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Abstract
Intravesical BCG has been used successfully to treat superficial bladder cancer for three decades. However, 20% to 30%
of patients will fail initial BCG therapy and 30% to 50% of
patients will develop recurrent tumors within 5 years.
Alternative or complementary strategies for the management
of superficial bladder cancer are needed. Interleukin-12
(IL-12) is a potent TH1 cytokine with robust antitumor activity
and the ability to potentiate immunologic memory. Unfortunately, intravesical IL-12 did not show antitumor efficacy in
a recent clinical study of patients with recurrent superficial
bladder cancer. We hypothesized that coformulation of IL-12
with chitosan, a biocompatible, mucoadhesive polysaccharide,
could improve intravesical IL-12 delivery and provide an
effective and durable alternative for the treatment of superficial bladder cancer. In antitumor studies, 88% to 100% of
mice bearing orthotopic bladder tumors were cured after four
intravesical treatments with chitosan/IL-12. In contrast, only
38% to 60% of mice treated with IL-12 alone and 0% treated
with BCG were cured. Antitumor responses following chitosan/
IL-12 treatments were durable and provided complete protection from intravesical tumor rechallenge. Urinary cytokine
analysis showed that chitosan/IL-12 induced multiple TH1
cytokines at levels significantly higher than either IL-12
alone or BCG. Immunohistochemistry revealed moderate
to intense tumor infiltration by T cells and macrophages
following chitosan/IL-12 treatments. Bladder submucosa from
cured mice contained residual populations of immune cells
that returned to baseline levels after several months. Intravesical chitosan/IL-12 is a well-tolerated, effective immunotherapy that deserves further consideration for testing in
humans for the management of superficial bladder cancer.
[Cancer Res 2009;69(15):6192–9]

Introduction
Bladder cancer is the fifth most common cancer in the United
States, with an estimated 68,810 new cases and 14,100 deaths in
2008 (1). Global prevalence of bladder cancer is estimated at >1
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million and is steadily increasing (2). In addition, bladder cancer
has the highest domestic cost per patient of all cancers, with U.S.
medical care expenditures surpassing $4 billion per year (3).
Although 70% to 80% of patients are diagnosed with superficial
disease, bladder cancer has a high overall rate of recurrence at
f65% (4).
Since the pioneering work of Morales and colleagues in 1976 (5),
intravesical BCG has been the standard-of-care immunotherapy for
superficial bladder cancer. BCG immunotherapy results in 70% to
75% and 50% to 60% complete response rates for carcinoma in situ
and small residual tumors, respectively (4). Unfortunately, a
significant percentage of patients will fail initial BCG therapy and
f30% to 50% of BCG responders will develop recurrent tumors
within 5 years (6, 7). Therefore, despite the effectiveness of BCG,
additional therapies are needed to limit recurrence and improve
survival for both BCG responders and nonresponders.
Interleukin-12 (IL-12) is a powerful, proinflammatory cytokine
that enhances (a) TH1 cell differentiation, (b) proliferation of
activated T cells and natural killer cells, and (c) cell-mediated
immunity. IL-12 was recently ranked third in a comprehensive list
of immunotherapeutic agents with high potential for use in
treating cancer (8). Preclinically, IL-12 has shown remarkable
antitumor effects against a range of malignancies (9, 10). In
addition, several investigators have shown that IL-12-based
therapies can potentiate immunologic memory and mediate
protection from tumor rechallenge in preclinical models (11, 12).
Unfortunately, the success of IL-12 in the clinic has been limited
by adverse events, including two on-study deaths following
administration of intravenous IL-12 (13). Many researchers have
since supported the notion that a safer, more effective approach for
cytokine-based immunotherapies, including IL-12, is through local
administration (14, 15). In theory, local administration reduces
systemic cytokine-based toxicities and takes advantage of the
preferred paracrine mechanism of action of most cytokines.
For the treatment of bladder cancer, local (intravesical)
administration of IL-12-based therapies has shown a significant
survival advantage in murine orthotopic bladder cancer models
(16, 17). To date, only one clinical study has used IL-12 intravesically in patients with superficial bladder cancer (18). Doses of IL-12
up to 200 Ag were administered weekly for 6 weeks without
significant systemic toxicity. The authors reported no clinically
relevant antitumor or immunologic activity; however, the maximum tolerated dose of intravesical IL-12 was not reached.
To improve antitumor efficacy of intravesically administered IL12, we formulated IL-12 with chitosan, a mucoadhesive biopolymer.
Chitosan is a nontoxic, biodegradable, natural polysaccharide
derived primarily from the exoskeletons of crustaceans. It is a
widely used biomaterial (19, 20) with an established safety profile
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in humans (21, 22). Three properties of chitosan may potentially
enhance the intravesical delivery of IL-12. First, the high
polycationic charge and mucoadhesive properties of chitosan
may facilitate adherence to the negatively charged bladder mucosa,
thereby increasing local retention of IL-12. Second, the high
viscosity of chitosan-based solutions may make them resistant to
excretion from the bladder. Third, chitosan has been shown to
loosen gap junctions and enhance epithelial permeability to drugs
and proteins at mucosal surfaces (23).
In this study, we investigated the antitumor activity of intravesically administered chitosan/IL-12 during multiple treatments in an
aggressive, bioluminescent orthotopic bladder cancer model. We
then compared the antitumor efficacy of chitosan/IL-12 and BCG.
We used urinary cytokine analysis and immunohistochemical
staining to elucidate mechanisms and uncover potential effector
cells responsible for tumor regression and also tested the durability
of chitosan/IL-12-mediated responses to tumor rechallenge.

Materials and Methods
Animals, cell lines, and reagents. Female C57BL/6 mice 10 to
12 weeks old were obtained from the National Cancer Institute-Frederick
Cancer Research Facility. Mice were housed and maintained under
pathogen-free conditions in microisolator cages. Animal care was in
compliance with the recommendations of The Guide for Care and Use of
Laboratory Animals (National Research Council).
The parental MB49 cell line (murine transitional cell carcinoma) was
maintained in DMEM containing high glucose and 10% heat-inactivated
fetal bovine serum supplemented with nonessential amino acids, 1 mmol/L
sodium pyruvate, 2 mmol/L glutamine, and 100 units/mL penicillin/

streptomycin. Stable transfection of the MB49 cell line with a luciferaseexpressing plasmid (pGL4.20; Promega) was accomplished using a
commercially available kit (Nucleofector Kit R; Amaxa). Cells were selected
in complete medium containing 2 Ag/mL puromycin. The resulting cell line
was designated MB49luc.
Recombinant murine IL-12 was purchased from Peprotech. BCG (BCG
Live, Intravesical) was purchased from Sanofi Pasteur and chitosan
glutamate (Protosan G 213) was purchased from NovaMatrix.
Tumor model. Orthotopic bladder tumors were generated via intravesical instillation of MB49luc cells as described previously (24). Briefly, mice
were anesthetized with ketamine (15 mg/kg)/xylazine (75 mg/kg), and a 24
G  3/4 inch Teflon catheter (Terumo) was inserted into the bladder through
the urethra. One hundred microliters of 0.1 Ag/mL poly-L-lysine solution
(molecular weight = 70,000-150,000) were administered intravesically for 10
min while catheters/syringes were kept in place. The poly-L-lysine solution
was then suctioned from the bladder and 100 AL containing 75,000 MB49luc
cells were instilled for 30 to 45 min. Intravesical treatments containing
100 AL PBS, BCG (1.35 mg), 1% (w/v) chitosan solution in Dulbecco’s PBS,
IL-12 (5 Ag), or 1% chitosan admixed with IL-12 (5 Ag; chitosan/IL-12) were
administered via the same catheterization technique. Mice were anesthetized as before and treatments were instilled for 45 to 60 min.
Bioluminescence imaging. The growth of orthotopically implanted
MB49luc tumors was monitored with an IVIS Lumina (Caliper Life Sciences).
Fifteen minutes before imaging, mice were given 15 mg/kg luciferin salt
intraperitoneally. Five minutes before imaging, anesthesia was induced with
ketamine/xylazine as before, and abdominal areas were shaved.
Serum cytokines. Mice bearing 7-day-old orthotopic MB49luc tumors
were treated intravesically or subcutaneously with IL-12 (5 Ag) or chitosan/
IL-12 (5 Ag). After 24 h, serum was collected and analyzed for IL-12 and
IFN-g concentrations via ELISA kits (Pierce/Thermo Scientific).
Urinary cytokines. Mice bearing 7-day-old orthotopic MB49luc tumors
were treated intravesically with PBS, BCG (1.35 mg), IL-12 (5 Ag), or

Figure 1. Antitumor activity of intravesical immunotherapies. C57BL/6 mice (n = 5) bearing orthotopic MB49luc tumors were treated with PBS, chitosan, IL-12 (5 Ag),
or chitosan/IL-12 (5 Ag) on days 7, 14, 21, and 28 post-tumor implantation. A, bioluminescence and photographic overlay images of mice at day 22. White text,
day of euthanasia based on humane criteria. B, overall survival curves of mice treated as above with PBS (n), chitosan (4), IL-12 (5 Ag; .), or chitosan/IL-12 (5 Ag; o).
*, P < 0.005 (log-rank test) versus PBS and chitosan groups.
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chitosan/IL-12 (5 Ag). Mice were allowed to recover in heated cages for
6 h and then transferred to metabolic cages for urine collection. Following
the methods of O’Donnell and colleagues (25), urine was collected in a tube
on ice containing a concentrated urine stabilizer solution [2 mol/L Tris-HCl
(pH 7.6), 5% bovine serum albumin, 0.1% sodium azide, and a Complete
mini protease inhibitor tablet; Roche Diagnostics]. Urine was collected from
6 to 24 h, from 24 to 48 h, from 48 to 72 h, and from 72 to 96 h following
treatment and then centrifuged and stored at -80jC until batch analysis via
bead-based ELISA (CBA Inflammation Kit; BD Biosciences).
Histology and immunohistochemistry. Bladders were removed and a
portion of each was fixed in 10% neutral buffered formalin; the remainders
were embedded in OCT for immunohistochemical staining for CD3, CD4,
CD8a, and F4/80. All immunohistochemistry procedures were done at the
Pathology/Histotechnology Laboratory at National Cancer InstituteFrederick. All tissues were scored for relative levels of immune infiltrates
by a board-certified pathologist.

Results
Tracking tumor growth with a luciferase-expressing orthotopic bladder tumor model. MB49, a cell line derived from
transitional cell carcinoma of the murine urinary bladder (26), was
stably transfected with the gene encoding firefly luciferase.
Luciferase expression allowed for the detection and routine
monitoring of orthotopic bladder tumors via serial bioluminescence imaging (Supplementary Fig. S1A). Tumors were detectable
as early as day 4 after implantation, several days before tumors
became palpable or mice became hematuric.
To determine if bioluminescence could be used as a surrogate
for tumor burden, cohorts of mice were imaged just before
sacrifice, after which bladders were removed and weighed. Photon
counts increased by 2 orders of magnitude over the first week of
tumor growth. After 1 week, photon counts reached a limit as
tumors continued to grow for up to 5 weeks (Supplementary
Fig. S1B). Our finding that bioluminescence does not correlate well
with continued disease progression in an orthotopic bladder tumor
model agrees with another recently published study (27). However,
bioluminescence imaging is an effective tool for excluding from
subsequent studies mice in which tumors did not ‘‘take.’’
Antitumor activity and survival with chitosan/IL-12 versus
IL-12 alone. Mice bearing orthotopic bladder tumors were treated
intravesically on days 7, 14, 21, and 28 post-tumor implantation
with PBS, IL-12 (5 Ag), chitosan, or chitosan/IL-12 (5 Ag). After
three treatments, bioluminescence imaging on day 22 revealed that
100% of mice treated intravesically with chitosan/IL-12 appeared
tumor-free. In the IL-12 alone group, 1 mouse died before imaging
and 3 of 4 mice had measurable disease (Fig. 1A). Chitosan alone
had no antitumor activity. At 60 days post-tumor implantation,
100% of mice treated with chitosan/IL-12 had survived versus 60%
of mice treated with IL-12 alone (Fig. 1B). No overt toxicity
attributable to any of the intravesical treatments was observed.
Comparison of chitosan/IL-12, IL-12 alone, and BCG. To
compare chitosan/IL-12 with standard BCG immunotherapy, mice
bearing orthotopic bladder tumors were treated intravesically on
days 5, 12, 19, and 26 post-tumor implantation with PBS, BCG
(1.35 mg; refs. 28, 29), IL-12 (5 Ag) alone, or chitosan/IL-12 (5 Ag).
As in our previous experiments, intravesical chitosan/IL-12 led to
long-term survival and cures in the overwhelming majority (88%)
of treated mice (Fig. 2A). IL-12 alone was less effective, with 3 of
8 mice surviving up to 80 days post-tumor implantation. Mice
receiving intravesical BCG showed no significant difference in
survival over mice receiving intravesical PBS, and none survived
>60 days. No overt toxicity was observed in any mouse receiving
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Figure 2. Comparison of survival with intravesical chitosan/IL-12 versus BCG.
A, C57BL/6 mice (n = 8) bearing orthotopic MB49luc tumors were treated with
PBS (n), BCG (1.35 mg; E), IL-12 (5 Ag; .), or chitosan/IL-12 (5 Ag; o) on
days 5, 12, 19, and 26 post-tumor implantation. *, P < 0.06 (log-rank test)
versus IL-12 group; **, P < 0.005 (log-rank test) versus PBS and BCG groups.
B, 18 mice (from this and other experiments) that were cured with intravesical
chitosan/IL-12 immunotherapy (o) were rechallenged orthotopically with the
original dose of MB49luc cells. Age-matched naive mice (n) were challenged at
the same conditions.

PBS, IL-12, or chitosan/IL-12. Mice receiving BCG exhibited grades
1 to 2 toxicities with hunched habitus and ruffled fur for 24 h posttreatment before returning to normal.
Intravesical chitosan/IL-12 generated durable immunologic
memory. Pathology reports on the bladders of 4 mice surviving
long-term (>60 days) following chitosan/IL-12 treatments revealed
no residual tumor. Thus, mice that survived >60 days with no
tumor visible via bioluminescence imaging were deemed cured.
In separate experiments, 18 mice that were cured following
intravesical chitosan/IL-12 treatments were rechallenged intravesically with the original dose of tumor cells. All of the cured mice
immediately rejected tumor rechallenge (tumors failed to establish), whereas 100% of naive mice developed tumors. Mice that
rejected rechallenge survived for at least 1 year with no further
evidence of disease (Fig. 2B).
Chitosan facilitated higher serum IL-12 and IFN-; levels
following intravesical administration. Mice bearing 7-day-old
orthotopic bladder tumors were treated intravesically or subcutaneously with IL-12 alone or chitosan/IL-12. Serum IL-12 and IFN-g
levels were measured 24 h after administration. With intravesical
administration, chitosan/IL-12 enhanced serum IL-12 levels by
20-fold (Fig. 3A). IFN-g, produced by several immune cell
populations in response to IL-12, was also significantly enhanced
when chitosan was used to deliver IL-12 intravesically (Fig. 3B).
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Figure 3. Serum IL-12 and IFN-g levels
following subcutaneous (s.c. ) and
intravesical (i.ves. ) administrations of IL-12
and chitosan/IL-12. C57BL/6 mice bearing
orthotopic MB49luc tumors were treated
intravesically with IL-12 (5 Ag) alone or
chitosan/IL-12 (5 Ag) on day 7. Serum IL-12
(A) and serum IFN-g (B) levels were
measured via ELISA 24 h after treatment.
Similarly, C57BL/6 mice were injected
subcutaneously with IL-12 (5 Ag) alone or
chitosan/IL-12 (5 Ag). Serum IL-12 (C )
and serum IFN-g (D ) levels were measured
via ELISA 24 h after subcutaneous
injections. Each data point represents one
mouse. Reported P values were obtained
through unpaired t tests with Welch’s
correction assuming unequal variances.

Importantly, serum cytokine levels resulting from intravesical
administration were far below levels produced by subcutaneous
administration (Fig. 3A and B versus Fig. 3C and D). The average
serum IL-12 and IFN-g levels following intravesical chitosan/IL-12
were 516- and 7.8-fold lower, respectively, than the average levels
following subcutaneous chitosan/IL-12.

Chitosan/IL-12 induced production of multiple urinary
cytokines. Mice bearing orthotopic bladder tumors were treated
intravesically on day 7 post-tumor implantation with PBS, BCG
(1.35 mg), IL-12 (5 Ag), or chitosan/IL-12 (5 Ag). Urine was collected
over 4 days in four discrete increments following treatment. Mice
receiving chitosan/IL-12 had the highest urinary concentrations of

Figure 4. Urinary cytokine levels following
intravesical immunotherapy. C57BL/6
mice (n = 5) bearing orthotopic MB49luc
tumors were treated with PBS (n), BCG
(1.35 mg; E), IL-12 (5 Ag; .), or chitosan/
IL-12 (5 Ag; o) on day 7 post-tumor
implantation. Following treatment, mice
were placed in metabolic cages and urine
was collected over 96 h (see Materials and
Methods). Each data point represents an
average of two pools of mice (n = 2 and 3)
for each treatment group.

www.aacrjournals.org
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for immune infiltrates. PBS-treated tumors contained minimal
lymphocytic infiltrates, whereas chitosan/IL-12-treated tumors
showed moderate multifocal lymphocytic infiltration (Fig. 5A).
Immunohistochemical staining revealed that CD3+ and F4/80+
(macrophage) cells increased significantly with chitosan/IL-12
immunotherapy, suggesting that T cells and macrophages are likely
effector cells mediating tumor regression during chitosan/IL-12
immunotherapy. An analysis of distribution showed that immune
cells in PBS-treated tumors were constrained to the periphery,
whereas chitosan/IL-12-treated tumors show marked infiltration by
immune cells.
In a related study, bladders from naive mice and cured mice were
stained to monitor the maintenance of effector cell populations in
the bladder. Mice cured for 2 months showed significant residual
CD3+ and F4/80+ populations in the bladder submucosa (Fig. 5B).
Effector cell levels in mice cured for 6 months decreased but were
still greater than in naive mice. A summary of tumor infiltrates
during treatment and resident effector cells after treatment,
including CD4+ and CD8a+ subsets, is shown in Table 1.

Discussion

Figure 5. Immunohistochemistry of bladder tissues during and after intravesical
immunotherapy. A, mice bearing orthotopic bladder tumors were treated
intravesically on days 7 and 14 post-tumor implantation with either PBS or
chitosan/IL-12 (5 Ag). Mice were sacrificed 48 h after the second treatment and
tumors were stained for CD3 and F4/80 infiltrates. B, bladders from naive
mice or mice that were tumor-free or cured for 2 or 6 mo after chitosan/IL-12
treatments were stained for CD3 and F4/80. Bar, 50 Am.

IL-12p70, IFN-g, tumor-necrosis factor-a, and IL-6 (Fig. 4). IL-12
alone induced these same cytokines but at much lower levels. BCG
treatment resulted in significant urinary levels of tumor-necrosis
factor-a and IL-6. There were no differences in urinary levels of
IL-10 or MCP-1 among the treatment groups (data not shown).
With one exception, cytokine production peaked within 24 to
48 h in all treatment groups (IFN-g levels were slightly higher at
48-72 h in the chitosan/IL-12 group).
Intravesical chitosan/IL-12 induced intense and lasting
lymphocytic infiltration. Mice bearing orthotopic bladder tumors
were treated intravesically with either PBS or chitosan/IL-12
(5 Ag) on days 7 and 14 post-tumor implantation. Mice were
sacrificed 48 h after the second treatment and tumors were stained

Cancer Res 2009; 69: (15). August 1, 2009

Our antitumor studies show that intravesical chitosan/IL-12 is
superior to both intravesical IL-12 alone and BCG, the standard-ofcare immunotherapy for the treatment of superficial bladder
cancer in a murine model. Intravesical treatments with chitosan/
IL-12 consistently resulted in 88% to 100% of mice being cured of
established, aggressive orthotopic bladder tumors. IL-12 alone was
less effective (38-60% survival), a finding similar to those in
published studies using either recombinant IL-12 protein (16) or
IL-12 gene therapy (17) in orthotopic bladder cancer models.
Transfection of MB49 cells with the luciferase construct allowed for
visualization of tumor growth as early as 4 days post-tumor
implantation. Tumors did not become palpable or show any
evidence of hematuria for at least 1 week and often up to 10 days
post-tumor implantation. The enhanced sensitivity of bioluminescence imaging was useful for excluding mice in which tumors do
not ‘‘take.’’
In our study, BCG had minimal antitumor activity and no longterm survival advantage against orthotopic MB49 tumors. In
previous studies, BCG treatment initiated the day after tumor
implantation conferred a nominal 10% to 15% survival advantage
(30, 31). Therefore, the survival advantage mediated by intravesical
BCG in this model is abrogated when treatment is withheld until
tumors are better established (day 5 post-tumor implantation).
Immunologic memory is particularly important for bladder
cancer, which has the highest recurrence rate of any cancer. Thus,
perhaps more important than the high rate of tumor regression
mediated by intravesical chitosan/IL-12 is the complete protection
from tumor rechallenge it confers, suggesting that chitosan/IL-12
immunotherapy can generate durable immunologic memory. In
contrast, others have shown that intravesical BCG does not
mediate protective immunity, and no CTL activity could be
measured from spleens of BCG-cured mice (32, 33). In yet another
study, intravesical IL-12 gene therapy, but not BCG, conferred
protection from tumor rechallenge (17).
Our finding that intravesical chitosan/IL-12 produced greater
serum levels of IL-12 and IFN-g than intravesical IL-12 alone
supports the hypothesis that the unique properties of chitosan can
enhance local IL-12 delivery. It is likely that chitosan enhances both
retention through mucoadhesive interactions and penetration
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Table 1. Infiltrate scores in bladder tumors and submucosa during and after intravesical chitosan/IL-12 immunotherapy
Tumor infiltrates after two intravesical treatments*
PBS
CD3
CD4
CD8a
F4/80

bx

+/++
+
+++

Resident populations in submucosa

c

Chitosan/IL-12

Naive

2 mo post-cure

6 mo post-cure

+++/++++
+/+++
++/+++
+++/++++

++
+
-/+
+++

++++
+++/++++
++/+++
++++

+++
++/+++
++
++++

*Mice bearing orthotopic bladder tumors were treated intravesically on days 7 and 14 post-tumor implantation with either PBS or chitosan/IL-12 (5 Ag).
Mice (n = 3 per group) were sacrificed 48 h after the second treatment and tumor infiltrates were scored by a board-certified pathologist.
cBladders from naive mice (n = 2) or mice that were tumor-free for 2 mo (n = 2) or 6 mo (n = 2) after chitosan/IL-12 treatments were scored by a boardcertified pathologist.
bInfiltrates scored as negative (-), minimal (+), mild (++), moderate (+++), and intense (++++).
xOnly unique scores are reported.

through increased epithelial permeability. In previous reports,
chitosan has been shown to enhance local delivery of drugs to and
across multiple mucosal surfaces, including nasal (34), buccal (35),
intestinal (36), and vaginal (37). Chitosan has also been shown to
enhance the permeability of the bladder to small hydrophilic drugs
(38, 39). In the present study, this enhanced permeability may have
allowed IL-12 better access to resident immune cells in the
submucosa. The relative importance of increasing epithelial
permeability versus IL-12 retention is currently under investigation.
The difference in IFN-g levels between intravesical and
subcutaneous administrations is not as great as the difference in
IL-12 levels. In our experience, serum IFN-g reaches a plateau at
moderate IL-12 doses. For instance, at 24 h, serum IFN-g levels with
1 Ag IL-12 subcutaneously are similar to levels with 5 Ag IL-12
subcutaneously (10,897 F 4,004 versus 13,431 F 4,894 pg/mL). It
should be noted that although IL-12 was detected in serum
following intravesical chitosan/IL-12 administration, the concentrations were 516 times lower than levels measured following
subcutaneous injections.
Urinary cytokine analysis revealed that chitosan/IL-12 induced
significant production of important TH1 cytokines (IL-12p70,
IFN-g, and tumor-necrosis factor-a; Fig. 4). The induction of
multiple urinary cytokines has long been thought to play a role in
intravesical BCG immunotherapy (25, 40). A previous study looked
extensively into a range of urinary cytokines produced by tumorfree mice in response to intravesical BCG (29). Our measurements
of urinary tumor-necrosis factor-a, IFN-g, and IL-10 in response to
BCG were similar. However, we measured significantly lower values
for IL-12p70 and IL-6. Two procedural differences between the
studies may account for this discrepancy. First, our mice had MB49
tumors, which Lattime and colleagues showed to be highly
immunosuppressive (41, 42). Second, our instillation volume was
100 AL rather than the 200 AL used by Saban and colleagues (29).
The larger volume, which is close to the maximum capacity of the
murine bladder, would have likely disrupted the integrity of the
bladder wall and possibly resulted in a more effective BCG
infection. In yet another study, no increases of urinary IFN-g or
IL-12 were detected between 4 and 24 h after repeated BCG
instillation (43). In the present study, chitosan/IL-12 induced much
higher levels of TH1 cytokines than BCG. The ability of chitosan/
IL-12 to induce far greater levels of cytokines than BCG correlates

www.aacrjournals.org

with its superior antitumor activity. Based on these results, urinary
cytokines may be an important prognostic indicator of clinical
efficacy in potential trials involving intravesical chitosan/IL-12.
Immunohistochemical staining of treated bladder tumors
provided further insight into the mechanism of action of
chitosan/IL-12. In our experience, two intravesical treatments with
chitosan/IL-12 were necessary to observe initial signs of tumor
regression (stable or decreasing bioluminescence and reversal of
hematuria). Thus, the optimal time to look for differences in tumor
infiltrates was after the second treatment. Indeed, tumors treated
twice with chitosan/IL-12 showed moderate to intense staining for
CD3 and F4/80 infiltrates (Fig. 5A). Within the CD3 compartment,
CD8 staining was greater than CD4 staining (Table 1). This is in
contrast to preclinical and clinical studies with BCG in which CD4+
cells outnumber CD8+ cells (30, 43). Our results point to CD8+ T
cells and macrophages as potential effector cells mediating the
regression of MB49 tumor. Subset depletion studies are planned to
confirm this hypothesis.
Combining immunohistochemistry results with urinary cytokine
measurements, it appears likely that IL-12 induces a TH1 cytokine
cascade that is produced initially by resident immune cells (most
likely T cells and macrophages). These cytokines can (a) have direct
cytotoxic and antitumor effects, (b) recruit additional immune cells
to the tumor, (c) enhance the proliferation of pre-activated T cells,
and (d) reverse immune suppression. In particular, IFN-g has
antiangiogenic properties (44), is directly cytotoxic when combined
with other cytokines such as tumor-necrosis factor-a (10), can upregulate MHC I and II molecules on tumor cells, including the
MB49 cell line (45), and can activate macrophage effectors (46), and
rescue immunosuppressive tumor-associated macrophages (47, 48).
Chitosan enhances all of these effects through better local delivery
of IL-12, which leads to higher cytokine production.
In additional immunohistochemistry studies, we found that a
residual population of T cells and macrophages remains in the
bladder submucosa after a tumor is completely eradicated (Fig. 5B).
These populations begin to approach normal (naive) levels 6 months
after tumor cure. These residual effectors may be responsible for
the complete protection from tumor rechallenge among cured mice.
The relative contributions of innate (macrophages) and adaptive
(antigen-specific CD8+ cells) immune systems during this rejection
are currently being studied. Nevertheless, because of the high

6197

Cancer Res 2009; 69: (15). August 1, 2009

Cancer Research

rate of recurrence of bladder cancer, the ability of an intravesical
immunotherapy to maintain a resident effector population in the
bladder is a distinct benefit.
Additional sections of naive and cured bladder tissues were
stained with H&E to document any pathologic changes associated
with chitosan/IL-12 treatment. There were no pathologic differences between cured and naive bladders as determined by a boardcertified pathologist. This suggests that chitosan/IL-12 is likely a
well-tolerated immunotherapy with no long-term pathology.
Confirmatory toxicology and pathology studies are planned.
To date, the only clinical trial to date using intravesical IL-12
failed to show clinically relevant antitumor or immunologic effects
in patients with recurrent superficial bladder cancer (18), which
contrasts the preclinical data reported here (Figs. 1B and 2A) and
elsewhere (16, 17). There are at least two possible explanations for
this discordance. First, the dose of IL-12 delivered intravesically in
humans may have been insufficient to induce an effective immune/
antitumor response. The findings of this (Supplementary Fig. S2)
and other studies (16, 49) have reported dose-dependent effects of
intravesical IL-12-based therapies in murine models. In the clinical
study, the highest dose used was 200 Ag, which is equivalent, based
on bladder volume, to f0.07 Ag in mice. At this dose, even when
formulated with chitosan, IL-12 would not be expected to improve
survival in the MB49 model. Although this is not a perfect
comparison because of the aggressiveness of the murine tumor, it
does indicate that there may be a threshold dose for IL-12 to
induce a clinically relevant immune response. Based on our study,
it is reasonable to predict that chitosan would substantially reduce
this threshold dose in humans.
A second possible explanation is that IL-12 may be less potent in
humans than in mice. Systemic (intravenous or subcutaneous) IL12 therapy has shown remarkable antitumor effects in numerous
murine models that have not been duplicated in clinical trials,
although those trials have reported sporadic complete responses,
significant percentages of stable disease (10), and enhanced natural
killer cytolytic activity and T-cell proliferation (50). However, two
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