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Abstract

Interstitial cystitis (IC) is a chronic disorder characterized by bladder discomfort and urinary
urgency in the absence of identifiable infection. Despite the expanding use in treatment of I1C and
other chronic conditions, the effects of EImiron® treatment on immune system remain unknown.
Therefore, female B6C3F1/N mice were orally administered Elmiron® daily for 28-days at doses
of 63, 125, 250, 500 or 1000 mg/kg to evaluate its immunomodulatory effects. Mice treated with
Elmiron® had a significant increase in absolute numbers of splenic macrophages (63, 500 and
1000 mg/kg) and natural killer (NK) cells (250 and 1000 mg/kg). Elmiron® treatment did not
affect the humoral immune response or T cell proliferative response. However, innate immune
responses such as phagocytosis by liver macrophages (1000 mg/kg) and NK cell activity were
enhanced (500 and 1000 mg/kg). Further analysis using a disease resistance model showed that
Elmiron® -treated mice demonstrated significantly increased anti-tumor activity against B16F10
melanoma cells at the 500 and 1000 mg/kg doses. Collectively, we conclude that EImiron®
administration stimulates the immune system, increasing numbers of specific cell populations and
enhancing macrophage phagocytosis and NK cell activity in female B6C3F1/N mice. This
augmentation may have largely contributed to the reduced number of B16F10 melanoma tumors.
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1. Introduction

Elmiron® (sodium pentosan polysulfate) is a low-molecular weight semisynthetic pentose
polysaccharide (Vij et al. 2012). Currently, it is the only oral drug available for treatment of
a chronic and debilitating disease; interstitial cystitis (IC) also called the painful bladder
syndrome (French and Bhambore 2011). IC is characterized by chronic suprapubic pain,
excessive urgency and frequency of urination, in the absence of bacterial infection. It is
estimated that 0.3% — 12.6% of individuals may suffer from IC in countries such as Japan,
Finland and the United States (Elliott and Payne 2012). IC has been shown to be more
prevalent in women (Dunlap et. al. 2013). The US FDA classifies Elmiron® as an orphan
drug because of its clinical use in the treatment of a relatively rare disease. However, the
clinical use of EImiron® seems to be gradually expanding to include other pathological
conditions such as osteoarthritis (Kumagai et al. 2010), prion diseases (Dealler and Rainov
2003), glomerulosclerosis (Striker et al. 1997) and mucopolysaccharidoses (Schuchman et
al. 2013). Although its specific mechanism of action is not known, Elmiron® is thought to
alleviate pain associated with IC by its ability to form a protective lining in the urinary
bladder wall and by reducing potassium leakage into the bladder muscle (Vij et al. 2012).

There are very little data available addressing adverse effects of chronic consumption of
Elmiron® by patients undergoing therapy. Despite the low oral bioavailability of EImiron,
cases of bleeding complications such as increases in gastrointestinal bleeding, activated
partial thromboplastin time and hematuria have been reported in human cancer patients (Gill
et al. 2002; Marshall et al. 1997; Swain et al. 1995). In a Phase I clinical trial in advanced
cancer patients, dose limiting toxicity observed included rectal bleeding and ulceration. No
other significant toxicities were seen (Marshall et al. 1997). Also, a few cases of
thrombocytopenia and venous thrombosis have been reported in patients taking pentosan
polysulfate (Tardy-Poncet et al. 1994). These incidences of bleeding were mainly attributed
to Elmiron®’s structural and functional similarity to the anticoagulant, heparin (Jerebtsova et
al. 2007; Marshall et al. 1997). Interestingly, a few cases of treatment-induced
thrombocytopenia were suggested to be due to immune-mediated responses however the
exact immune mechanisms are unknown (Bollaert et al. 1986; Gironell et al. 1996). Apart
from the few human case reports describing adverse effects of EImiron® treatment, the
animal data investigating the health effects associated with Elmiron® consumption are
scarce. To address the lack of adequate toxicological information on chronic Elmiron® use,
the NTP conducted 2-week, 3-month and 2-year toxicity studies in F344/N rats and
B6C3F1/N mice ((NTP) 2004; Abdo et al. 2003).

Results from the 3-month NTP toxicity studies demonstrated that Elmiron® treatment could
potentially perturb the immune system in treated mice. Daily Elmiron® treatment caused an
increase in absolute (11% to 32 %) and relative (11% to 34%) spleen weights in both male
(= 250 mg/kg) and female rats (1000 mg/kg). Absolute (21%) and relative (18%) weights of
spleen were also significantly increased in male mice at 1000 mg/kg. Treatment-related
histopathological changes were observed in male and female B6C3F1/N mice and were
characterized by the presence of macrophages with increased number of vacuoles in the
cytoplasm of rectum, liver, spleen and mandibular and mesenteric lymph nodes ((NTP)
2004; Nyska et al. 2002). Increased numbers of total peripheral white blood cells and

Food Chem Toxicol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Thakur et al.

Page 3

lymphocytes were also observed in mice and rats in the 500 and 1000 mg/kg dose groups.
Other treatment-related histopathological lesions such as ulcer and inflammation were found
in organs including the rectum, liver, mesenteric and mandibular lymph node (mice and
rats), as well as in the lungs (rats) and kidneys (rats). Transmission electron microscopy
examination showed accumulation of foamy macrophages with cytoplasmic membranes
which were indicative of a drug-induced lysosomal storage disorder (Nyska et al. 2002).
Results from 2-year toxicity studies showed a similar increase in vacuolated histiocytes in
the mesenteric lymph nodes (mice and rats) and spleen (mice) ((NTP) 2004).

Lysosomal storage disorder has been associated with many altered immune responses
including immunosuppression, immune potentiation and autoimmune responses (Castaneda
et al. 2008). Therefore, potential immune perturbations associated with Elmiron® treatment
were a concern. Based on the prolonged use of Elmiron® by IC patients, the observed
increases in the leukocyte differentials, and the effects on the secondary lymphoid organs
(spleen and lymph nodes) in the NTP subchronic and chronic toxicity studies, the potential
for EImiron® to modulate immune function was investigated in female B6C3F1/N mice
treated daily for 28 days by oral gavage with 0, 63.5, 125, 250, 500 or 1000 mg/kg of
Elmiron®.

2. Materials and Methods

2.1 Animals

This study was conducted at the Virginia Commonwealth University (VCU) and the study
protocols were approved by VCU’s Institutional Animal Care and Use Committee. Female
B6C3F1/N mice were obtained from Taconic Farms (Germantown, NY) at 4-8 weeks of age
and maintained in facilities at VCU. Upon arrival mice were quarantined for 5 days prior to
use. Mice used in these studies were between 8 and 10 weeks of age at the beginning of the
studies. Mice were housed 4 per cage in plastic shoebox cages with hardwood chip bedding.
The animals were maintained on NTP-2000 diet (Zeigler Brothers, Inc.) and were provided
tap water ad libitum. Room temperatures were maintained at 18 —26°C and the relative
humidity between 30 and 70% with a 12-hr light/dark cycle. Mouse cages were cleaned and
sanitized two times per week.

2.2. Test Article and Controls

Elmiron®, sodium xylan (pentosan) polysulfate (CAS No. 37319-17-8, approximately 96%
pure), was obtained from Baker Norton Pharmaceuticals (Miami, FL) in a white powder
form. Elmiron® dosing solutions were prepared weekly in USP pharmaceutical grade sterile
water (Baxter Healthcare, Deerfield, IL), which was used as vehicle control for these
studies. Cyclophosphamide (CP; Sigma Chemical Co., St. Louis, MO) was utilized as the
positive control for all assays, unless otherwise indicated and was administered daily at 50
mg/kg by intraperitoneal (i.p.) injection to positive control animals during the last 4 days of
the exposure period. In the B16F10 melanoma host resistance assay, CP was administered at
200 mg/kg in a single i.p. injection one day prior to inoculation with the melanoma. For the
natural killer (NK) cell assay, rabbit anti-asialo GM1 (AAGM1, Wako BioProducts,
Richmond, VA) antibody, diluted in sterile physiological saline was used as a positive
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control and was administered via intravenous (i.v.) injection of 0.2 ml at a 1: 10 dilution 24
hr prior to evaluation of NK cell activity. Maleic vinyl ether (MVE), prepared in PBS
solution was used as a positive control in the mononuclear phagocytic system (MPS) assay
and was administered to the animals at 50 mg/kg by intravenous (i.v.) injection
approximately 24 hr prior to evaluation of the MPS activity.

2.3. Experimental Protocol

Female B6C3F1/N mice were administered Elmiron® at doses of 63, 125, 250, 500 or 1000
mg/kg in USP grade sterile deionized water by oral gavage once daily. Vehicle control
animals were administered deionized water as a negative control. Eight animals were
included in each treatment group, with the exception of the B16F10 melanoma assay. For
the B16F10 host resistance study, the Elmiron® doses administered were 0, 250, 500 or
1000 mg/kg and each treatment group consisted of 12 animals. The doses, vehicle, and the
route of exposure were selected based on the dose levels of the 3-month NTP toxicity
studies and to minimize the potential for overt toxicity that could confound immunologic
evaluation. Body weights were obtained weekly, and dosing volumes were adjusted
accordingly.

2.4. General Toxicology Endpoints

Whole body weights of mice were obtained on days 1, 8, 15, 22 and 29 of the study. On day
29, animals were euthanized by carbon dioxide (CO») inhalation. Organs including liver,
spleen, lungs, thymus, and kidneys with adrenals were removed and weighed. Blood was
collected from the retro-orbital sinus into the EDTA tubes. The number of erythrocytes and
leukocytes, hemoglobin, hematocrit, mean corpuscular volume (MCV), mean cell
hemoglobin (MCH) and mean cell hemoglobin concentration (MCHC) was assessed.
Hematological parameters were evaluated using a K-1000 hematology analyzer (Sysmex
America, Inc., Mundelein, IL). The number of reticulocytes was measured using a Retic-
Count reagent stain (Thiazole Orange, Beckton Dickinson, Mountain View, CA) followed
by flow cytometry analysis. Blood smears were prepared, and air-dried. After fixation with
methanol and staining with Wright-Giemsa (Fischer Scientific, Pittsburg, PA) the smear was
used to determine leukocyte differentials in blood.

2.5. Immunophenotyping in Spleen

Following euthanasia, spleens were collected and placed in 3 ml Earle’s balanced salt
solution (EBSS) with HEPES (GibcoBRL, Grand Island, NY) and single cell suspensions
were prepared. The number of total B cells, total T cells, T cell subpopulations,
macrophages and NK cells was enumerated using flow cytometry as described previously
(Auttachoat et al. 2009). Antibodies (BD Pharmingen, San Diego, CA, USA) utilized were
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse Ig, phycoerythrin (PE)
conjugated anti-mouse CD4, FITC conjugated CD8a monoclonal antibody FITC conjugated
Mac3 antibody and PE conjugated NK1.1 antibody. Isotype-matched antibodies were used
as the controls. After a 30 min incubation at 4°C with the antibodies, the cells were washed
twice and propidium iodide (P1) was added. Cell acquisition and analysis was performed on
a Becton Dickinson FACScan flow cytometer in which log fluorescence intensity was read
by setting a live gate on red fluorescence PI to eliminate non-viable cells. Five thousand
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cells were counted for each sample. The data were analyzed using Cellquest Software
Version 3.2.1 (Becton Dickinson, San Jose, CA). The percentage of B cells (Ig+), T cells
(CD3+) and macrophages (Mac3+) were calculated following gating. Also, cells that were
NK1.1+CD3- were identified as NK cells, CD4-CD8+ cells were identified as cytotoxic T
lymphocytes (Tct), CD4+CD8- cells were identified as T-helper (Ty) lymphocytes and
CD4+CD8+ cells were identified as immature T lymphocytes.

2.6. NK cell activity

NK cell activity was assessed as previously described (Auttachoat et al. 2009). Briefly,
single cell suspensions from control and treated spleens were adjusted to concentrations of
2x107, 1x107, 5x106, 2.5x106, 1.25x 10%, and 0.625 x 10° cells/ml. A 100 pl aliquot of
these effector cells were added in duplicate at each concentration in 96-well round bottom
microtiter plates. The target cells (YAC-1cells) were adjusted to a concentration of 107
cells/ml and labeled by incubating with 200 uCi of >1Cr (as Nay,CrOy; Perkin Elmer,
Wellesley, MA) for 90 min in a 37°C incubator with frequent agitation. Following the
incubation, the target cells were washed in balanced salt solution plus 25mM, HEPES,
counted, and adjusted to 10° cells/ml. The target cells were added to a 96-well plate to
obtain 104 YAC-1 cells/well to yield final ratios of 200:1, 100:1, 50:1, 25:1, 12.5:1, and
6.25:1. After 4 hr of incubation, the supernatants from each well were counted using a y-
counter to quantify the 51Cr released by the cells. The percent cytotoxicity at each effector
concentration was calculated using the following formula: Percent cytotoxicity=

(CPM ¢xp=CPMgpon)/(CPMgta= CPMgpon)* 100; where, CPMeyp= counts per minute in
experimental wells, CPMgpqn= spontaneous release, and CPM o= total release upon
addition of 0.1% Triton X-100.

2.7. Functional activity of fixed tissue macrophages in spleen, liver and lung

This assay was conducted as described previously (White et al. 1985). Briefly on day 29,
animals were injected i.v. with ®1Cr- sheep red blood cells (SRBC). Clearance of ®1Cr-
SRBC from the blood was determined over the first 30 minutes by taking 5 pl blood samples
from the tail vein of each animal. The time points were set at 3, 6, 9, 12, 15 and 30 minutes
after 51Cr-SRBC injection for vehicle control animals and those receiving EImiron®. The
radioactivity in the blood was used to determine the vascular half-life of 1Cr-SRBC. Due to
delayed clearance in animals treated with the positive control (MVE), blood samples from
these animals were collected at 5, 10, 15, 20, 30 and 60 minutes after >1Cr-SRBC injection.
After 60 minutes all animals were euthanized. Liver, lung, spleen, thymus and kidneys were
isolated, weighed and the radioactivity of these tissues was determined using an LKB
gamma counter to determine distribution of 51Cr-SRBC to major organs of the MPS. The
data were expressed as percent uptake of the total >1Cr-SRBC cells injected and as CPM/mg
of tissue (Specific Activity).

2.8. Spleen IgM antibody forming cell (AFC) response

The primary 1IgM AFC response to SRBC was evaluated using a modified hemolytic plaque
assay (Jerne and Nordin 1963; White et al. 2010). Briefly, on day 25 of the study, mice were
immunized with 7.5 x10 7 SRBC by i.v. injection. On day 29, the animals were euthanized
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and the spleen was isolated from each mouse, prepared into single cells suspensions and an
aliquot of spleen cells were combined with guinea pig complement, SRBC and warm agar.
The mixture was plated in a petri dish, covered with a microscope cover slip, and incubated
at 37°C for 3 hr. The plaques formed were counted using a Bellco plaque viewer. The
number of cells/ spleen, the specific activity (AFC/108 splenocytes) and the total spleen
activity (AFC/spleen) were determined. Serum titers of SRBC-specific IgM from the same
animals were also determined by using an enzyme-linked immunoabsorbent assay (ELISA).
Briefly, SRBC membrane antigen was prepared at a 1:100 dilution of SRBC membrane
preparation in PBS and 100 pl per well of the high salt release antigen were incubated in
Immulon 2 (Thermo-Fischer Scientific, Pittsburg, PA) microtiter plates overnight at 4°C.
Following an initial wash to remove unbound antigen, serially diluted serum samples were
added. Intermittent washes with PBS in 0.05% Tween 20 were performed and the plates
were incubated with the secondary antibody, HRP- conjugated goat anti-mouse IgM diluted
in assay buffer (Auttachoat et al. 2009; Temple et al. 1993). The color in each well was read
at 405 nm on a Molecular Devices plate reader after 45 min incubation. Results were
obtained using SoftMax (Version 2.32, Molecular Devices Corp.). Titers for each sample
were determined using multipoint analysis and were defined to be the reciprocal of the
dilution corresponding to an optical density (O.D.) of 0.5 (Kawabata et al. 1995).

2.9. Mixed Leukocyte response (MLR) to DBA/2 spleen cells

The MLR assay was conducted as described previously (Guo et al. 2000). On day 29, the
control and EImiron®-treated mice were euthanized with CO, and the spleens were isolated
from each mouse. Responder spleen cells from control and EImiron®-treated animals were
plated at 1x 10° cells/well. DBA/2 stimulator cells were prepared by incubation at 37°C for
45 min with mitomycin C (50 pg/ 2x107 cells) to render them unable to proliferate. The
stimulator cells were added to wells of a 96-well plate in quadruplicate at a concentration of
4 x 10° cells /well resulting in a ratio of stimulators to responders of 4:1. After 5 days in
culture, 1 uCi of [3H]-thymidine was added to each well and the plates were harvested and
counted 18-24 hr later. The incorporation of [3H]-thymidine into proliferating cells was
used as the endpoint of the assay and expressed as CPM/10° cells.

2.10. Anti CD3-mediated spleen cell proliferative response

The anti-CD3 antibody mediated proliferative response was measured as described
previously (Smith et al. 2010). On day 29, the mice were euthanized and single cell
suspensions of splenocytes prepared and incubated in flat-bottom 96-well microtiter plates at
a concentration of 2x10° cells /well. The media for this proliferative assay was RPMI 1640
supplemented with 10 % FBS and 5x10~° 2-mercaptoethanol. T cell activation plates (BD
Biosciences, San Jose, CA) were coated with 100 ul of a 1: 500 dilution of anti-CD3
antibody (0.5 mg/ml stock; BD Pharmingen, San Diego, CA) in PBS added to each well and
incubated at 2-8 C overnight prior to use in the assay. Splenocytes from Elmiron®-treated
animals were cultured in either control or anti-CD3 coated wells for 3 days. For the last 18—
24 hours, the cells were incubated with [3H]-thymidine (1 microCurie/well) and the
incorporation of [3H]-thymidine was measured by counting using an LKB liquid
scintillation counter. The data was expressed as CPM/2x10° cells.
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2.11. B16F10 melanoma assay

Host resistance to the B16F10 melanoma tumor was assessed as described previously (Guo
et al. 2010). Briefly, on day 29 of Elmiron® treatment, the mice were injected i.v. with
B16F10 melanoma cells at one of two challenge levels; 1 x 10° or 3 x 10° cells per mouse.
Sentinel mice were used to monitor the tumor burden in order to select the appropriate day
for study termination. Mice given 1 x10° tumor cells (low challenge level) were sacrificed
19 days following tumor cell challenge and those receiving 3 x10 ° tumor cells (high
challenge level) were sacrificed after 13 days. One day prior to sacrifice, the mice were
administered [12°1]- UdR by i.v. injection. Twenty-four hours later, the mice were
euthanized and their lungs removed and placed in Bouin’s solution (Sigma, St. Louis, MO)
and radioassayed (CPM/lung). Tumor burden was also determined by manually counting the
number of nodules (Nodules/Lung).

2.12. Statistical Analysis

The data obtained in this study was first tested for homogeneity of variances using the
Bartlett’s test (Bartlett, 1937) to select the type of analysis to be conducted. Homogenous
data were analyzed using a one-way analysis of variance (ANOVA). When significant
results were obtained the Dunnett’s test (Dunnett 1955) was used to determine differences
between the experimental groups and the control group. Non-homogenous data were
analyzed using a non-parametric ANOVA (Kruskal and Wallis 1952; Wilson 1956), and the
Wilcoxon Rank Test (Wilcoxon 1945). The student’s t-test was used (Sokal and Rohlf,
1981) to compare the vehicle and the positive control groups. The Jonckheere’s test
(Jonckheere 1954) was used to test for dose-related trends. In all evaluations, p<0.005
indicated statistically significant differences. P values < 0.05 or less were considered
statistically significant.

3. Results

3.1. Body weights, organ weights and hematology parameters

No signs of overt toxicity were observed in the Elmiron® treated animals. No significant
treatment-related effects were observed in mice with respect to body weights except a
significant increase (40%) in body weight gain in the 250 mg/kg dose group. The absolute
liver weights were increased at the 500 and 1000 mg/kg doses (13% and 23%, respectively)
and the relative liver weight was increased at 1000 mg/kg (17%). Treatment-related effects
on absolute or relative weights of thymus, spleen, lung or kidney were not observed.
Elmiron® treatment resulted in statistically significant increases in the percentage of
reticulocytes in the peripheral blood in the 125, 500, and 1000 mg/kg treatment groups
(23%, 19% and 29%, respectively). Erythrocyte numbers, differential leukocyte counts,
hemoglobin, hematocrit, MCV, and platelet concentration were not affected.

3.2. Flow cytometry analysis of splenocyte populations

The effect of EImiron® treatment on immune cell populations in the spleen was evaluated by
flow cytometry. Total numbers of splenocytes were significantly increased in the 63 and
1000 mg/kg dose group (data not shown). Elmiron® induced significant increases in the
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absolute numbers of splenic NK cells and macrophages. The increase in the number of NK
cells reached the level of statistical significance at the 250 and 1000 mg/kg dose levels,
where increases of 36% and 44% were observed (Figure 1A). Absolute numbers of splenic
macrophages were increased in the 63, 500, and 1000 mg/kg Elmiron® dose groups (Figure
1B). At these dose levels, increases of 38%, 40%, and 79% were observed, respectively.
Absolute numbers of splenic B cells were increased 22% in the 1000 mg/kg treatment group
(data not shown). Total T cell and absolute Tct numbers were not significantly affected by
Elmiron® treatment. Absolute numbers of Ty cell numbers were significantly increased 24%
at the 63 mg/kg dose only.

3.3. NK cell activity increased in Elmiron® treated mice

The effect of EImiron® treatment on NK cell activity was measured ex vivo by culturing
spleen cells of treated and control animals at six effector:target ratios with the YAC-1 tumor
cell line, which is known to be sensitive to NK cell mediated cytotoxicity. NK cell activity
in EImiron® treated mice was significantly increased at the 1000 mg/kg dose group at the
200:1, 100:1 and 50:1 effector:target ratios (Figure 2 A—-C). NK cell activity was also
significantly increased at 500 mg/kg at the 200:1 effector:target ratio (Figure 2A). The
increase in NK cell activity ranged from 53% and 80% and dose-dependent increasing
trends were observed various effector:target ratios. As anticipated the positive control,
AAGML1 antibody, significantly decreased NK cell activity.

3.4. Enhanced phagocytic response of liver macrophages in EImiron® treated mice

In order to evaluate the effect of EImiron® treatment on the functional activity of the
reticuloendothelial system, vascular clearance and organ distribution following injection

of ®1Cr-SRBC were measured. Liver, spleen, lung, thymus and kidney uptake of >1Cr-SRBC
were determined in control and Elmiron® treated mice. Liver macrophages from the 1000
mg/kg Elmiron® dose group showed significantly increased (42%) uptake of 51Cr-SRBC
(Figure 3B). No change in uptake of >1Cr-SRBC was observed in the other tissues evaluated
including spleen, lung, thymus and kidney. Elmiron® treatment did not affect the vascular
clearance rate of >1Cr-SRBC in the mice (Figure 3A). The positive control MVE
significantly decreased the phagocytosis of ®1Cr-SRBC and increased vascular half life, as
expected (Figure 3A-B).

3.5. Elmiron® treatment did not affect humoral immune responses

Fully functional antigen presenting cells, T lymphocytes and B lymphocytes are required for
responding to a diverse array of T-dependent antigens (eg. SRBC, KLH). To evaluate
whether treatment with Elmiron® altered the ability to trigger the AFC response and to
mount a robust T-dependent antibody response, mice were treated with EImiron® daily for
28 days and immunized with SRBC on day 25. There were no detectable effects on the AFC
response following Elmiron® treatment when the data were expressed as specific activity
(Figure 4A) or total spleen activity (Figure 4B). The positive control CP significantly
inhibited the AFC response. Concurrent with the AFC response, no effect of EImiron®
treatment was observed on serum IgM antibody titers to SRBC. Although, a 16% increase in
serum anti-SRBC IgM antibody was noted in the 250 mg/kg dose group, this increase was

Food Chem Toxicol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Thakur et al.

Page 9

not considered biologically relevant due to the lack of a increase in the corresponding AFC
response and the lack of a dose-response across treatment groups.

3.6. Elmiron® exposure did not modulate the T cell proliferative response

Two methods were used to examine the effects of Elmiron® on the cell-mediated immunity;
proliferation following ligation of the T cell receptor by antibody to CD3 (Figure 5A) and
the MLR (Figure 5B). Twenty-eight days after exposure to EImiron®, no effects were
observed on the anti-CD3-driven T cell proliferative response at any of the tested doses
(Figure 5A). Similarly, no dose-dependent difference in proliferative response against
allogeneic cells was observed between spleen cells from the Elmiron® -treated and control
mice. At the 250 mg/kg dose, proliferation in response to allogeneic leukocytes was
decreased by 28% when compared to the controls. This decrease was not considered
treatment-related since there was no dose-response observed. No effects were observed in
unstimulated responders at any dose level following EImiron® exposure (Figure 5B).

3.7. Resistance to tumor cell challenge

As treatment with EImiron® significantly enhanced both cell numbers and functional
measures associated with innate immunity, host resistance to the B16F10 melanoma was
evaluated. B16F10 is an artificial metastatic model used for immunotoxicological evaluation
because of the propensity of tumor cells to migrate from sites of injection and localize in the
lungs. A dose-dependent decrease in the number of nodules per lung was observed in
animals challenged with 1x10° tumor cells following treatment with Elmiron® at doses of
250, 500 or 100 mg/kg. This augmentation in tumor resistance was significant at the 500 and
1000 mg/kg dose levels; 55% and 68% respectively (Figure 6A). Dose-dependent decreases
in number of tumor nodules were observed at the two highest dose levels. However, there
were no differences in the level of 125|udR incorporated by proliferating tumor cells
between the treated mice and controls (Figure 6B). In contrast, when challenged with a
higher number of B16F10 cells (3x10°), a slight decrease in the number of tumor nodules
was observed in the 1000 mg/kg dose group but statistical significance was not reached
(Figure 6C). However, 125|udR uptake was significantly diminished (28%) at 1000 mg/kg
dose in the 3x10° challenge group (Figure 6D). Treatment with the positive control, CP,
resulted in anticipated increases in both number of nodules and tumor proliferation
measured by 125ludR uptake.

4. Discussion

The FDA approved oral medication, EImiron® is used for treatment of the chronic condition
— ‘interstitial cystitis’, associated with bladder pain and urinary discomfort. As an off-label
prescription, it has been used to treat osteoarthritis patients (Kumagai et al. 2010). In
addition, its use as a potential treatment option for mucopolysaccharidoses is currently being
investigated (Schuchman et al. 2013). With the expanding therapeutic use of Elmiron®, and
with an increasing need to evaluate its potential toxicity and carcinogenicity, NTP conducted
2-week, 3-month and 2-year toxicology studies. These standard toxicology study results
identified a need to conduct an additional evaluation of the potential immunotoxicity of
Elmiron®. Hence, NTP conducted a 28-day immunotoxicity study in female B6C3F1/N
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mice for EImiron® administered daily by oral gavage. According to the International
Conference on Harmonisation (ICH) guidelines, a 28-day repeat dose study is an acceptable
study design for immunotoxicological evaluation for pharmaceutical drugs.

On a body weight basis, the doses used in the current study were greater than that used for
humans by 10 fold to 117 fold for female mice in the 28-day study. EImiron® treatment had
no significant effect on body weight and the 40% increase in body weight at the 250 mg/kg
was considered sporadic. The observed liver weight increases in the current study were
similar to the liver weight changes in the 3-month toxicity study in mice and rats. However,
unlike the 3-month NTP studies, weights of a secondary immune organ (spleen) showed
sporadic increases only at 63 and 125 mg/kg of Elmiron® treatment. Hence, these spleen
weight changes were not considered biologically relevant in the current study. Additional
evaluation of spleen cell phenotypes showed increases in total number of spleen cells and
certain populations of innate immune cells, specifically NK cells and macrophages. These
increases in innate immune cell components were parallel to the increases observed in
peripheral leukocyte cell numbers in the 3-month standard toxicology studies ((NTP) 2004;
Nyska et al. 2002). The sporadic increase in Ty cell numbers in the 63 mg/kg dose was not
considered biologically relevant.

A dose-dependent increase in ex vivo NK cell cytolytic activity and increase in phagocytic
activity of the liver macrophages clearly demonstrated enhanced innate immune functions in
Elmiron® treated mice. Previous NTP studies showed that longer term administration of
Elmiron® at matching doses (0, 63, 125, 250, 500 or 1000 mg/kg) produced multiple organ
histiocytic infiltration characterized by accumulation of foamy macrophages resembling a
lysosomal storage disorder ((NTP) 2004; Nyska et al. 2002). Although histopathological
evaluations of organs were not performed in the current 28-day study, early signs of immune
perturbations were evident from increased NK cell and macrophage numbers and
functionality. Both NK cells and macrophages are critical effectors of the immune system
and provide early defense against viral infection and tumors. Based on these facts, enhanced
innate immune function would appear to be a favorable response. However, unintended and
uncontrolled activation of immune function by a drug may lead to adverse effects on
immune homeostasis. For example, chronic inflammation, hypersensitivity or autoimmune
disease can result from unintended immunostimulation, particularly in individuals that are
genetically predisposed to inflammatory diseases.

Host resistance models are often used to evaluate treatment related effects on several
immune effector mechanisms. In the metastatic B16F10 tumor model, host defense against
tumor development is primarily mediated by NK cells, macrophages and CD8+ T cells.
Results from the present study demonstrated that EImiron®-treated mice caused significant
increases in antitumor immunity against the B16F10 melanoma tumor. The number of tumor
nodules per lung decreased with increasing concentrations of EImiron® at the lower tumor
challenge level. At the higher challenge level, the EImiron® induced ability to resist tumor
development seemed to be less effective. This could be merely due to the overwhelming of
the anti-tumor immune responses due to challenge with a larger number of B16F10 tumor
cells. Nevertheless, at both low and high tumor challenge levels, EImiron® treatment
enhanced resistance to B16F10 tumor development and growth. NK cells and macrophages
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may largely mediate EImiron®-induced increased resistance to B16F10 tumor development,
given that enhanced NK cell and macrophage functionalities were observed in the
Elmiron®-treated mice. The consistency between the numbers of NK cells and macrophages,
the increases in innate immune function and the B16F10 data suggests that this is a true
biological effect. EImiron®- treatment had no effect on splenic T cell numbers (both CD4+
and CD8+ T cells) and activity in mice. Additionally, previous investigative studies on anti-
tumor agents such as Rituximab (an 1gG1 chimeric monoclonal antibody) and thalidomide
derivatives have reported similar enhancement of NK cell numbers and cytotoxic activity as
one of their primary mechanisms of anti-tumor effects (Hernandez-Ilizaliturri et al. 2005;
Veeramani et al. 2011).

Although the exact mechanisms for Elmiron®-induced NK cell activity is not clear, it could
be speculated that Elmiron® may modulate differential immune components and effector
mechanisms. No measurements of EImiron®-induced cytokine production were conducted
in the current study due to the primary focus on hazard-identification. However stimulating
cytokines such as IFN-vy, IL-12, IL-18, IL-2 and IL-15 have been shown to contribute to
enhancement of NK cell activity and may, in part, contribute to the effects observed in the
present study. Previous studies have established that along with the cytokine
microenvironment, NK cell interaction with other immune cells such as T cells and
macrophages also significantly influence the cytotoxic activity of NK cells (Long 2007;
Walzer et al. 2005). EImiron® may also be acting directly on the NK cell proteins that are
involved in target cell lysis, such as perforin and granzymes. These possible mechanisms
remain to be explored and the current study has identified more research needs on
mechanistic effects of EImiron® treatment on NK cells and macrophages.

In contrast to the innate immune enhancing effects of EImiron® treatment observed in the
present study, a few other reports have described anti-inflammatory effects of Elmiron® in
animal models of diseases such as aging mice with diabetic nephropathy (Wu et al. 2011),
hyperlipidemia (Lupia et al. 2012) and inflammatory arthritis (Smith et al. 1994). EImiron®
(25 mg/kg/day) administered in drinking water has been reported to decrease macrophage
infiltration in kidneys of aging streptozocin-induced diabetic C57BI/6 mice (Wu et al. 2011).
The apparent variance between the results from our study and the previously published
studies could be due to the differences in the animal models used for evaluating the
immunomodulatory effects of Elmiron®. The current immunotoxicity evaluation is the only
study that has been conducted in healthy adult animals, while the previously published
studies were conducted in disease prone animal models. Other factors could also contribute
to differential responses between the studies such as doses, route of administration and
treatment conditions. On the other hand, it is also likely that the EImiron®-induced NK cell
activity and release of anti-inflammatory cytokines from activated macrophages may have
potentially contributed to the overall anti-inflammatory effect observed in the different
animal models of disease. Overall, the current study and previous reports underscore the
immunomodulatory properties of EImiron® treatment in different animal models.

In summary, the current study demonstrated that 28-day Elmiron® treatment enhances the
innate immune responses in healthy female B6C3F1/N mice by specifically increasing
macrophage and NK cell number, NK cell activity and macrophage phagocytosis. Consistent
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with their reported function in host defense, the increases in NK cell and macrophage
activity appeared to increase resistance to B16F10 tumor development in mice. The
identified immune potentiating properties of EImiron® indicates that long term Elmiron®
treatment should be used with caution in patients with genetic disposition to development of
inflammatory disorders such as autoimmune diseases due to potential exacerbation of innate
immune responses. Additional studies identifying the mechanisms involved in upregulation
of NK cell and macrophage activity would enhance our understanding of immune
perturbations caused by EImiron® treatment and suggest additional therapeutic applications.

Supplementary Material
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Figure 1. Increase in the total number of splenic NK cells and macrophages in Elmiron® treated
mice

Significant increases in absolute numbers of splenic (A) NK cells (B) Macrophages were
observed following Elmiron® treatment. AAGM1 rabbit antibody and CP was used as
positive control for NK cells and macrophages, respectively. Data are presented as Mean +

SEM (n=8). *p< 0.05, ** p< 0.01 as compared to the vehicle control
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Figure 2. Increase in NK cell activity in Elmiron® treated mice
Splenocytes from Elmiron®-treated and control mice were co-cultured with 51Cr-labeled

YAC-1 tumor cells for 4 hr at different effector:target ratios (A) 50:1 (B) 100:1 and (C)
200:1. Significant increases in NK cell cytotoxicity were observed at 500 and 1000 mg/kg
dose groups. Results are expressed as percent (%) cytotoxicity. Anti-Asialo (AA) GM1
rabbit antibody was used as positive control. Data are represented as Mean = SEM (n=8). *
p< 0.05, ** p< 0.01 as compared to the vehicle control
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Figure 3. Enhanced phagocytic activity of liver macrophages in Elmiron® treated mice
Elmiron®-treated and control mice were treated were injected i.v. with >1Cr-SRBC on day

29 of the study. (A) Vascular clearance of >1Cr-SRBC was monitored by sampling the
peripheral blood from the mice. (B) Significant increase in the uptake of °1Cr-SRBC by the
liver macrophages was observed in the 1000 mg/kg dose group. No significant differences
in °1Cr-SRBC uptake were observed in lungs, spleen, thymus or kidney. The positive
control, maleic vinyl ether (MVE), was administered i.v. on day 29 of the study. Data are
represented as Mean £ SEM (n=7-8). * p< 0.05, ** p< 0.01 as compared to the vehicle

control
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Figure 4. No effect on the humoral immune response in Elmiron® treated mice
Elmiron®-treated and control mice were immunized with 7.5 x 107 SRBC by i.v. injection

on day 25 of the study. No changes in humoral response following Elmiron® treatment was
observed when the data was expressed as (A) Specific Activity (B) Total Spleen Activity. In
addition, (C) no differences between serum levels of anti-SRBC IgM antibodies from
control and Elmiron®-treated animals were observed. The positive control CP was
administered i.p on days 25-28. Data are represented as Mean + SEM (n=7-8). * p< 0.05,
** p< 0.01 as compared to the vehicle control
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Figure 5. No effect on the T cell proliferative response in Elmiron® treated mice
(A) Anti-CD3 mediated proliferation: Splenocytes were cultured in the presence or absence

of anti-CD3 antibody for 3 days. There were no significant differences in the ability of
Elmiron®-treated T cells to proliferate in response to signaling through the T cell receptor
initiated by anti-CD3 antibody. (B) MLR assay: Splenocytes were cultured for 5 days in the
presence of mitomycin C-treated DBA/2 allogenic stimulator cells. No consistent changes in
the ability of host T cells (responders) to recognize and proliferate in response to allogeneic
stimulator cells were observed. The positive control CP was administered i.p. on days 25—
28. CPM=counts per minute. Data are represented as Mean + SEM (n=7-8). * p< 0.05, **
p< 0.01 as compared to the vehicle control.
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Figure 6. Enhanced host resistance to B16F10 melanoma in Elmiron® treated mice
Elmiron®-treated and control mice were injected i.v. with two different concentrations of

tumor cells on day 29 of the study. (A and B) Low challenge level (1x 10° tumor cells)
animals were evaluated for lung tumor burden on day 19 post-challenge. Dose-dependent
decreases in the number of tumor nodules/lung were observed in low challenge level
animals. (C and D) High challenge level (3% 10° tumor cells) animals were assessed for lung
tumor burden on day 13 postchallenge. A decrease in the number of nodules/lung was
observed at 1000 mg/kg. CP was administered as positive control. Data are represented as
Mean + SEM (n=12). * p< 0.05, ** p< 0.01 as compared to the vehicle control.
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