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Abstract

Objective—The urinary proteome is a potential easily accessible source of biomarkers for
inflammatory bladder diseases including interstitial cystitis. In the present study, we subjected rat
urine to multiplex cytokine analysis in an attempt to identify an inflammatory signature of the
temporal course of cyclophosphamide (CYP) - induced cystitis.

Methods—Rat urine was collected for 12h following CYP injection (150mg/kg) for multiplex
analysis of 14 cytokines by a multiple antigen bead assay (Luminex™ 100 IS). Urine from each void
was collected and voiding frequency was determined. Bladder tissue was analyzed for cytokines
levels and histological evidence of inflammation.

Results—Significant fold changes were noticed in urine levels of all cytokines with respect to
baseline at 2, 4, 6 and 10h after CYP injection. Elevation was noticed at all times for most cytokines
except for MCP-1 that showed a five fold decrease at 2h time point. Urine and tissue levels of
IL-1B, IL-4 and GRO/KC were significantly correlated, with a positive spearman correlation also
noticed for GM-CSF, MCP-1, IL-18 and IFN-y. Tissue levels for most cytokines except IL-2 and
urinary frequency were significantly elevated in CYP treated rats over control vehicle treated rats.
The hints of severe inflammation in bladder indicated by urinary cytokines were confirmed by bladder
histology and tissue cytokine levels on animal sacrifice.

Conclusions—The progression of CYP-induced cystitis is clearly reflected in the urine matrix by
temporal and quantitative changes in cytokine levels. Further delineation of urine and bladder tissue
cytokine expression may yield biomarkers for cystitis.
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Introduction

Interstitial cystitis (IC) is a chronic inflammatory disease of unknown etiology characterized
by urinary frequency, urgency, and suprapubic painl. The National Institutes of Health (NIH)
have established a diagnostic criteria for IC based on the presence of irritative voiding
symptoms in the absence of other identifiable pathologyz. In the present study, we
hypothesized that analysis of urinary cytokines may allow for the discovery of disease-specific
targets and/or biomarkers that may be of use as diagnostic and prognostic markers for
inflammatory bladder disease3.

The urine is one of the ideal biological samples for the discovery of noninvasive biomarkers
for human diseases, because it is available in almost all patients and its collection is simple
and does not require any invasive procedures. Recent studies have suggested that cytokines or
chemokines contribute to lower urinary tract dysfunction. Therefore, cytokines may serve as
direct therapeutic targets or as potential biomarkers for the development of targeted therapy
designed to prevent the long term sequelae of chronic bladder inflammatory conditions such
as interstitial cystitis4.

Systemic or intraperitoneal injection with Cyclophosphamide5 induces a reproducible dose-
dependant chemical cystitis in both mice and rats and for this reason has been utilized as an
experimental model of 1CB. Increased voiding frequency, decrease urine volume per void, and
increased permeability of the bladder wall is seen in this model®:’. Similar studies reported
previously only examined cytokine expression in rat bladder tissue with ELISA and not in the
urine8. Saban et al. reported up-regulation of cytokines in pooled urine samples from
inflammatory mouse model utilizing a multiplex suspension arrayg. The multiplex analysis
(XMAP®) of urinary proteins following CYP-induced cystitis in rat using Luminex™
technology has not been reported.

The present study was designed to examine acute changes in urinary levels of 14 cytokines
(interleukin la [IL-10], IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-18, granulocyte
macrophage colony-stimulating factor [GM-CSF], monocyte chemotactic protein-1 [MCP-1],
interferon y [IFNy], growth related oncogene/keratinocyte-derived chemokine [GRO/KC], and
tumor necrosis factor o [TNFo] after CYP-induced cystitis. Bladder inflammation revealed by
urinary cytokines was verified by tissue analysis and histology.

Materials and Methods

Animals

All animal experimentation described was performed in accordance with institutional
guidelines and the University of Pittsburgh Institutional Animal Care and Use Committee
(IACUC) approval. Intraperitoneallo CYP injections (150 mg/kg) were performed in female
Sprague-Dawley rats (276-292 g). Urine specimens obtained from rats kept in metabolic cages
were frozen immediately in liquid nitrogen and stored at —80°C prior to analysis. Baseline
urine samples were obtained 24 h prior to CYP injection as well as from vehicle treated rats.
Bladder tissue was harvested from CYP treated and vehicle treated rats.

Urine and Bladder Tissue Cytokine Expression

Frozen urine samples from each time point and bladder tissue protein isolates from end of the
study were thawed, and 50 pL from each sample was analyzed in duplicate on the
Luminex™ 100 IS (MiraiBio, South San Francisco, CA) using a LINCOplex Cytokine/
Chemokine Luminex® Bead immunoassay Kit 14-Plex beadset (LINCO Research, St. Charles,
MO). Cytokine concentrations provided by Luminex for each time point were normalized to
the creatinine concentration in urine for that time point and expressed as amount of cytokine
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in picograms (pg) excreted per mg of creatinine. Creatinine in urine was measured using the
previously published HPLC method!1. Cytokine concentrations in the tissue at the end of the
study were normalized to respective bladder weight of each animal.

Histological Analyses

Bladders were fixed in 4% buffered formaldehyde, followed by cryo-preservation and serial

sectioning into 20 um sections. Sections were stained with hematoxylin and eosin (H&E)lzl
13, stained sections were visualized for leukocyte infiltration, destruction of urothelium, and
edema. Toluidine blue staining was performed for mast cells.

Statistical Analysis

Data comparison was done between mean cytokine levels at baseline, 2, 4, 6 and 10 h after
CYP treatment using one way ANOVA followed by Dunnett’s multiple comparison test for
statistical significance. Significance was considered at p<0.05. In addition, cytokine values in
last voided urine were compared to bladder tissue expression. Values are expressed as mean
+ SEM (standard error of mean).

Results

Temporal Quantitative Changes in Urinary Cytokine Levels after CYP-induced Cystitis

Acute disease progression was profiled by the CYP-induced time-dependent changes in urinary
cytokine levels relative to baseline values. All the 14 cytokines assayed, were detected in the
urine of CYP-treated rats (Fig 1-2). Levels of urinary cytokines at baseline and after CYP
treatment were normally distributed to justify the use of parametric tests for statistical
significance. Significant changes compared to baseline values were noted within 4 h of CYP-
injection for IL-1a, IL-1B, IL-5, IL-6, IL-10, IL-18, and GM-CSF (p<0.05; Fig. 1A-D). Most
robust changes were seen at 4h with as 5-6 fold increase relative to baseline in the levels of
GRO/KC, IL-6, IL-1a and GM-CSF was seen compared to a 10 fold increase in the levels of
IL-18 at the same time point (p<0.05; Fig. 1A-B). Seven fold increase in levels of GRO/KC
at 6h time point was statistically significant (top panel of Fig. 1A). Levels of IL-6 doubled by
2h and were measured 6-fold higher at 4 and 10h time point (p<0.05; top panel of Fig. 1B).
Interestingly, urinary levels of MCP-1 showed a significant decrease of eight fold at 2h relative
to baseline (middle panel of Fig. 1A). The levels of IL-5 and IL-1p rose sharply to nearly 15
fold relative to baseline at 4h time point (p<0.05; top panels of Fig. 1C & Fig. 1D).
Comparatively as modest three fold elevation relative to baseline was seen in the levels of
IL-10 and 1L-4 at 4 and 6h, respectively (p<0.05; middle panels of Fig. 1C & Fig. 1D). Levels
of IFN-y showed a significant 4- fold increase by 10h (p<0.05), whereas a 60 fold rise of TNF-
a at 4h did not reach statistical significance(bottom panels of Fig. 1C & Fig. 1D).

Levels of IL-17 and IL-12p70 tripled significantly by 4h after CYP injection (p<0.05;; top &
middle panel of Fig. 2A), whereas levels of IL-2 only doubled without statistical significance
at the same time point (bottom panel of Fig. 2A). Urinary frequency was defined as the number
of voiding episodes per hour for each individual rat following CYP-injection (Fig 2B). A mean
peak urinary frequency 6.1+2.8 voids/hr was observed between 4 and 6h following CYP-
injection (n=8). Vehicle treated rats (n=8) voided with relatively constant frequency.

Changes in Tissue Cytokine Protein Levels after CYP-Induced Cystitis

At 24 h following CYP-injection, tissue levels for majority of cytokines in CYP treated rats
were elevated at least two fold over vehicle treated control bladder tissue levels. Levels of IL-6
showed most drastic elevations of nearly 24 fold over sham treated rats and a 10-fold elevation
was noticed in the tissue levels of GRO/KC and TNF-a over controls (Table 1). Nearly 3—-4
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fold increase was seen in the levels of IL-13 and MCP-1. In contrast, tissue levels of IL-2
decreased by half following CYP treatment. A positive correlation between urine and tissue
levels was noticed for GM-CSF, MCP-1, IL-18 and IFN-y with significant spearman
correlation for IL-1, IL-4 and GRO/KC (p<0.05).

Histological Analysis

Histological evaluation of bladder with H&E staining 24h following CYP-treatment revealed
signs of CYP- induced hemorrhagic cystitis of varying severity marked by severe edema and
inflammation, erosion and ulceration of the urothelium, and hemorrhage when compared to
untreated specimens (Figure 3a, b). Toluidine blue staining failed to reveal the presence of
mast cells in control bladders or CYP-treated bladders at 24 hours (Figure 3c, d), but did
demonstrate the presence of mast cells in positive control bladders 9 days following CYP
treatment (Figure 3e).

Discussion

The present report describes the application of multiplex analysis of inflammatory cytokines
using Luminex™ technology in order to analyze microliter quantities of urine specimens
collected at various time points following chemically induced cystitis in rats. Our results
suggest that urine multiplex analysis may be a promising approach for the identification of IC
biomarkers, aiming at the detection of IC from a single voided urine specimen. In comparison,
most cuArfrent urine proteome testing requires urine collection over a twenty four hour
perlod

Clinical studies have reported elevated urinary levels of IL- 614-16 i patients with IC and
demonstrated an association between IL-6 expression and clinical symptom severlty .CYP
is well known to induce frank inflammation in the bladder!/ and results from these study
demonstrate that inflammation at tissue level is reflected by variable urinary cytokines levels.
Similar studies in the literature on urine measurement of cytokines in animal models have not
reported the inter-individual variability of cytokines between animals?.

Significant increases in urinary cytokines specifically produced by T helper 1 cells (IL-2, IL-18,
IL-12 IFN-y) as well as by T helper 2 cells (IL-4, MCP-1, IL-5, IL-6 and IL-10) were observed.
GM-CSF and TNF-a produced by both Th1 and Th2 cells were also elevated by CYP and is
not surprising that effect of CYP on Th1/Th2 immune system has been previously exploited
for immune suppression in the clinic18. Moreover, our study is first to report the involvement
of a distinct subset of IL-17-secreting T-Helper cells 19 in the acute cystitis induced by CYP.
Levels of IL-17 were doubled from baseline within 2h after CYP injection and levels at 6h
were twice the levels measured at 2h (Fig. 2A). Another unique observation of this study is the
dramatic increase in levels of chemokine GRO/KC following CYP injection. Increased levels
of GRO/KC have been assomated with the release of calcitonin gene-related peptlde and
sympathetic remodellng . Production of GRO/KC in bladder may be involved in neuro-
immune modulation induced by CYP.

We observed that the temporal elevation of most cytokines occurred concurrent to increase in
urinary frequency of CYP treated rats. The increased vascular permeability and urothelial
damage caused by CYP led to the observation of macroscopic gross hematuria in few urine
specimens. The signs of severely inflamed bladder orchestrated by temporal elevation of
urinary cytokines were verified by histological analysis of bladder. Bladder histology 24 hours
following CYP-injection revealed demonstrable acute inflammatory infiltrate and edema, with
minimal mast cell infiltration. While mastocytosis has been implicated in the mediation of the
severity of several experimental models of inflammatory cystltls22 as well as IC in human
subjects 23 this phenomenon has been mostly observed in chronic disease models.
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Tissue cytokine levels were normalized to respective bladder weights and urinary levels of all
cytokines were thousand folds lower than the tissue levels. Elevation of urinary cytokines after
systemic injection of CYP can arise from activation of immune cells in response to bladder
injury within and outside the bladder18. Multi-site action of CYP can probably explain the
lack of correlation between urine and tissue levels of cytokines listed in Table I. The tissue
levels of few cytokines reported here corroborate those reported by Malley et al8. The 4 fold
and 2 fold increase of IL-1p and IL-10 at 24h reported here, agree with similar increase in
tissue levels measured at 4h after CYP injection to suggest that elevation seen at 4h is sustained
for next 20 hours8. In contrast, the progressive decrease in levels of IL-6 from the peak of 80
fold increase at 4h to only a 4 fold increase at 48h8 was confirmed by a 24 fold increase at 24h
reported here after CYP injection.

However, a two fold increase in IL-4 tissue levels at 24h is not in agreement with previously
reported lack of change in tissue levels of IL-4 at any time point after CYP injection8. Similarly,
the two fold decrease in tissue levels of IL-2 in CYP treated rats at 24h is in disagreement with
4.5 fold increase in mRNA for IL-2 at 4 and 48h8 found in CYP treated tissue. Our results
suggest that multiplex analysis of urine cytokines accurately and non-invasively discriminates
CYP-treated rats from controls. Future studies on urine of IC patients will be undertaken to
validate these findings.

Conclusions

Our findings report a profile of inflammation-associated cytokines in urine and bladder tissue
of CYP treated rats. These results demonstrate the utility of the multiplex analysis for urinary
proteomics and its potential in the non-invasive assessment of inflammatory bladder disease.
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Figure 1. A-D. Temporal profile of urinary cytokines following CYP-injection

1A) Urine levels of cytokines normalized to creatinine excretion in urine at baseline and at 2,
4, 6 and 10h after CYP injection. A 5-6 fold increase relative to baseline in the levels of GRO/
KC, IL-6, IL-1a and GM-CSF was seen at 4h compared to a 10 fold increase in the levels of
IL-18 at the same time point (*p<0.05; Fig 1A&B). Levels of MCP-1 showed a significant
decrease of eight fold at 2h relative to baseline (*p<0.05; middle panel of Fig. 1A). A 15 fold
significant rise relative to baseline was observed in levels of IL-5 and IL-1p at 4h time point
(*p<0.05; top panels of Fig 1C&D). A three fold increase relative to baseline was seen in the
levels of IL-10 and IL-4 at 4 and 6h, respectively (*p<0.05; middle panels of Fig 1 C&D,
respectively). Levels of IFN-y showed a significant 4- fold by 10h, whereas a 60 fold rise of
TNF-a at 4h did not reach statistical significance (bottom panels of Fig 1C&D). Values are
expressed as mean + SEM and considered significant relative to baseline at p <0.05*; n=8.
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Figure 2A. Temporal profile of urinary cytokines following CYP-injection Urine levels of
IL-17, IL-12p70, and IL-2 normalized to creatinine excretion in urine at baseline and at 2, 4,
6 and 10h after CYP injection. Levels of IL-17 and I1L-12p70 tripled significantly by 4h after
CYP injection (*p<0.05; n=4; top and middle panel, respectively). In contrast, levels only
doubled for IL-2 (bottom panel) without statistical significance (n=8) at the same time point.
Figure 2B. Time dependent changes in urinary frequency following CYP injection. Peak
urinary frequency following CYP injection was concurrent with peak urinary cytokine
expression between 4 and 6h and preceded the peak IL-6 elevation. Vehicle treated rats showed
a relatively constant voiding frequency of one void every hour or every second hour.
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Figure 3. Histological examination of untreated and CYP injected rat bladders

Bladders were fixed in 4% buffered formaldehyde, cryopreserved, cut serially into 20pum
sections, and subsequently stained with hematoxylin and eosin (A,B) Representative
photomicrographs demonstrated CYP induced histological changes at 24 h (40X). A. Normal
bladder. B. CYP treated bladder demonstrated urothelial sloughing, submucosal inflammatory
infiltrate, scattered areas of hemorrhage, and intramural edema. Sections stained with toluidine
blue (C-E). C. Normal bladder. D. CYP treated bladder showing no mast cells. E. Positive
control bladder (9 days after CYP treatment) with mast cells (arrows).
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Table 1
Correlation between cytokine levels in bladder at time of animal sacrifice and in last voided urine specimen before
sacrifice.
Fold change In
CYP treated
Tissue cytokine bladder over
Last Voided Urine levels expressed per Vehicle treated

Cytokine (pg/mg creatinine) bladder (ng) Spearman’s correlation coefficients bladder
GM-CSF 5.2+1.07 27.8+2.1 0.87 1

IL-1a 26.3+ 115 47.1+13.1 0.5 25

MCP-1 121.6+47.1 213.2458.8 0.8 3.5

IL-4 64.9+48.2 35+3.28 0.97" 2

IL-1B 13.9+8.7 76.4+18.4 097" 4

IL-2 2417 33.6+£10.4 —0.05 0.5

IL-6 130.2+62.9 438.7+184.3 0.5 24

IL-10 13.74#4.3 28.3+15.3 —0.6 25

I1L-12p70 16.7+5.2 25.7£11.3 -0.5 2

IL-5 0 34.8+7.5 0 2

IFN-y 44.9+£37.9 16.4+0.6 0.66 2

1L-18 10.3+£3.7 1285.2+297.0 0.80 2

GRO/KC 184.3+100.2 522.7+265.1 09" 10

TNF-a 0 23.9+7.7 0 10

1L-17 16.6+2.4 17.5¢1.5 -0.5 2

Cytokine concentrations in the tissue were normalized to respective bladder weight of each animal. A positive correlation between urine and tissue levels
was noticed for GM-CSF, MCP-1, IL-18 and IFN-y with significant spearman correlation for IL-1, IL-4 and GRO/KC. The measured Spearman correlation
coefficient between levels in tissue and in last voided urine sample for each cytokine was tested for significant difference from 0 by setting a two tailed

*
p<0.05; n=4-8.
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