, in the current study, gene expression data
from ten HIC samples and six healthy samples stored in
GSE11783 of the GEO database were analyzed. Novel
predicted diagnostic biomarkers and the proportion
of 22 immune cell subsets were assessed using CIB-
ERSORT. GSEA assay was conducted to find signifi-
cant enrichment of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways and Gene Ontology (GO)
terms. Finally, we used samples from GSE57560 to vali-
date our findings.

Page 2 of 12

Materials and methods

Microarray data processing

Our data were derived from the public databases of GEO
from NCBI. We used “interstitial cystitis” and “bladder
pain syndrome” as keywords. The data selection crite-
ria were as follows: (1) the study type was human tissue
expression profiling by array; and (2) the samples had not
been processed by other factors. Following these crite-
ria, we retrieved three microarray datasets (GSE11783,
GSE 57560, and GSE28242). However, the sample type
of GSE28242 belongs to urine sediment. The immune
cells may be unstable due to several factors; therefore,
GSE28242 was finally excluded. GSE11783 contained ten
HIC samples from five patients and six healthy donors
based on the GPL570 platform. In this array, all five HIC
patients had Hunner’s lesion. Two bladder biopsies were
analyzed for each HIC patient, one from Hunner’s lesion
area and one from a non-lesion area. Six normal healthy
controls were included with no cystoscopic findings.

We performed CIBERSORT algorithm analysis on
GSE11783 in subsequent experiments. GSE57560 con-
tained three normal samples, nine IC samples with
normal bladder capacity, and four IC samples with low
bladder capacity. Of these, two samples of four IC with
low bladder were of the HIC type. However, details were
not listed concerning the one-to-one correspondence
between the disease subset of HIC/NHIC and the sam-
ple identifications. Finally, we selected four more disease
characterized samples (IC with low bladder capacity) and
three normal controls from GSE57560 as the validation
group to detect T cell follicular helper cells (Tfh). The
normalized expression matrix and sample information
of GSE11783 and GSE57560 were downloaded from the
GEO database.

Immune infiltration analysis of GSE11783 using

the CIBERSORT algorithm

To analyze significant differential expression of vari-
ous immune cell types, we compared the HIC and
control groups. Using the CIBERSORT algorithm,
22 subpopulations of immune cells in IC tissues were
tested. These immune cells are as follows: memory B
cells, naive B cells, naive CD4" T cells, CD8" T cells,
activated memory CD4" T cells, resting memory
CD4" T cells, Tth, regulatory T cells, gamma-delta T
cells, plasma cells, resting natural killer (NK) cells,
activated NK cells, monocytes, MO macrophages, M1
macrophages, M2 macrophages, resting mast cells,
activated mast cells, resting dendritic cells, activated
dendritic cells, eosinophils, and neutrophils. The abun-
dance levels of 22 immune cells between the ten HIC
tissues and the six normal controls were analyzed
using the “vioplot package” in R version 3.6.1. The
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results were considered accurate with a cutoff standard
P-value<0.05. To further understand the relationship
between these immune cells, Pearson correlation coef-
ficients were used to calculate the correlations among
these constituents. Principal component analysis (PCA)
was performed to determine whether there were clear
boundaries in immune cell infiltration between IC tis-
sues and healthy controls. The immune cell infiltration
characteristics were further compared between Hun-
ner’s lesion area tissues and non-Hunner’s lesion area
tissues in the IC group.

Differentially expressed gene identification and Gene Set
Enrichment Analysis of GSE11783

The fold-change of gene expression between the HIC
group and control group was calculated, and the dif-
ferentially expressed genes (DEGs) list was generated
according to the change of |log2FC|. Gene Set Enrich-
ment Analysis (GSEA) identifies functional enrich-
ment in omics data by comparing genes in various gene
sets [14]. A gene set is defined as a set of related genes
that share relationships such as localization, pathways,
functions, or other features. Compared to single-gene
analysis, GSEA improves statistical power [14]. GSEA
was conducted using clusterProfiler package in R.
To gain mechanistic insight into enrichment results,

Page 3 of 12

GSEA-based enriched GO and KEGG analyses were
performed [15-17].

Tfh cell markers expression test in tissue samples

from GSE57560

Eleven Tfh cell markers (CXCR5, PD-1, ICOS, SAP,
CD200, IL-21, CXCR4, CXCL13, BTLA, SLAM, and
CCR7) were obtained from the literature as detection
indicators [18]. The expression levels of these cell mark-
ers were compared between normal tissues (n=3) and IC
tissues with low bladder capacity (n=4) from GSE57560.
Statistical analysis was conducted using GraphPad Prism.

Results

Main findings

The main findings of the current work were displayed in
Fig. 1.

Immune cell infiltration characteristics of HIC

Figure 2A shows the proportions of immune cells in 16
bladder tissues. Memory B cells, CD4 + memory resting
T cells, and plasma cells accounted for most infiltrating
cells, especially in HIC tissue. The differential expres-
sional proportion of immune infiltration cells in the
HIC and control groups is shown in Fig. 2B. Six types
of immune cells were differentially expressed: activated
CD4+ memory T cells (P<0.001); Tth cells (P=0.029);
activated NK cells (P=0.021); MO macrophages
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Fig. 2 The landscape of immune infiltration in IC. A Bar charts of 22 immune cell proportions in HIC and normal tissues. B Differential expression of
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(P=0.008), M2 macrophages (P=0.007); and resting
mast cells (P=0.002) (Fig. 2B). Activated CD4 memory
T cells (P<0.001), Tth cells (P=0.029) and M0 mac-
rophages (P=0.008) were upregulated in HIC tissue.
Compared with healthy tissues, the increase in activated
CD4+ memory T cells was the most significant in the
HIC tissues. Resting mast cells and activated NK cells

were downregulated significantly in HIC tissues (Fig. 2B).
PCA showed that the proportions of immune cells from
the tissues of HIC patients and healthy controls showed
distinct group-bias clustering and individual differences
(Fig. 2C).

Figure 2D displays the correlations between these sig-
nificantly differentially expressed types of immune cells.
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(See figure on next page.)

Fig. 4 KEGG pathway analysis results of GSEA. A Significantly enriched KEGG pathways. The vertical objects are the names of KEGG pathway, and
the horizon axis represents the gene ratio. The depth of color represents the adjusted p-values. The area of a circle represents corresponding gene
counts. B GSEA-based KEGG-enrichment plots of representative gene sets from the top five activated pathway: Graft-versus-host disease; Viral
protein interaction with cytokine and cytokine receptor; Intestinal immune network for IgA production; Allograft rejection; Rheumatoid arthritis. C
Diagram of KEGG pathway results of GSEA. Autoimmune diseases and viral, parasitic, and bacterial infections related to HIC are summarized in the

diagram

The six types of immune cells were weakly to strongly
correlated. Resting mast cells correlated positively with
macrophages M2 (r=0.7) and NK cells activated (0.59)
and negatively with Tfth cells (r=-0.42), activated
CD4" memory T cells (r=-0.81), and MO macrophages
(r=-0.53). These results suggest that the function of
resting mast cells activated CD4+memory T cells, Tth
cells, and MO macrophages in HIC may be antagonistic.
However, the relationship between mast cells resting and
activated NK cells was synergistic.

Unlike non-Hunner’s lesion areas, in HIC samples,
tissues of Hunner’s lesion areas only expressed a higher
proportion of plasma cells (Fig. 2E, P<0.05).

DEGs identification and GSEA assay

A total of 4813 DEGs were identified between HIC and
normal controls and are summarized in Additional file 1:
Table S1. We then conducted the GSEA. Annotation of
GO included molecular function, cellular components,
and biological processes. GSEA generated the top ten
most significantly enriched GO terms of each group
(Fig. 3A). These enrichment results suggest that immune
responses are crucial in HIC. The detailed GO results of
GSEA are listed in Additional file 2: Table S2. The top five
significantly activated GO terms are presented in Fig. 3B.
This enrichment suggests that the activated gene sets
were enriched in the front of the sequence.

A total of 20 prominent KEGG pathways are shown in
Fig. 4A. The top five significantly activated KEGG path-
ways are shown in Fig. 4B. The pathways related to auto-
immune and infectious diseases are displayed in Table 1
and summarized in Fig. 4C. The detailed.

KEGG pathways enrichment results of the GSEA assay
are displayed in Additional file 3: Table S3. The results
suggest that the activation of signaling pathways in HIC
is similar to that of immune rejection diseases, infectious
diseases, and autoimmune diseases such as rheumatoid
arthritis and autoimmune thyroid disease.

Expression analysis of 11 Tfh cell markers in GEO dataset
GSE57560

Finally, the expression levels of 11 Tfh cell markers
(CXCR5, PD-1, ICOS, SAP, CD200, IL-21, CXCR4,
CXCL13, BTLA, SLAM, and CCR7) was analyzed in

GSE57560 and compared between four IC patients with
low capacity (<400 ml) tissues and three normal blad-
der tissues. Then, presented as a scatter plot followed by
statistical analysis using the Wilcoxon-Mann—Whitney
test. Compared with the control group, the expression
levels of 11 markers in all four patients were significantly
increased.

Discussion

Previous gene expression studies emphasized overex-
pression of pro-inflammatory cytokines in IC [19, 20].
Recent evidence suggests that HIC is a distinct immune-
related disease characterized by infiltration of several
immune cells [10, 21, 22]. In recent years, new evidence
revealed by RNAseq indicated that HIC is associated
with significant upregulation of immune responses and
infection-related biological processes [5]. However, few
studies focused on the infiltration of multiple immune
cell subsets, and immune cell biomarkers have yet been
established.

This study uncovered differential expressional cell pat-
terns of immune infiltration in HIC using the CIBER-
SORT algorithm. There was a significant difference in six
immune cell subsets between HIC and healthy controls,
with a rising trend in three subsets and a falling trend in
another three (Figs. 1, 2B). Although the changes of these
six immune cells are sufficient to distinguish HIC from
healthy people using PCA (Fig. 2C), single-cell biomark-
ers are necessary for efficient diagnosis.

For the diagnosis of inflammatory diseases, elevated
indicators are often more likely than falling indicators to
be regarded as biomarkers. We noticed an exciting phe-
nomenon in that the expression of Tth cells was detected
in HIC tissues (Fig. 2B); however, there was almost no
expression in the normal controls. A study showed
that Tth cells facilitated autoimmune and B cell activa-
tion [23]. Overreaching Tth cells can produce aberrant
immune activation by excessive autoantibodies [24]. To
further verify the effectiveness of Tfh cell as a biomarker,
we tested 11 Tfh cell markers in additional samples
from GSE57560, and all showed elevated expression in
the patient group. Although we do not know which two
of the four patients had HIC or NHIC, the expression
of 11 markers in all four patients was increased (Fig. 5).
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Table 1 33 KEGG pathways of HIC related autoimmune and infectious diseases
No. Description Set size Enrichment score p value
adjusted
1 Graft-versus-host disease 35 0.82 0.01
2 Intestinal immune network for IgA production 43 0.80 0.01
3 Rheumatoid arthritis 84 0.77 0.01
4 Malaria 46 0.77 0.01
5 Systemic lupus erythematosus 46 0.77 0.01
6 Asthma 26 0.76 0.01
7 Autoimmune thyroid disease 46 0.75 0.01
8 Type | diabetes mellitus 39 0.74 0.01
9 Leishmaniasis 71 0.73 0.01
10 Inflammatory bowel disease 61 0.70 0.01
11 Legionellosis 53 0.68 0.01
12 Pertussis 69 0.68 0.01
13 African trypanosomiasis 34 0.65 0.01
14 Tuberculosis 169 0.61 0.01
15 Viral myocarditis 54 061 0.01
16 Staphylococcus aureus infection 75 0.60 0.01
17 Measles 130 0.59 0.01
18 Epstein-Barr virus infection 191 0.59 0.01
19 Kaposi sarcoma-associated herpesvirus infection 183 0.58 0.01
20 Prion diseases 34 0.58 0.04
21 Toxoplasmosis 104 0.58 0.01
22 Influenza A 157 0.56 0.01
23 Human T-cell leukemia virus 1 infection 213 0.56 0.01
24 Hepatitis B 158 0.54 0.01
25 Human cytomegalovirus infection 214 0.51 0.01
26 Acute myeloid leukemia 66 0.50 0.02
27 Yersinia infection 117 046 0.01
28 Viral carcinogenesis 162 045 0.01
29 Human immunodeficiency virus 1 infection 196 044 0.01
30 Hepatitis C 149 0.39 0.05
31 Shigellosis 207 0.37 0.03
32 Salmonella infection 21 037 0.03
33 Human papillomavirus infection 317 0.33 0.04

These findings suggest that Tth cells may serve as a HIC
biomarker or even provide approaches for potential
therapeutic strategies. We also predicted elevated expres-
sion of activated memory CD4" T cells (CD3* CD4"
HLA DR cells) in HIC tissues (Fig. 2B). HLA-DR within
T cells focuses on a subset of regulatory T cells, display-
ing regulatory and functional phenotypes [25]. In another
study, a patient with polymyositis showed significantly
elevated expression of CD3" CD4" HLA-DR' cells in
heparinized whole blood samples [26]. However, due
to insufficient relevant literature, the potential roles of
CD3*" CD4' HLA-DR" cells remain unclear. It remains
uncertain whether HIC is a T cell-driven autoimmune

disease with autoreactive T cells constantly tracked
and activated by self MHC II peptides. If this possibil-
ity exists, immunosuppressive biologics targeting auto-
reactive CD4" T cells may offer an opportunity to treat
HIC/IC. Memory CD4" T cells can archive information
about their activation, helping them elicit rapid effec-
tor responses such as interferon-gamma secretion upon
reactivation [27]. However, the rapid secretion of high
levels of chemokines or cytokines can be harmful [27].
We also found increased expression of MO mac-
rophages and decreased expression of M2 macrophages
(Fig. 2B). Unstimulated macrophages or those in rest-
ing status are referred to as MO subsets [28]. MO
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macrophages (the resting phenotype) can be polarized
into subsets of M1 (pro-inflammatory) or M2 (anti-
inflammatory) [28]. M2 macrophages are associated with
immunosuppression and anti-inflammatory effects and
promote tissue remodeling, healing, and repairing [29,
30]. These anti-inflammatory phenotypes can be induced
from undifferentiated MO macrophages by cytokines
[31]. These findings suggest that the transformation of
macrophage subsets and damaging the process of anti-
inflammation by M2 macrophages may explain the etiol-
ogy of HIC. Modulation of macrophage reprogramming
and polarization in HIC may be a promising treatment
option for HIC patients.

NK cells showed decreasing HIC trends (Fig. 2B),
which can be explained as an exhausted status like
chronic infections or tumors [32]. Given the shorter lifes-
pan of NK cells, they are poor candidates for diagnostic
biomarkers. However, the cellular and molecular mecha-
nisms of the exhausted status of NK cells in HIC remain a
question worth exploring.

Among the types of immune cells showing altered
expression, resting mast cells showed a decreasing trend,
accompanied by an increasing trend of activated mast
cells (Fig. 2B). Mast cells are turned off in the resting state
and turned on to degranulate when activated [33]. Under
resting states, the mast cells use a plastic repertoire to
limit immune functions in the absence of microenviron-
ment activation [33]. Reports of mast cell density in HIC/
IC appear to be controversial [4]. Our findings suggest
that decreased expression of resting mast cells may par-
ticipate in the loss of balance between immunity and tol-
erance to inflammatory processes in HIC.

Chronic inflammation is not confined to the Hunner
lesion; it is also found in areas outside the area of the
Hunner lesions; these are features of “pancystitis” [4].
Nevertheless, there remain differences in the expres-
sion of immune cells in these two regions. In the present
study, there were more plasma cells in Hunner lesion area
tissues than non-Hunner lesion area tissues (Fig. 2E),
consistent with a previous study [34]. Plasma cells can
maintain the balance of autoimmunity and inflammatory
processes [35]. However, long-lived plasma cells contrib-
ute to chronic inflammation in autoimmune diseases by
continuous secretion of pathogenic antibodies, causing
symptom flares [35]. For these reasons, targeted deple-
tion of these plasma cells might serve as a potentially
curative therapy.

Most GO terms in the GSEA assay were immune-
related terms like “negative regulation of mast cell acti-
vation” and “dendritic cell apoptotic process” (Fig. 3A,
B). This finding suggests the immunological properties
and pathogenesis of HIC. Autoimmune diseases such
graft-versus-host disease, rheumatoid arthritis, and
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systemic lupus erythematosus were highly associated
with HIC pathways according to the GSEA (Fig. 4A,
C). A recent population-based cohort study identified
a concordance of IC with autoimmune diseases like sys-
temic lupus erythematosus [36]. The immunoreaction
of HIC and responses to these immune diseases may
share several common biology processes or even simi-
lar therapy strategies.

We also found that infectious diseases such as
malaria and human papillomavirus infection may be
associated with HIC (Fig. 4A, C). A recent study found
evidence of two human polyomavirus infections in IC
urine samples; this finding hints at a viral etiology [37].
Therefore, in the diagnosis of HIC, careful screening for
autoimmune diseases and microbial infection-related
indicators might be valuable to determine the etiology.

The present study is the first to characterize immune
cell infiltration in HIC. All gene expression data were
downloaded from the GEO database and were therefore
reliable. The results of CIBERSORT and GSEA assays
were mutually supportive, suggesting insights for novel
biomarker development. Whether Tfh cells and CD3"
CD4% HLA-DRY cells as diagnostic biomarkers can be
extended from HIC patients to all IC patients requires
further verification. Although this study used two data
sets from GEO to cross-validate the results of CIBER-
SORT analysis, the lack of verification of more biologi-
cal samples is a limitation of this study. The scarcity of
data available for IC/HIC is another limitation. Nev-
ertheless, we were fortunate to obtain many novel and
significant results.

Conclusions

The current study is the first to characterize the infil-
tration of several immune cell subsets in HIC samples.
Tth cells and CD3" CD4" HLA-DR™ cells may serve as
novel diagnostic biomarkers for HIC disease.
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