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Metastasis accounts for approximately 90% of breast cancer-related deaths. Therefore, novel approaches which
prevent or control breast cancer metastases are of significant clinical interest. Interleukin-12 (IL-12)-based
immunotherapies have shown promise in controlling metastatic disease, yet modest responses and severe toxicities
due to systemic administration of IL-12 in early trials have hindered clinical application. We hypothesized that localized
delivery of IL-12 co-formulated with chitosan (chitosan/IL-12) could elicit tumor-specific immunity and provide systemic
protection against metastatic breast cancer while minimizing systemic toxicity. Chitosan is a biocompatible
polysaccharide derived primarily from the exoskeletons of crustaceans. In a clinically relevant resection model, mice
bearing spontaneously metastatic 4T1 mammary adenocarcinomas received intratumoral injections of chitosan/IL-12,
or appropriate controls, prior to tumor resection. Neoadjuvant chitosan/IL-12 immunotherapy resulted in long-term
tumor-free survival in 67% of mice compared to only 24% or 0% of mice treated with IL-12 alone or chitosan alone,
respectively. Antitumor responses following chitosan/IL-12 treatment were durable and provided complete protection
against rechallenge with 4T1, but not RENCA renal adenocarcinoma, cells. Lymphocytes from chitosan/IL-12-treated
mice demonstrated robust tumor-specific lytic activity and interferon-g production. Cell-mediated immune memory
was confirmed in vivo via clinically relevant delayed-type hypersensitivity (DTH) assays. Comprehensive hematology
and toxicology analyses revealed that chitosan/IL-12 induced transient, reversible leukopenia with no changes in critical
organ function. Results of this study suggest that neoadjuvant chitosan/IL-12 immunotherapy prior to breast tumor
resection is a promising translatable strategy capable of safely inducing to tumor-specific immunity and, in the long
term, reducing breast cancer mortality due to progressive recurrences.

Introduction

Metastasis is responsible for more than 90% of the estimated
40,430 breast cancer deaths that will occur in the United States this
year.1 Despite the high mortality associated with metastatic disease,
only about 4% or 9,402 of the 235,030 new cases of breast cancer
will be metastatic (Stage IV) at diagnosis.2 These data indicate that
the majority of metastasis-related breast cancer deaths result from
recurrence and progression of regional disease and not from the
comparatively few cancers initially diagnosed at Stage IV. Given
that there are no curative therapies for metastatic breast cancer, the

most effective strategy for reducing breast cancer mortality is to
limit the emergence of progressive recurrences following resection.

Adjuvant chemotherapy, radiotherapy, and hormonal therapy,
are effective at reducing breast cancer recurrences, however, there
is significant room for improvement. For instance, adjuvant che-
motherapy increases the 15 y survival rate by only 4.7% in
patients younger than 50, and only 2.6% in patients older than
50.3 Even with adjuvant therapy, 7%, 11%, and 13% of Stage I,
II, and III patients, respectively, will experience a tumor recur-
rence within 5 y. The 10-y recurrence rate for Stage I–III breast
cancers is about 20%.4 Furthermore, disadvantages of existing
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adjuvant therapies include well-known toxicities and an increased
risk of developing second malignant neoplasms.5

Cancer vaccines and other active immunotherapies are cur-
rently being explored as novel adjuvant and neoadjuvant therapies
for breast cancer. A key advantage of active immunotherapies is
their elaboration of tumor-specific immune responses capable of
training a patient’s immune system to recognize and eliminate
occult tumor cells,6-8 thus preventing their re-emergence at a later
time. Another advantage is the durability of a tumor-specific
immune response that potentially persists long after administra-
tion of the immunotherapy. In contrast, adjuvant chemotherapies
and hormonal therapies are only effective during a finite window
of administration.

Among cancer immunotherapies, IL-12-based approaches
have demonstrated remarkable antitumor and anti-metastatic
activity in numerous preclinical models.9-11 In particular, IL-12-
based immunotherapies have been shown to generate durable,
tumor-specific immune responses capable of preventing recur-
rence and inhibiting metastasis.12,13 Unfortunately, severe toxic-
ities in early clinical trials, including two on-study deaths,14 have
somewhat dampened enthusiasm for IL-12-based therapies. Yet,
in a recent NCI-sponsored workshop, IL-12 was recently ranked
third in a list of 20 immunotherapeutic agents with high poten-
tial for use in treating cancer.15

We and others have noted that cytokine therapeutics would be
more effective and less toxic if delivered and maintained in a tis-
sue of interest, i.e. the tumor microenvironment.16,17 As a result,
cell-based, virus-based, and plasmid-based paracrine IL-12 deliv-
ery strategies are under development and have been reviewed else-
where.18,19 In particular, non-viral IL-12-based approaches, with
or without assistance from liposomes or electroporation, have
shown antitumor efficacy in preclinical studies20,21 and safety in
clinical studies.22,23 Because plasmid-based methods require
translation to produce IL-12, the amount or dose of IL-12 in the
tumor microenvironment from patient to patient will vary
depending on the number and type of cells that are transfected.

Strategies which focus on the paracrine delivery of recombi-
nant IL-12 protein are the most direct and quantifiable in terms
of ensuring the accuracy and reproducibility of a delivered dose.
Several sustained, local release platforms, including IL-12 encap-
sulation in polymeric microspheres, have shown promise in pre-
clinical studies.24,25 Our previous studies demonstrated that
simple mixtures of IL-12 with solutions of chitosan (chitosan/IL-
12) when administered intratumorally (i.t.) or intravesically, can
significantly enhance local IL-12 retention and safely induce
complete tumor regression and protective immunity in several
preclinical tumor models.26,27 Chitosan is a biocompatible,
unbranched copolymer of glucosamine and N-acetylglucosamine
derived primarily from the exoskeletons of crustaceans. Recombi-
nant IL-12 co-formulated with chitosan is retained in the tumor
microenvironment for at least 5–6 d following i.t. injection. In
contrast, IL-12 injected alone is undetectable between 24 and
48 h.18

In this study, we evaluated a clinically relevant paradigm in
which a neoadjuvant immunotherapy is administered i.t. prior to
breast tumor resection. We hypothesized i.t. chitosan/IL-12

immunotherapy would initiate a multivalent, tumor-specific
immune response capable of eliminating distant metastases and
providing durable protection from recurrence. Because tumor
resection is indicated for the vast majority of breast cancer
patients, neoadjuvant i.t. immunotherapy is a widely applicable
approach that can be used in conjunction with standard-of-care.
In particular, patients with Stage II and III breast cancers who
have 5-y recurrence rates of 11.2 and 12.7%, respectively,4 would
benefit from novel treatment approaches. In addition, patients
diagnosed with triple-negative breast cancer (TNBC), with 5-y
recurrence rates of up to 60% for Stage III TNBC28 and limited
treatment options may also benefit from this treatment strategy.

Therefore, the overall aim of this study was to assess the anti-
metastatic potential of i.t. chitosan/IL-12 immunotherapy
administered prior to resection in an aggressive preclinical model.
The chitosan/IL-12 co-formulation was compared to individual
components, chitosan, and IL-12 alone, as well as resection alone
in terms of overall survival and enumeration of spontaneous pul-
monary metastases. The ability of neoadjuvant chitosan/IL-12
immunotherapy to induce a tumor-specific immune response
was assessed by cytotoxic T lymphocyte activity, enzyme-linked
immunosorbent spot (ELISPOT), and DTH response assays.
Finally, comprehensive hematology and blood chemistry analyses
were performed to evaluate the safety of i.t. chitosan/IL-12
immunotherapy.

Results

Intratumoral chitosan/IL-12 immunotherapy vs. primary
breast tumors

The goal of these initial studies was to determine a dose of
IL-12 that, when co-formulated with chitosan, did not signifi-
cantly impact primary tumor size prior to resection. Thus, mice
bearing s.c. 4T1 tumors were treated i.t. with chitosan/IL-12

Figure 1. Effect of chitosan/IL-12 on primary tumor growth. Balb/c mice
(n D 5 per group) bearing 4T1 primary tumors were treated i.t. with chi-
tosan (1.5% w/v) co-formulated with 1mg (&), 2mg (~) or 5mg (!) IL-12
on days 6, 9, 12, and 15 following implantation of 1£ 105 4T1 tumor cells
in the right flank. Saline (�) was administered as a control. Tumor vol-
umes were measured twice weekly.
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containing 1, 2, or 5 mg IL-12 on days 6, 9, 12, and 15 after
tumor implantation. Saline injections at the same schedule were
used in a control cohort. There were no differences in tumor vol-
umes among the different treatments up to day 15 (Fig. 1). After
day 15, mean tumor volumes among treatment groups were sta-
tistically different (p< 0.001). A Dunnett’s post-hoc test con-
firmed that each of the chitosan/IL-12 treatments was
significantly different than control (saline) from day 18 to the
conclusion of the experiment (p < 0.05). Bonferroni corrected
comparisons of tumor volumes from mice treated with chitosan/
IL-12 (1 mg) and chitosan/IL-12 (2 mg) showed significant dif-
ferences after 21 d (p < 0.001). In contrast, chitosan/IL-12
(2 mg) and chitosan/IL-12 (5 mg) were statistically indistinguish-
able up to day 35 (p > 0.05). Therefore, chitosan/IL-12 (2 mg)
was used in subsequent anti-metastasis studies. Although mice
treated with chitosan/IL-12, in particular mice receiving 2 mg or
5 mg IL-12, experienced significant tumor inhibition, no com-
plete regressions were observed.

Neoadjuvant chitosan/IL-12 vs. breast cancer metastasis
Mice bearing s.c. 4T1 tumors were treated i.t. with saline (con-

trol), chitosan solution, IL-12 (2 mg) alone or chitosan/IL-12
(2 mg). All treatments
were given on days 6, 9,
and 12 prior to tumor
resection on day 15. The
4T1 murine mammary
adenocarcinoma line
spontaneously metasta-
sizes to liver, lung, and
bone within one week of
inoculation.29,30 Thus, it
is likely that implanted
tumors had already metas-
tasized prior to i.t. injec-
tions and resection. As a
result, tumor-bearing
mice receiving saline i.t.
injections succumbed to
metastasis very rapidly,
within 38 d of resection
(Fig. 2A). Similarly, i.t.
injections of chitosan
alone, which we had previ-
ously shown to have no
antitumor activity, 14,15

was not able to extend sur-
vival. The median survival
times for saline and chito-
san treatment groups were
identical at 24 d. The
median survival of mice
treated with IL-12 alone
was 46 d, which was sig-
nificantly greater than
saline-treated controls

(p < 0.0001). Six of 25 IL-12-treated mice were rendered tumor-
free with no sign of recurrence at the primary site or of metastasis
for up to 80 d after resection. Median survival was not reached in
mice treated with chitosan/IL-12 as 16 of 24 mice became tumor-
free. In terms of survival, chitosan/IL-12 was superior to IL-12
alone (pD 0.0057).

In a separate study, cohorts of 11 tumor-bearing mice were
once again treated with saline, chitosan, IL-12, or chitosan/IL-
12 prior to resection. Mice surviving 5 weeks after resection
were euthanized for enumeration of tumor nodules in the
lungs (Fig. 2B). The seven surviving saline-treated mice exhib-
ited a wide range of lung lesions with an average of 66.1 §
39.0 nodules (Fig. 2C). It was noted that one of the saline-
treated mice had only four nodules, however, nodules
appeared to have grown together which caused an underesti-
mation of metastatic lesions. Eight of 11 mice receiving neo-
adjuvant chitosan averaged 44.4 § 38.0 nodules. There was
no difference in the number of lung nodules between saline
and chitosan treated mice (p > 0.05 via ANOVA with
Dunnett’s post-test). Eight of 11 mice receiving neoadjuvant
IL-12 averaged 23.8 § 21.6 nodules. Two mice had no
visible lesions. Finally, 11 of 11 mice receiving neoadjuvant

Figure 2. Neoadjuvant chitosan/IL-12 reduces mortality and incidence of distant site metastasis. (A) Balb/c mice bear-
ing 4T1 primary tumors were treated i.t. with chitosan/IL-12 (2 mg) (thick gray line), IL-12 alone (dashed line), chitosan
alone (dotted line), or saline (solid black line) on days 6, 9, and 12 post-implantation. Primary tumors were resected on
day 15. Mice were followed for the development of lung metastasis. Any mouse exhibiting obvious signs of distress
was euthanized and lungs were examined to confirm presence of metastatic disease. Survival was tracked for at least
90 d after resection. (B) In a separate study, mice were euthanized five weeks post-resection. Lungs were removed,
infused with India ink, and enumerated under a stereomicroscope. (C) Representative images of lungs from mice
receiving neoadjuvant chitosan/IL-12, IL-12 alone or saline five weeks after resection. Lungs from an age-matched
na€ıve, healthy mouse is included for reference.
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chitosan/IL-12 had 13.7 §
30.4 nodules on average.
Once again, five mice had
no visible lesions. Both IL-
12 and chitosan/IL-12
treated mice were signifi-
cantly different from con-
trol (p < 0.05 via
ANOVA with Dunnett’s
post-test). The group of
mice treated with chito-
san/IL-12 had more
tumor-free lungs and a
lower mean number of
lung nodules, than the
group treated with IL-12
alone. These differences
were not, however, statisti-
cally significant (p > 0.05
via ANOVA with a Bon-
ferroni corrected pairwise
comparison).

Tumor-specific,
protective immunity
following neoadjuvant
chitosan/IL-12
immunotherapy

A cohort of mice receiv-
ing neoadjuvant i.t. chito-
san/IL-12 immunotherapy
followed by resection and
surviving without tumor
recurrence or morbidity for
more than 60 d were rechal-
lenged on the contralateral
flank with either 4T1 or
RENCA cells. Na€ıve mice
challenged with 4T1 cells
served as a control. All mice
rendered tumor-free via
neoadjuvant i.t. chitosan/
IL-12 immunotherapy were
completely protected from
rechallenge with 4T1, but
not RENCA cells (Fig. 3A).

A separate cohort of
tumor-free mice was used
to assess CTL activity. After
6 d of in vitro stimulation
with irradiated 4T1 cells,
harvested splenocytes were
found to lyse approximately
60–70% of 4T1 targets at
an E:T ratio of 100:1

Figure 3. Cured mice exhibit enhanced tumor-specific responses. (A) Mice (n D 5 per group) demonstrating com-
plete regression of 4T1 tumor following neoadjuvant chitosan/IL-12 immunotherapy with resection and exhibiting
no signs of metastasis at day 60, were challenged with either 1 £ 105 4T1 (~) or RENCA cells (&). Na€ıve mice chal-
lenged with 1 £ 105 4T1 cells (�) served as control. Tumor volume was measured every 2 d. (B) Splenocytes isolated
from cured mice (nD 3) were divided into halves and stimulated with either 5£ 105 irradiated 4T1 (solid symbols) or
RENCA (open symbols) cells. Matching shapes represent splenocytes isolated from the same mouse. After 6 d, sple-
nocytes were collected and CTL activity against 5 £ 103 4T1 (solid symbols) or RENCA (open symbols) targets was
assessed. (C) IFNg production was assessed via ELISPOT. Splenocytes harvested from cured mice (n D 3) were stimu-
lated with irradiated 4T1 or RENCA cells for one week. CD8C lymphocytes were then isolated and assayed for the
number of IFNg producing cells when co-incubated with the same 1 £ 103 irradiated 4T1 (�) or RENCA (&) cells.
(D) Similarly, the number of IFNg producing CD8C splenocytes that were isolated directly from cured mice (n D 3),
i.e. without stimulation, following co-incubation with either 1 £ 103 irradiated 4T1 (�) or RENCA (&) cells was
assessed via ELISPOT. (E) Cured (nD 5) and na€ıve (nD 3) mice were given intradermal injections of 1£ 105 irradiated
4T1 cells in one ear and saline in the opposite ear. Swelling was measured at 24 h with a spring-loaded dial gauge.
Error bars represent standard deviations
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(Fig. 3B). In contrast, sple-
nocytes harvested from
tumor-free mice and stim-
ulated with irradiated
RENCA cells lysed approx-
imately 10–20% of
RENCA targets at 100:1
(Fig. 3B). Paired t-tests
indicated that the 4T1 and
RENCA groups were sig-
nificantly different for all
E:T ratios above 12.5:1
(p < 0.05).

ELISPOT analyses to
assess tumor-specific IFNg
release was performed
using splenocytes that were
either stimulated in vitro
with irradiated 4T1 cells
for 6 d or used immediately
after euthanasia. In vitro
stimulation with irradiated
4T1 cells increased the
numbers of IFNg produc-
ing cells exposed to both
4T1 and RENCA cells
(Figs. 3C, D). However,
regardless of in vitro stimu-
lation, more splenocytes
produced IFNg when
exposed to 4T1 cells than
RENCA cells at all E:T
ratios
(p < 0.05) (Figs. 3C, D).

A DTH study was per-
formed as a potentially rel-
evant clinical indicator of
tumor-specific cell-medi-
ated immunity. Tumor-
free mice received injec-
tions of 4T1 cell lysate and
saline in opposite pinnae.
Twenty-four hours after
injection, thicknesses of
ear receiving 4T1 lysates
increased by 40%
(Fig. 3E). Induration did
not occur in ear injected
with saline. Additionally,
naive mice exposed to 4T1
lysate did not experience a
significant DTH response.

Toxicology of i.t. chitosan/IL-12
Systemic toxicity remains a serious concern of IL-12-based

immunotherapies. Adverse events associated with systemic

exposure to IL-12 include, but are not limited to, elevated
hepatic enzymes, leukopenia, neutropenia, hypoalbuminemia,
intestinal perforations, pleural effusion, and pneumonia. For this
study, we were primarily interested in clinically relevant measures

Figure 4. Toxicology of i.t. chitosan/IL-12. Tumor bearing mice were treated with either chitosan/IL-12 or saline on
day 6. Mice receiving four consecutive daily doses of IL-12 via i.p. injections were used as positive control for toxicity.
Blood was collected at 24, 48 or 72 h after injection. In the group receiving consecutive i.p. injections, blood was sam-
pled 24 h after the final injection. (A) Measured hematological parameters included white blood cells (WBC), lympho-
cytes (LYM), monocytes (MON), neutrophils (NEU), red blood cells (RBC), hematocrit (HCT), and platelets (PLT).
(B) Blood chemistry analytes included albumin (ALB), alkaline phosphatase (ALP), globulin (GLOB), alanine amino-
transferase (ALT), and glucose (GLU).
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of toxicity that could be monitored in the blood. As expected,
injections of IL-12 induced significant leukopenia and neutrope-
nia (Fig. 4A). Specifically, cou-nts of white blood cells, lympho-
cytes, and neutrophils, but not monocytes, were suppressed at
the 24-h time point. Treatment with chitosan/IL-12 had less of
an impact on leukocytes, lymphocytes, and neutrophils than
treatment with consecutive daily injections of IL-12. None of the
treatments affected hematocrit, platelet or red blood cell counts.
Although chitosan/IL-12-induced leukopenia was significant, it
was also transient as suppressed cell counts rebounded within
48 h after injection.

With regard to blood chemistry, treatment-related differences
were found in alanine aminotransferase (ALT) and glucose levels.
Specifically, when mice were given 4 consecutive daily injections
of IL-12, ALT levels increased more than five-fold (Fig. 4B). In
contrast, mice treated with chitosan/IL-12 did not experience ele-
vated ALT. Glucose levels varied with treatment group in a pat-
tern similar to white blood cell counts. In other words, glucose
levels were significantly lower 24 h, but not 48 or 72 h, after
treatment with chitosan/IL-12 and 24 h after the daily i.p. injec-
tions of IL-12. There were no differences among treatment
groups for the remaining 12 analytes (Fig. 4B and supplementary
Fig. S1).

Discussion

This study demonstrates that neoadjuvant chitosan/IL-12
immunotherapy is an effective, translatable approach for control-
ling breast cancer metastasis. Our long-term cure rate of 67%
compares favorably with other neoadjuvant immune-based
approaches in the highly aggressive 4T1 model. Guiducci et al.
demonstrated that i.t. injections of 4T1 primary tumors with an
adenovirus encoding CCL16 followed by 4T1 resection resulted
in 63% long-term survival.31 Separately, Gil et al. showed that
systemic administration of oncolytic vaccinia viruses encoding a
CXCR4 agonist followed by 4T1 resection resulted in 20% long-
term survival.32 To our knowledge, these are the only studies that
have demonstrated long-term survival in the 4T1 model using
the clinically feasible approach of neoadjuvant immunotherapy
prior to tumor resection.

In a related recent study, IL-12 encapsulated in polylactic acid
(PLA) microspheres was administered i.t. as a monotherapy in
mice bearing 4T1 tumors.33 IL-12-encapsulated microspheres
slowed primary and metastatic tumors but did not appear to pro-
mote long-term survival. Co-encapsulation of additional cyto-
kines, interleukin-18 and tumor necrosis factor-a, was shown to
improve antitumor activity.33 Another related study investigated
the effect of neoadjuvant immunotherapy with IL-12-loaded
microspheres in the Line-1 lung cancer model.34 Administration
of IL-12-loaded microspheres prior to resection resulted in
decreased local recurrence and pulmonary metastases. The per-
centage of mice with pulmonary nodules was reduced from 60%
following resection alone to 20% with neoadjuvant IL-12-loaded
microspheres and resection. While the Line-1 model is not as
aggressive as the 4T1 model, these results demonstrate that

localized IL-12 can be effective at controlling metastases. Fur-
thermore, the mechanisms by which i.t. injected IL-12-encapsu-
lated micropheres induce antitumor immunity has been
described in several elegant studies by Egilmez et al. 35-39 Mecha-
nisms include: (1) de novo priming of CD8C effectors in the
tumor draining lymph nodes followed by rapid tumor infiltra-
tion; (2) restoration of cytotoxic function of tumor-resident
CD8C T cells; (3) induction of apoptosis of tumor-supporting
regulatory T cells; (4) delayed tumor infiltration and cytotoxicity
by NK cells; and (5) conversion of tumor associated macrophages
from tumor supporting to pro-immunogenic. It is not clear if
previously reported concerns regarding cytokine stability in
microspheres, i.e., up to 80% of the bioactivity of IL-12 was lost
when PLA/IL-12 microspheres were stored for three weeks, have
been overcome.40

Neoadjuvant chitosan/IL-12 immunotherapy, in addition to
improving long-term survival, was found to induce tumor-spe-
cific immunity as demonstrated in three immunological studies.
CTL and ELISPOT analyses revealed that splenocytes from
cured mice contain highly active 4T1-specific lymphocytes
(Fig. 3B–D). ELISPOT assays, in particular, are clinically rele-
vant as they are routinely used to enumerate frequencies of anti-
gen-specific lymphocytes among peripheral blood
mononucleocytes in clinical studies evaluating cancer vaccines.41

As expected, IFNg spot formation by CD8C lymphocytes was
significantly higher when exposed to 4T1 (specific) cells versus
RENCA (non-specific) cells. In vitro stimulation amplified both
specific and non-specific IFNg spot formation, however,
between-group differences remained significant. CTL studies
revealed brisk, up to 80%, lysis of 4T1 cells following in vitro
stimulation. To rule out the possibility that in vitro stimulation
with irradiated tumor cells was capable of inducing an adaptive
immune response de novo, splenocytes from mice cured of 4T1
tumors were stimulated with irradiated RENCA cells. The result-
ing 10–20% lysis of RENCA targets was appreciable but far
lower than 4T1-specific killing.

Mice cured following neoadjuvant chitosan/IL-12 immu-
notherapy also exhibited elevated DTH responses (Fig. 3E).
DTH studies are particularly useful in the development of
cancer vaccines as they measure cell-mediated immune mem-
ory directly in the host. In this more complex setting, any
immune suppression experienced by the host is also taken
into account to provide a more realistic account of antitumor
immunity. Not surprisingly, positive DTH responses consis-
tently correlate with favorable prognosis in clinical stud-
ies.42,43 Another benefit of DTH responses is the ability to
repeat measurements longitudinally to evaluate tumor-specific
immunity over time, e.g., every 6 mo. Such data are clinically
meaningful in determining if antitumor immunity is main-
tained in the long-term.

Our data indicate that DTH responses can be achieved with
whole tumor cell lysates. Whole cell lysates created by exposing
tumor cells to repeated freeze-thaw cycles are not as immuno-
genic as irradiated tumor cells.44 However, lysates avoid the seri-
ous, albeit minimal, risk of injecting patients with live cells that
may have survived irradiation.
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Tumor protection studies provide another indication that
neoadjuvant chitosan/IL-12 immunotherapy induces tumor-
specific immunity. The fact that all cured mice were completely
protected from a rechallenge with live 4T1 cells was somewhat
unexpected. The 4T1 tumor is well known to be non-immuno-
genic. We (data not shown) and others have found that prophy-
lactic vaccinations with irradiated 4T1 cells do not protect mice
from a live tumor challenge.45 Therefore, chitosan/IL-12 injec-
tions into a live tumor appear to create a more robust adaptive
immune response despite the presence of tumor-derived immune
suppressive signals. Egilmez et al. have shown that i.t. injections
containing IL-12 can re-activate anergic tumor-specific T cells
and reverse immunosuppression.46 It is also possible that local
production of IFNg due to high levels of IL-12 maintained
within the tumor microenvironment induced phenotypic changes
in tumor cells, such as upregulation of MHC and costimulatory
molecules, which may have increased their immunogenicity. The
mechanism of enhanced adaptive immunity following chitosan/
IL-12 immunotherapy is the subject of ongoing studies.

Because of severe toxicities in clinical studies due to daily sys-
temic injections of IL-12, any novel strategy employing IL-12
must demonstrate safety prior to being considered for clinical
translation. Our data show that, while systemic IL-12 toxicity is
detected after i.t. chitosan/IL-12 immunotherapy, the severity is
significantly lower than toxicity induced by daily doses of IL-12.
This was anticipated, not only because the daily i.p injections uti-
lized a higher cumulative dose of 8mg IL-12, but also because fre-
quent IL-12 administrations are known to be primarily
responsible for severe toxicities in human studies. In fact, large
boluses at the maximum tolerated dose or higher have been well
tolerated if administered weekly or twice-weekly instead of
daily.47,48 We anticipate that neoadjuvant i.t. chitosan/IL-12
immunotherapy in breast cancer patients would be scheduled as
two or three weekly injections. Our previous study demonstrated
that most, if not all, of the co-formulated IL-12 disappeared
from an i.t. injection after one week. Taken together, weekly
injections would be safer and more feasible than daily injections
while providing high, local levels of IL-12 better than biweekly
or monthly injections.

Furthermore, our data demonstrate that leukopenia, lym-
phopenia, and neutropenia are transient with cell counts return-
ing to basal levels as soon as 48 h following treatment. ALT
levels, which are often elevated following systemic IL-12 admin-
istration,49 were substantially increased in mice receiving daily i.
p. IL-12 but not a single i.t. chitosan/IL-12 injection. Again,
while this may be considered an unfair comparison due to the
difference in cumulative IL-12 dose, the fact that ALT levels in
chitosan/IL-12-treated mice were similar to controls is
encouraging.

It should be noted that toxicity was only assessed after one chi-
tosan/IL-12 injection. Clinical side effects and IFNg induction
have been shown to decrease with repeated weekly or biweekly
IL-12 administrations.14,50 Thus, toxicities are most severe with
the first dose of IL-12. Subsequent IL-12 administrations cause a
blunted response due to down-regulation of IL-12 signaling and/
or increased IL-10 production.

Lastly, a significant advantage of neoadjuvant chitosan/IL-12
immunotherapy in the treatment of breast cancer is its utilization
of the host’s own tumor as a source of antigen. IL-12-based
immunotherapies induce the production of IFNg and other pro-
inflammatory cytokines which have direct cytotoxic effects on
tumor cells.51 Antigen presenting cells phagocytose tumor cell
debris and traffic to lymph nodes for presentation to T cells in an
IL-12-induced Th1 polarized environment. Therefore, unlike
most other breast cancer therapies, the efficacy of chitosan/IL-12
immunotherapy is not expected to depend on estrogen receptor
(ER), progesterone receptor (PgR) or human epithelial growth
factor receptor-2 (HER-2) status. In fact, it has been shown that
there is no correlation between antitumor lymphocytic immunity
and ER or PgR status.52 HER-2 is a potential target for breast
cancer immunotherapy.53 However, other tumor-associated anti-
gens elaborated during chitosan/IL-12 immunotherapy can be
expected to compensate for the absence of HER-2.

That efficacy is likely to be independent of receptor status is
particularly important as breast cancer is a complex, highly het-
erogeneous disease with tremendous intra- and inter-patient vari-
ability. For instance, only 30% of tumor cells need to stain
positive for HER-2 for the tumor to be considered HER2-posi-
tive and therefore eligible for trastuzumab.54 This receptor inde-
pendence also implies a potential opportunity for chitosan/IL-12
in the management of TNBC. Patients with TNBC have fewer
treatment options due to incompatibility of endocrine or HER2-
directed therapies, lower 5-y survival rates and higher rates of dis-
tant recurrence in the first 5 y after diagnosis (hazard ratio D
2.6).55 Thus, neoadjuvant chitosan/IL-12 immunotherapy may
provide an effective option for a patient population in need of
novel treatments. 4T1 tumors do not express ER, PR or HER2/
neu (Supplementary Fig. S2) and are thus a good model of
TNBC.

In conclusion, i.t. chitosan/IL-12 neoadjuvant immunother-
apy is effective in controlling metastasis in a highly aggressive pre-
clinical model of breast cancer. This active immunotherapy uses
the host’s own tumor as the source of antigen for the generation
of a robust tumor-specific adaptive immune response. The utili-
zation of localized, infrequent delivery of IL-12 minimizes toxic-
ity concerns typically associated with daily, systemic IL-12-based
approaches. Chitosan/IL-12 immunotherapy is readily combined
with standard-of-care resection to support rapid clinical
translation.

Materials and Methods

Animals, cell lines, and reagents
Female BALB/cByJ mice (8–12 weeks old) were obtained

from The Jackson Laboratory (Bar Harbor, ME). Mice were
housed and maintained under pathogen-free conditions in
microisolator cages. Animal care was in compliance with the rec-
ommendations of The Guide for Care and Use of Laboratory
Animals (National Research Council).

Dulbecco’s modified Eagle’s Medium (DMEM), Roswell
Park Memorial Institute (RPMI) 1640 medium and Fetal bovine
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serum (FBS) were obtained from Hyclone Laboratories (Logan,
UT). Trypsin-versene EDTA mixture, penicillin-streptomycin,
nonessential amino acid solution, L-Glutamine, sodium pyru-
vate, HEPES, and ACK lysis buffer were purchased from Lonza
(Walkersville, MD). Dulbecco’s phosphate-buffered saline solu-
tion (DPBS) without calcium and magnesium was provided by
Mediatech (Manassas, VA). Histopaque 1077 was obtained from
MP Biomedicals (Solon, OH, USA). Recombinant murine IL-
12 was purchased from Peprotech (Rocky Hill, NJ). Chitosan
glutamate (Protosan G213) was purchased from NovaMatrix
(Sandvika, Norway).

4T1 murine mammary adenocarcinoma and RENCA renal
carcinoma cell lines were obtained from the American Type Cul-
ture Collection (Manassas, VA). Cell lines were maintained in
vitro at 37�C with 5% CO2 in DMEM medium (4T1 cells) or
RPMI 1640 medium (RENCA cells) supplemented with 10%
FBS, 100 IU/mL penicillin, 100 mg/mL streptomycin, 1 mM
sodium pyruvate, 10 mM HEPES, and 4 mM L-Glutamine.

IL-12 dosing studies
Tumors were generated via subcutaneous (s.c.) injection of

1 £ 105 low passage 4T1 tumor cells in the shaved left flank of
each mouse. Flank implantation was preferred to orthotopic
mammary gland implantation due to the tendency of the latter
tumors to ulcerate in our hands. Ten minutes prior to treatment,
mice were anesthetized using ketamine (75 mg/kg)/xylazine
(15 mg/kg) anesthesia. Mice bearing 4T1 tumors were treated
i.t. with 1.5% (w/v) chitosan solutions containing 1, 2, or 5 mg
IL-12 on days 6, 9, 12, and 15 after tumor implantation. DPBS
injections at the same schedule were used in a control cohort. All
injection volumes were 50 mL. Tumor volumes were recorded
twice weekly.

Neoadjuvant immunotherapy and resection model
Mice bearing 4T1 tumors received i.t. injections of DPBS, IL-

12 (2 mg) alone, 1.5% (w/v) chitosan solution alone, or 1.5%
(w/v) chitosan admixed with IL-12 (2 mg) on days 6, 9, and 12
after tumor implantation. All injection volumes were 50 mL.
Tumors were resected on day 15 as described previously.30

Briefly, mice were anesthetized as above and the area around the
tumor was shaved using a finisher trimmer. The surgical area was
then disinfected using betadine solution followed by 70% etha-
nol solution. The primary tumor was then excised by lifting the
tumor with forceps and cutting around the base using a surgical
blade. Blood vessels feeding the primary tumor were cauterized
and the resection site was closed with wound clips.

Following primary tumor resection, mice were monitored
daily for primary tumor recurrence and morbidity. Any mouse
experiencing a primary tumor recurrence was excluded from the
study. Any mouse experiencing significant weight loss, obvious
distress, or labored breathing was euthanized and lungs were
removed to confirm death due to metastatic disease. Mice surviv-
ing > 80 d following resection were deemed cured.

Additional cohorts of mice were treated and resected as above.
Five weeks following primary tumor resection, mice were eutha-
nized. Lungs were perfused with 15% (v/v) India ink and fixed in

Fekete’s solution for enumeration of tumor nodules under a
stereomicroscope.

Tumor rechallenge studies
Mice exhibiting complete regression of 4T1 tumors following

chitosan/IL-12 treatment for at least 60 d were challenged with
1 £ 105 parental 4T1 tumor cells or 1 £ 105 irrelevant syngeneic
RENCA cells (n D 5 per group) via s.c. injection in the opposite
(right) flank. The tumor volumes were recorded every 2 d Mice
were euthanized when tumor volumes reached 2000 mm3.

Cytotoxic T lymphocyte (CTL) assay
Spleens from mice cured following chitosan/IL-12 treatment

were harvested, mechanically disrupted with a syringe plunger,
and passed through a 70-mm nylon mesh strainer. Erythrocytes
were lysed with ACK lysing buffer. Unfractionated splenocytes
from each mouse were divided into four upright T-25 flasks con-
taining 20 mL complete medium and either 5 £ 105 irradiated
(100 Gy) 4T1 or RENCA cells. After 6 d, splenocytes were col-
lected on a histopaque gradient and counted. Cytotoxic activity
of recovered splenocytes against 5 £ 103 4T1 or RENCA cells
(targets) was assayed in a 96-well plate using a non-radioactive
cytotoxicity assay (CytoTox-Glo; Promega; Madison, WI) per
the manufacturer’s instructions.

Enzyme-linked immunosorbent spot (ELISPOT) assay
Splenocytes were harvested from cured mice as described

above. Approximately half of the splenocytes were stimulated in
vitro with irradiated 4T1 cells, as described above, while the
remaining half was used without additional stimulation. CD8C

lymphocytes were isolated from splenocyte fractions via negative
selection using magnetic beads (Dynabeads Untouched Mouse
CD8 kit; Invitrogen; Carlsbad, CA). Isolated CD8C lymphocytes
were used as responder cells in a Mouse Interferon-g (IFNg)
ELISPOT kit (BD Bioscien ces; San Diego, CA). Briefly, pre-
coated ELISPOT plates were blocked with RPMI containing
10% FBS. CD8C (responder) cells were co-incubated with 5 £
103 4T1 or RENCA cells. Responder cells plated without target
cells served as background controls. After 24 h, wells were
washed and incubated with biotinylated detection antibody and
horseradish peroxidase conjugated streptavidin. Spots, represent-
ing IFNg secreting cells, were developed with AEC substrate set.
After allowing plates to dry, spots were counted manually under
a stereomicroscope at 300X magnification.

Delayed-type hypersensivity (DTH) assay
Baseline thicknesses of both ears of cured mice were measured

with a spring-loaded dial gauge (Mitutoyo Corp., Tokyo, Japan).
Prior to antigen challenge, mice were anesthetized. Ten microli-
ters of DPBS or lysate from 1 £ 105 4T1 cells were injected into
opposite pinnae. Tumor lysates were generated via three freeze-
thaw cycles of 4T1 cells. Ear thicknesses were measured 24 h
after challenge. The thickness of the ear challenged with tumor
lysate was divided by the thickness of the ear challenged with
DPBS to obtain percent increase in ear thickness.
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Hematology and blood chemistry analyses
Blood composition and chemistry analyses were performed on

mice bearing 6-d old 4T1 tumors that were treated with either
chitosan/IL-12 or DPBS via intratumoral injection. A group of
mice receiving four consecutive daily doses of IL-12 (2 mg) via
intraperitoneal (i.p.) injections was used as a positive control for
toxicity. Blood (100–200 mL) was collected from the subman-
dibular vein 24, 48, and 72 h after treatment with chitosan/IL-
12. No mouse was sampled more than once. Similarly, blood
was collected, 24 h after saline injections and 24 h after the final
i.p. injection of IL-12 alone. Fourteen blood chemistries includ-
ing albumin, alkaline phosphatase, ALT, amylase, calcium, creat-
inine, globulin, glucose, phosphorus, potassium, sodium, total
bilirubin, total protein, and blood urea nitrogen were analyzed
on a VetScan VS2 (Abaxis; Union City, CA). Complete blood
counts (CBCs) with 3-part differential were performed on a
hematology analyzer (HM5; Abaxis; Union City, CA).
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