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Abstract

Sustained, local delivery of immunomodulatory cytokines is under investigation for its ability to
enhance vaccine and anti-tumor responses both clinically and preclinically. This study evaluates the
ability of chitosan, a biocompatible polysaccharide, to (1) control the dissemination of a cytokine,
GM-CSF, and (2) enhance the immunoadjuvant properties of GM-CSF. While cytokines have
previously been delivered in lipid-based adjuvants and other vehicles, these do not have the clinical
safety profile or unique properties of chitosan. We found that chitosan solution maintained a
measurable depot of recombinant GM-CSF (rGM-CSF) at a subcutaneous injection site for up to 9
days. In contrast, when delivered in a saline vehicle, rtGM-CSF was undetectable in 12 to 24 hours.
Furthermore, a single s.c. injection of 20ug rGM-CSF in chitosan solution (chitosan/rGM-CSF
(20pQ)) transiently expanded lymph nodes up to 4.6-fold and increased the number of MHC class |1
expressing cells and dendritic cells by 7.4-fold and 6.8-fold, respectively. These increases were
significantly greater than those measured when rGM-CSF was administered in saline at the standard
preclinical dose and schedule, i.e. 4 daily s.c. injections of 20ug. Furthermore, lymph node cells from
mice injected with chitosan/rGM-CSF(20ug) induced greater allogeneic T cell proliferation,
indicating enhanced antigen presenting capability, than lymph node cells from mice injected with
rGM-CSF alone. Finally, in vaccination experiments, chitosan/rGM-CSF was superior to either
chitosan or rGM-CSF alone in enhancing the induction of antigen-specific CD4* proliferation,
peptide-specific CD8* pentamer staining and cytotoxic T cell lysis. Altogether, chitosan/rGM-CSF
outperformed standard rGM-CSF administrations in dendritic cell recruitment, antigen presentation
and vaccine enhancement. We conclude that chitosan solution is a promising delivery platform for
the sustained, local delivery of rtGM-CSF.
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1. Introduction

Local administrations of immunomodulatory cytokines are under investigation for their ability
to enhance vaccine and anti-tumor responses both clinically [1-4] and preclinically [5-7].
Because immunoadjuvant cytokines act best in a paracrine fashion, sustained local
concentrations are necessary for their desired effect. Unfortunately, recombinant cytokines are
small proteins that are cleared rapidly — on the order of several hours — when administered in
a traditional saline vehicle. Additionally, cytokines are often toxic when administered
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systemically [8-10]. Thus, controlled, local delivery of recombinant cytokines would benefit
numerous immunotherapies.

GM-CSF is a pleiotropic, proinflammatory cytokine that was initially discovered as a growth
factor capable of generating granulocyte and macrophage colonies from bone marrow
precursor cells [11]. GM-CSF also promotes the activation, function and recruitment of
macrophages and dendritic cells [12,13] which has resulted in improved antigen presentation
[12,14]. Consequently, GM-CSF has been shown to boost host immunity directed at a variety
of immunogens [3,4,7,15,16].

Numerous strategies have been employed to achieve sustained, local delivery of rtGM-CSF and
other cytokines [17-19]. Plasmid DNA encoding cytokines are easy to manufacture; however,
invivo transfection is inefficient. It is also problematic to control the concentration and duration
of transcribed cytokines from plasmid vectors. Viruses encoding cytokines are more efficient
in transfecting cells in vivo; however, safety concerns over the use of infectious agents and
uncontrolled cytokine production are disadvantages. GM-CSF-transduced tumors cells, as
cancer vaccines, have entered Phase 111 trials for prostate cancer after overcoming early
manufacturing concerns regarding safety, reproducibility and dosing accuracy [20].

Biomaterials-based delivery platforms are gaining attention for their potential to control the
spatiotemporal distributions of recombinant cytokines. In particular, traditional drug delivery
platforms, such as polymeric microspheres and liposomes, are being adapted to encapsulate
and release recombinant proteins. Polymeric microspheres have been effective in encapsulating
recombinant cytokines such as IL-2 [21,22], IL-12 [23] and GM-CSF [24-26]. Initial research
has confirmed that encapsulated cytokines remain at least partially bioactive during in vitro
release experiments [21,24,25,27-29]. In several further studies, cytokine microspheres have
been used as immunotherapies against solid tumors [19,22,26,30-33]. The two major concerns
for this delivery platform are the harsh microsphere formulation conditions, e.g. organic
solvents, surfactants and shear stresses, and the local pH drop during polymer degradation —
both of which jeopardize cytokine bioactivity [34-36].

Liposomes, similar to polymeric microspheres, have been shown to encapsulate and release
recombinant cytokines in vitro [37,38]. Several studies have successfully evaluated the
bioactivity of liposomal IL-2 [39,40] and IFN-y [18,41,42] as immunoadjuvants in vivo.
Liposomal cytokines are most often administered systemically, intravenously or
intraperitoneally, as a method of increasing the effective half-lives of recombinant cytokines.
Complications due to systemic administration of liposomes in humans include flushing and
tightness in the chest [43]. Additionally, it remains unclear what the effect of internalization
of either microspheres or liposomes would have on the efficacy of the encapsulated cytokine
whose biological function is mainly associated with cell surface receptors [44].

Previously, we used chitosan solutions to control the dissemination of a model antigen [45].
Chitosan is a non-toxic, biodegradable, natural polysaccharide derived primarily from the
exoskeletons of crustaceans. Chitosan is a widely used biomaterial with an established safety
profile in humans. It has been used as a pharmaceutical excipient [46], a controversial weight
loss supplement [47,48], an experimental mucosal adjuvant [49-51] and in an FDA-approved
hemostatic dressing [52]. Subcutaneous administrations of chitosan solution in mice are cleared
via enzymatic digestion in 2-4 weeks [45]. Most importantly, chitosan solution can be
formulated under mild aqueous conditions which should not attenuate cytokine bioactivity.

In this study, we have evaluated whether chitosan solution, due to its high viscosity, would
retain co-formulated rGM-CSF at an injection site. The sustained, local presence of rtGM-CSF
could potentially increase the number of dendritic and antigen presenting cells in local lymph
nodes and improve antigen presentation. In turn, the enhanced antigen presentation could
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improve the immune response to a co-formulated vaccine. Non-invasive imaging was used to
characterize the spatiotemporal distribution of a subcutaneous injection of rtGM-CSF
formulated with and without chitosan. Draining lymph node expansion, phenotype and antigen
presenting ability were used as measures of in vivo rGM-CSF bioactivity. Finally, the vaccine
enhancing ability of chitosan/rGM-CSF was compared to that of chitosan solution and rGM-
CSF alone.

2. Materials and Methods

2.1 Animals

Female C57BL/6 mice (8-12 weeks old) were obtained from the National Cancer Institute,
Frederick Cancer Research Facility (Frederick, MD). Mice were housed and maintained under
pathogen-free conditions in microisolator cages. Animal care was in compliance with
recommendations of The Guide for Care and Use of Laboratory Animals (National Research
Council).

2.2 Antigens and adjuvants

Chitosan (Protosan G 213) was purchased from NovaMatrix (Drammen, Norway).
Recombinant murine GM-CSF (rGM-CSF) was purchased from Peprotech (Rocky Hill, NJ).
Ovalbumin (Grade V1) and concanavalin A were purchased from Sigma-Aldrich (St. Louis,
MO). B-galactosidase was purchased from Prozyme (San Leandro, CA). Human Influenza A
strain PR/8 purified virus was purchased from Advanced Biotechnologies, Inc. (Columbia,
MD). The influenza virus was inactivated via DNA crosslinking during exposure to ultraviolet
(UV) light for 10 minutes in a Stratalinker (Stratagene; LaJolla, CA). The resulting antigen is
subsequently referred to as UV-inactivated influenza.

2.3 Non-invasive fluorescence imaging of cytokine depots

Non-invasive animal imaging was carried out in the Mouse Imaging Facility (MIF), a division
of the NIH MRI Research Facility (NMRF). Fluorescence and photographic images of
anesthetized mice that were given a single s.c. injection of fluorescently labeled rGM-CSF
formulated in PBS or chitosan solution were acquired over a 2 week period with an VIS 100
Imaging System (Xenogen; Alameda, CA). Anesthesia was induced in a chamber with 4-5%
isoflurane delivered by a gas mixture of oxygen, nitrogen and medical air. Once mice were
unconscious and unresponsive to toe pinch, anesthesia was maintained with 1-2% isoflurane
administered via nosecone. Following each imaging session, mice recovered in the MIF/NMRF
on a circulating warm water pad. Prior to the initial imaging session, the lumbar regions of
mice were shaved and residual hair was removed with a depilatory cream. Approximately
20pg of rtGM-CSF, labeled with an Alexa Fluor 660 protein labeling kit (Invitrogen; Carlsbad,
CA), were injected s.c. in the lower flank/lumbar region in a total volume of 50ul in PBS, 1%
or 2% (w/v) chitosan solution. The fluorescence intensity of the injection site was used as a
surrogate for rGM-CSF concentration. The fluorescence intensity of a region of interest drawn
around the injection site was calculated at each time point with Living Image® software
(Xenogen; Alameda, CA). Background/autofluorescence from non-injected control mice was
subtracted. Fluorescence data for each mouse were normalized by the initial measurement,
which was taken immediately after injection, for each mouse.

2.4 Flow cytometry

Mice were given either one 100ul s.c. injection in the lower flank/lumbar region of PBS or
chitosan/rGM-CSF(20pg) or four daily injections of 20ug rGM-CSF. Chitosan/rGM-CSF
(20pg) was formulated by adding 20ug rGM-CSF to 1.5% chitosan (w/v) dissolved in DPBS.
The draining inguinal lymph node was harvested at the designated times following treatment.
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Nodes were mechanically disrupted with a syringe plunger and passed through a 70pm nylon
mesh strainer (BD Biosciences; Bedford, MA). Cells were washed twice with cold PBS.
Fcyll and Feylll receptors on lymphocytes were blocked via incubation with 1 pg purified anti-
mouse CD16/CD32 (clone: 2.4G2) (BD Biosciences; San Jose, CA) per 1 x 10 cells for 15
min on ice. Cells were stained with fluorescence-labeled antibodies (1 ug/1 x 108 cells) to the
following markers (BD Biosciences; San Jose, CA): CD3e (clone: 145-2C11), CD19 (clone:
1D3), NK1.1 (clone: PK136), CD25 (clone: PC61), CD11b (clone: M1/70), CD11c (clone:
HL3), and Gr-1 (clone: RB6-8C5). Antibody isotype controls (BD Biosciences; San Jose, CA)
included: mouse 1gG4 (clone: MOPC-31C), mouse 1gG», (clone: G155-178), rat 1IgG4 (clone:
A110-1), rat 1gGo, (clone: R35-95), rat 1IgGop (clone: A95-1) and Hamster 1G4 (clone: A19-3).
Following a 45 min incubation on ice, cells were washed twice with cold PBS and analyzed
onaLSR Il (BD Biosciences; San Jose, CA). Data analyses were performed using BD
FACSDiva Software (BD Biosciences; San Jose, CA).

2.5 Mixed Lymphocyte Response (MLR)

Draining inguinal lymph nodes were harvested following rGM-CSF treatment. Cells were
counted, irradiated (20 Gy) and serially diluted (from 5 x 10° to 1.56 x 10* cells/well) in
triplicate in a 96-well plate. T cells from Balb/c mice were obtained following B cell depletion
of splenocytes using Dynal® B220 isolation kits (Invitrogen; Carlshad, CA) according to the
manufacturer’s instructions. Five hundred thousand Balb/c T cells were co-incubated with the
irradiated lymph node cells for 4 days. Cells were labeled with 1 uCi/well [3H]-thymidine
(Amersham Biosciences; Piscataway, NJ) for the final 18 h of culture. Following incubation,
cells were harvested onto glass fiber filtermats via a Tomtec Harvester 96 (Hamden, CT).
Incorporated radioactivity was measured by liquid scintillation counting on a 1450 Betaplate
(Perkin-Elmer; Shelton, CT). Results from individual mice in triplicate wells were combined
to yield a mean + SEM for each treatment group.

2.6 Vaccinations

Vaccinations consisted of a prime and a boost, separated by 1 week, with 5ug UV-inactivated
influenza or 100ug B-galactosidase. UV-inactivated influenza or p-galactosidase was
formulated via simple addition with PBS, chitosan alone, rGM-CSF alone or chitosan and
rGM-CSF (chitosan/rGM-CSF) together. For the chitosan alone treatment group, 1.5%
chitosan (w/v) was dissolved in DPBS prior to mixing with antigen. For the rGM-CSF alone
group, antigen was mixed with 20ug rGM-CSF in saline. Three additional daily s.c. injections
of 20ug rGM-CSF were given at the vaccination site. For the combined group, either 20ug or
80ug of rtGM-CSF was added to 1.5% chitosan (w/v) dissolved in DPBS (denoted as chitosan/
rGM-CSF(20ug) and chitosan/rGM-CSF(80ug), respectively). All vaccines were administered
as asingle 100ul s.c. injection in the lower flank/lumbar region on opposite sides for the prime
and boost.

2.7 Splenic CD4"* proliferation assay

All proliferation assays were initiated 1 week following the booster vaccination and performed
as described previously [45]. Briefly, harvested spleens were mechanically disrupted with a
syringe plunger and passed through a 70pum nylon mesh strainer (BD Biosciences; Bedford,
MA). Erythrocytes were lysed with ACK lysing buffer (Cambrex Bio Science; Walkersville,
MD). CD4" splenocytes were isolated via Dynal® CD4 negative isolation kits (Invitrogen;
Carlsbad, CA) according to the manufacturer’s instructions. Two hundred-thousand splenic
CD4* cells from immunized mice were co-incubated with 5 x 10° irradiated (20 Gy) naive
syngeneic splenocytes in triplicate wells of a 96-well plate. Cells were stimulated with
0.31-5pg/ml UV-inactivated influenza for 5 days. For positive controls, cells were stimulated
with 0.0625-1pg/ml concanavalin A for 3 days. For non-specific antigen controls, cells were
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stimulated with 50pg/ml ovalbumin for 5 days. In all cases, cells were labeled with 1 puCi/well
[3H]-thymidine (Amersham Biosciences; Piscataway, NJ) for the final 18 h of culture.
Incorporated radioactivity was measured as described above. Results from individual mice in
triplicate wells were combined to yield a mean + SEM for each immunization group.

2.8 Serum antibody responses

Antigen-specific serum antibody titers were measured 1 week following the booster
vaccination via ELISA. Briefly, microtiter plates were sensitized overnight at 4°C with 100ng/
well UV-inactivated influenza, B-galactosidase or ovalbumin (negative control). Wells were
blocked with 5% BSA in PBS for 1 h at 37°C. Serially diluted sera (1:20-1:1,526,500) were
added to wells in duplicate and allowed to incubate for 1 h. Wells were then washed thrice with
1% BSA in PBS. Following another 1 h incubation with Horseradish peroxidase-conjugated
goat-anti-mouse 1gG (Pierce; Rockford, IL), wells were washed thrice with 1% BSA in PBS.
O-phenylenediamine (Sigma-Aldrich; St. Louis, MO) was then added to the wells according
to the manufacturer’s instructions. The reaction was stopped with 3N HCI and the absorbance
of each well was read at 490nm using a Bio-Tek Synergy HT multi-detection microplate reader
(Winooski, VT).

2.9 Pentamer staining

Pro5® MHC Class | pentamers were purchased from Prolmmune (Oxford, UK). Freshly
prepared splenocytes or cells from a 7 day in vitro stimulation with 10ng/ml Flu NP3gg.374
peptide (ASNENTETM) (CPC Scientific; San Jose, CA) were stained with either a pentamer
specific for an H-2DP epitope for influenza A/PR/8 nucleoprotein (Flu NP3gg.374:
ASNENTETM) or a control pentamer specific for an H-2DP epitope for lymphocytic
choriomeningitis virus nucleoprotein (LCMV NP3gg.404; FGPQNGQFI) according to the
manufacturer’s instructions. Cells were read and analyzed on an LSR 11 (BD Biosciences; San
Jose, CA).

2.10 Cytotoxic T cell lysis (CTL) assay

One week after the booster vaccination, spleens from vaccinated mice were harvested as before.
Approximately 25 x 106 unfractionated splenocytes from each vaccine group were cultured in
an upright T-25 flask containing 10ng/ml Flu NP3gg.374 peptide (ASNENTETM) (CPC
Scientific; San Jose, CA). After 1 week, lymphocytes were collected on a histopaque (Sigma-
Aldrich; St. Louis, MO) density gradient and quantified. Target EL-4 cells (4 x 10%) were
radiolabeled in RPMI 1640 with 50uCi of 111In-labeled oxine (GE Healthcare; Silver Spring,
MD) for 30 min at 37°C. Target cells were washed twice in complete media and pulsed with
1ug/ml Flu NP3g6.374 OF HIV gagsgp-39g (control) peptide for 30 min at 37°C. Five thousand
target cells/well were co-incubated with 5 to 250 x 103 lymphocytes in triplicate wells in a 96-
well plate for 18 h at 37°C. The amount of 111In released was measured using a gamma counter
(Cobra Il; Packard Instruments, Downers Grove, IL). The percentage of specific lysis was
calculated as follows:

Experimental cpm — spontaneous cpm

: x 100
Maximal cpm — spontaneous cpm

% specific lysis=

The reported % lysis is Flu NP3gg.374-Specific lysis subtracted from HIV gagsgg-3gg-specific
lysis.

2.11 Statistical analysis

Antigen-specific splenic CD4* proliferation, MLR, and CTL data are presented as mean +
standard error of the mean. Lymph node cell numbers and percentages from flow cytometry
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experiments are presented as mean * standard deviation. Differences in means between
treatment groups were analyzed using Student’s two-tailed t test assuming unequal variances
and without adjustment for the multiplicity of evaluation (JMP Software; Cary, NC). For
antigen-specific splenic CD4* proliferation, MLR and CTL, only the three highest values for
each treatment were used for statistical comparison. Differences in means were accepted as
significant if P was less than 0.05.

3.1 Chitosan delayed the dissemination of rGM-CSF from an injection site

To determine if chitosan solution could maintain a depot of a recombinant cytokine,
fluorescence imaging studies were performed with recombinant GM-CSF (rGM-CSF). Mice
receiving a single s.c. injection of Alexa Fluor 660-labeled rGM-CSF were imaged over the
course of 2 weeks in order to track the cytokine’s spatiotemporal distribution when delivered
in either PBS or chitosan solution (Fig. 1). Fluorescence intensity was used to monitor rGM-
CSF concentration. Analysis of the injection site revealed that when delivered in PBS, rGM-
CSF was undetectable in 12 to 24 h. In contrast, —GM-CSF was measurable for at least 9 days
when administered in a chitosan solution (Fig. 2). There was no significant difference between
1% and 2% chitosan solution in rGM-CSF retention time. Integration of the area under the
curve (AUC) in Figure 2 indicated that total rtGM-CSF exposure was increased approximately
3-fold when rGM-CSF was formulated in either 1% or 2% chitosan solution. Injections of
either PBS or chitosan solution without rGM-CSF did not generate fluorescence above non-
injected background levels. Because the difference in rGM-CSF residence between 1% and
2% chitosan solution was marginal and further increases in chitosan concentration would be
limited by solubility, all subsequent experiments were conducted with 1.5% chitosan.

Serum GM-CSF was measured as a function of time following a single subcutaneous
administration of rtGM-CSF in either PBS or 1.5% chitosan solution (Fig. 3). When 20pug rGM-
CSF was administered in PBS, serum GM-CSF peaked above 700 ng/ml within 1 h, decreased
rapidly to 0.2 ng/ml at 8 h and was undetectable within 48 h. When 20ug rGM-CSF was
administered in chitosan solution, the peak serum GM-CSF concentration was lower (589ng/
ml vs. 704ng/ml); however, serum GM-CSF levels were 1.2 to 212 times higher than those of
the rGM-CSF in PBS group at later times. This extended serum GM-CSF profile was likely
mediated by the delayed release of rGM-CSF from the chitosan solution at the injection site
(Fig. 1). Total serum GM-CSF exposure, or AUC, assuming a peak concentration at 1 h, was
increased by approximately 40% when rGM-CSF was administered in chitosan solution.

3.2 Chitosan/rGM-CSF expanded local lymph nodes

Previous studies demonstrated that rGM-CSF given as four daily s.c. injections of 20ug
transiently expanded local draining lymph nodes in mice [12]. This expansion was
accompanied by a significant increase in the number of antigen presenting cells in the local
lymph nodes. In this study, the cellular expansion of the draining (inguinal) lymph node was
quantified and cells were phenotyped as a function of time (a) to verify the in vivo bioactivity
of rGM-CSF when formulated with chitosan, and (b) to understand the temporal relationship
between rGM-CSF residence and lymph node expansion. Mice were given either one s.c.
injection of either PBS (control), chitosan/rGM-CSF(20ug) or chitosan/rGM-CSF(80ug) or
four daily injections of 20ug rGM-CSF starting at day 0. Recombinant GM-CSF alone induced
the expected 2- to 3-fold cellular expansion of the draining lymph node at day 7 (Table 1). This
expansion was markedly reduced by day 14 and returned to control levels by day 35. The same
total dose of rGM-CSF formulated in chitosan, i.e. chitosan/rGM-CSF(80ug), induced a 3.4-
fold cellular expansion of the draining lymph node at day 7 and a 2.1-fold expansion at day 14
before returning to control levels by day 35. Chitosan/rGM-CSF(20ug) generated the maximal
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response, at one-fourth the rGM-CSF dose, with a 4.6-fold cellular expansion of the draining
lymph node at day 7 and a 3.1-fold expansion at day 14 before returning to control levels by
day 35 (Table 1).

Because of the documented ability of GM-CSF to recruit dendritic and other antigen presenting
cells to local lymph nodes [5,6,12], these subsets were specifically quantified. MHC Class Il
expression was used to quantify broadly the number of antigen presenting cells (dendritic cells,
B cells and monocyte/macrophages) [7,53] in the draining lymph node. Recombinant GM-CSF
alone induced significant increases in percentage, at day 7, and number, at days 7 and 14, of
cells expressing the MHC 11 molecule, I-AP (Table 1). The percentages and numbers of I-
AP+ cells were increased further by formulating rGM-CSF in chitosan solution. In particular,
chitosan/rGM-CSF(20ug) and chitosan/rGM-CSF(80ug) induced 7.4- and 5.6-fold increases,
respectively, in the number of I-AP * cells in the draining lymph node 7 days after
administration. Chitosan/rGM-CSF(20ug)-mediated increases in the numbers of 1-AP * cells
in the draining lymph node were significantly greater (P<0.05) than rGM-CSF alone treatment
at days 7 and 14. All percentages and numbers of I-AP * cells returned to control levels by day
35.

Dendritic cells, denoted as CD11c*1-AP *, were specifically quantified as they are considered
the most potent antigen presenting cells. Similar to the I-AP* cells, rGM-CSF alone induced
significant increases in percentage, at day 7, and number, at days 7 and 14, of dendritic cells
(Table 1). The chitosan/rGM-CSF(20ug) treatment group maintained significantly higher
percentages and numbers of dendritic cells up to day 14. The number of dendritic cells induced
by chitosan/rGM-CSF(20ug) were significantly greater (P<0.05) than those induced by rGM-
CSF alone treatment. Chitosan/rGM-CSF(80ug) treatment also generated significant increases
in dendritic cells although not to the level of chitosan/rGM-CSF(20pug).

Because of the overall expansion of the lymph nodes, the differences between groups in the
numbers of dendritic cells per node were magnified. For example, the total numbers of
CD11c*I- AP * cells were increased 3.8-fold with rGM-CSF alone (P<0.05 vs. control), 6.8-
fold with chitosan/rGM-CSF(20ug) (P<0.05 vs. rGM-CSF alone) and 5.1-fold with chitosan/
rGM-CSF(80pg) (P<0.05 vs. control) at day 7. One week later, numbers of CD11c*I-AP * cells
in all treatment groups remained significantly greater than control. Interestingly, the 3.8-fold
increase in number of CD11c*1- AP * cells in the chitosan/rGM-CSF(20ug) group at day 14
was equal to the maximum 3.8-fold increase in the rtGM-CSF group occurring at day 7. This
indicated that chitosan not only increased but also sustained the adjuvant properties of rGM-
CSF. All percentages and numbers of CD11c*1-AP * cells returned to control levels by day 35.
Differences in mature dendritic cells, denoted as CD11c*CD80*, between the treatment groups
followed similar trends. For instance, at day 7, numbers of CD11c*CD80™* cells were increased
3.4-,6.7- and 5.7-fold for rtGM-CSF alone, chitosan/rGM-CSF(20ug) and chitosan/rGM-CSF
(80ug) treatments, respectively. In total, chitosan/rGM-CSF(20ug) administration induced the
maximum lymph node expansion and the maximum increases in antigen presenting cells in
the draining lymph node. There were no significant changes in the percentages of Gr-1*,
CD11b*, Gr-1*CD11b*, NK1.1* or CD4*CD25" cells in the draining lymph node with either
treatment. There was an approximate 10% decrease in the percentage of CD3* cells and a
corresponding 10% increase in percentage of CD19* cells in all treatment groups at day 7.
Percentages of both subsets returned to control levels by day 14.

3.3 Chitosan/rGM-CSF enriched antigen presentation in local lymph nodes

Recombinant GM-CSF administration has been shown to enhance antigen presentation in
draining lymph nodes [12]. In the present experiment, the proliferation of allogeneic T cells
co-incubated with irradiated lymph node cells from treated mice was used as a measure of
antigen presenting ability. Administration of rGM-CSF alone led to a doubling in antigen
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presenting ability versus control at day 7 (Fig. 4a). This increase was markedly reduced by day
14 (Fig. 4b) and returned to control levels by day 35 (Fig.4c). Chitosan/rGM-CSF(20u9)
mediated statistically significant 6.1- and 3.1-fold increases in antigen presenting ability versus
control at days 7 and 14 (P<0.05 vs. PBS). These increases were also significantly greater than
those of the rGM-CSF alone group at days 7 and 14 (P<0.05 vs. rtGM-CSF). The 3.8-fold
increase in proliferation from the chitosan/rGM-CSF(80ug) treatment was less than that of
chitosan/rGM-CSF(20pg) at day 7. However, these groups were indistinguishable at day 14.
Antigen presenting ability of all treatment groups returned to control levels by day 35.

3.4 Chitosan/rGM-CSF enhanced a vaccine response better than either agent alone

After it was demonstrated that chitosan solution could maintain a depot of functional rGM-
CSF which improved antigen presentation, the chitosan/rGM-CSF formulation was tested for
its ability to improve vaccine responses against two diverse antigen types. In initial studies,
mice were vaccinated subcutaneously with p-galactosidase co-formulated with one of the
following: PBS, chitosan solution, rGM-CSF alone or chitosan/rGM-CSF(80ug). The rGM-
CSF alone group received three additional daily injections of rtGM-CSF at the vaccination site
for a total dose of 80ug rGM-CSF. Mice receiving antigen in either chitosan solution or rGM-
CSF alone exhibited significantly greater antigen-specific proliferation of CD4* splenocytes
(P<0.05) than mice receiving antigen with no adjuvant (PBS) (Fig. 5a). However,
administration of antigen in the combined adjuvant, chitosan/rGM-CSF(80ug), resulted in
statistically significant increases in proliferation over either chitosan or rtGM-CSF alone
(P<0.05). Non-specific antigen (OVA) proliferation was consistently less than 10% of the
antigen-specific CD4™ proliferation in all cases. Antigen-specific serum IgG titers to -
galactosidase were increased 6.2-fold for rGM-CSF alone, 24.0-fold for chitosan alone and
26.7-fold for the combined chitosan/rGM-CSF(80ug) (Fig. 5b).

In subsequent studies, mice were vaccinated subcutaneously with UV-inactivated influenza
co-formulated with one of the following: PBS, chitosan solution, rGM-CSF alone, chitosan/
rGM-CSF(20ug) or chitosan/rGM-CSF(80ng). As before, the rtGM-CSF alone group received
three additional daily injections of rGM-CSF at the vaccination site. Once again, mice receiving
antigen in either chitosan solution or rGM-CSF alone exhibited significantly greater antigen-
specific proliferation of CD4* splenocytes (P<0.05) than mice receiving antigen with no
adjuvant (PBS) (Fig. 6a). Furthermore, administration of antigen in either combined adjuvant,
chitosan/rGM-CSF(20pg) or chitosan/rGM-CSF(80ug), resulted in profound increases over
either adjuvant alone, indicating a synergistic enhancement (P<0.05). Non-specific antigen
(OVA) proliferation was consistently less than 10% of the antigen-specific CD4™ proliferation
in all cases. It is noteworthy that the lower dose rGM-CSF combined adjuvant, chitosan/rGM-
CSF(20ug), generated as good, if not better, of a response as the higher dose rGM-CSF
combined adjuvant, chitosan/GM-CSF(80ug). In contrast to the previous experiment using -
galactosidase, antigen-specific serum IgG titers to influenza were not significantly increased
with any of the adjuvants tested (Fig 6b).

3.5 Chitosan solution spared rGM-CSF dose

Both preclinical and clinical lots of rtGM-CSF are costly. Moreover, there is less potential for
toxicity when less of any drug is employed. Thus far, a reduction in the total dose of rtGM-CSF
in chitosan from 80pg to 20ug demonstrated a benefit in lymph node expansion and antigen
presentation with a marginal increase in vaccine response. A subsequent vaccination
experiment was performed to determine if there was any additional benefit to further reducing
the dose of rGM-CSF formulated with chitosan solution. Vaccines consisted of 0, 5, 10 or
20pg rGM-CSF co-formulated with antigen (UV-inactivated influenza) in chitosan solution.
Chitosan/rGM-CSF(20ug) generated the maximum proliferation of antigen-specific CD4*
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splenocytes; however, comparable responses were observed with chitosan/rGM-CSF(10ug)
and chitosan/rGM-CSF(5ug) (Fig.7).

In order to determine if rGM-CSF must be co-formulated with antigen and chitosan solution
prior to vaccination, a cohort of mice that were vaccinated with UV-inactivated influenza in
chitosan solution were given a single injection of 20ug rGM-CSF adjacent to the site of
vaccination. Antigen-specific CD4* proliferation (Fig. 7), pentamer staining and cytotoxic T
cell lysis (see Fig. 9 described below) from these mice were similar to the mice receiving
chitosan alone as an adjuvant, indicating that the rGM-CSF needed to be formulated with
chitosan prior to injection to achieve synergistic vaccine enhancements.

Pentamer staining of fresh splenocytes revealed incremental increases in the percent of
CD8™ cells specific for Flu NP3gg.374 peptide, from 0.7% to 1.5%, as the dose of rtGM-CSF in
chitosan increased from Opg to 20ug (Fig. 8a). When splenocytes were cultured for 1 week
with re-exposure to exogenous peptide, pentamer staining was increased substantially and
inter-group differences became more pronounced (Fig. 8b). VVaccination using chitosan without
rGM-CSF resulted in 7.2% Flu NP3g6.374 pentamert CD8* cells, whereas vaccination using
either chitosan/rGM-CSF(10ug) or chitosan/rGM-CSF(20ug) as adjuvants resulted in
approximately 18% Flu NP3g6.374 pentamer* CD8* cells.

To determine if the peptide-specific CD8* cells were cytolytic, cells from the in vitro
stimulation were co-incubated with peptide-pulsed targets (EL-4 cells) in an overnight CTL
assay. All chitosan/rGM-CSF adjuvants produced significantly greater CTL than chitosan
alone (P<0.05). Peptide-specific lysis was maximal in the chitosan/rGM-CSF(20ug) group,
which achieved greater that 50% lysis at an E:T ratio of 50:1 (Fig. 9). Once again, comparable
results were observed with lower doses of rGM-CSF in chitosan, i.e. chitosan/rGM-CSF(5ug)
and chitosan/rGM-CSF(10pg).

4. Discussion

Because chitosan is a water-soluble, biodegradable polysaccharide, we reasoned that a viscous
chitosan solution should function as a depot of bioactive rGM-CSF in vivo that would enhance
a vaccine response. Previously, we demonstrated that chitosan solution alone could enhance
both humoral and cell-mediated immune responses to a model antigen [45]. In this study, we
were able to extend the vaccine enhancing properties of chitosan and the immunoadjuvant
properties of rGM-CSF via co-formulation. Imaging studies revealed that chitosan solutions
increased the exposure to rGM-CSF approximately 3-fold while maintaining measurable levels
of rtGM-CSF at the injection site for up to 9 days (Figs. 1 and 2). When administered in a saline
vehicle, —GM-CSF was undetectable in only 12 to 24 hours. It is precisely this rapid
dissemination and clearance that has resulted in the administration of rGM-CSF for 4
consecutive days in most vaccine protocols. In particular, numerous clinical trials have
employed and are currently employing daily s.c injections of rGM-CSF to enhance cancer
vaccines [54].

Of note, the AUC for rGM-CSF in chitosan solution (Fig. 2) is much smaller than the previously
measured AUC for B-galactosidase in chitosan solution [45]. This was expected as B-
galactosidase (MW=465kDa) is a much larger molecule and therefore diffuses much more
slowly out of the viscous chitosan solution than does rGM-CSF (MW=14.2 kDa).

In fact, >98% of rGM-CSF had dissipated from chitosan 24 h after administration (Fig. 2). This
finding, taken together with the subsequent experiments, indicated that a persistent low level
of rGM-CSF, only on the order of tens of nanograms, is necessary to improve antigen
presentation and a vaccine response.
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In addition to prolonging the dissemination of rtGM-CSF from the injection site, chitosan also
extended the presence of GM-CSF in the serum (Fig. 3). Serum GM-CSF exposure was
increased by approximately 40% with chitosan after a single administration. However, if the
additional injections from the standard rGM-CSF dose and schedule (4 injections x 20ug) are
factored in and we assume first order pharmacokinetics, the total serum GM-CSF exposure is
at least 200% less when rGM-CSF is delivered in chitosan versus saline. Therefore, although
chitosan increases serum GM-CSF exposure after a single injection, the more appropriate
comparison to the standard rGM-CSF dose estimated that formulated rGM-CSF in chitosan at
least halves the serum GM-CSF exposure. Furthermore, reducing the dose of rGM-CSF in
chitosan, i.e. chitosan/rGM-CSF(5ug) and chitosan/rGM-CSF(10ug), which produced
comparable vaccine responses (Fig. 7), is expected to result in additional reductions in serum
GM-CSF.

These observations are significant in that several reports have suggested that sustained high
serum GM-CSF levels are immunosuppressive. Multiple injections of rGM-CSF have led to
the accumulation of Gr-1*CD11b* myeloid suppressor cells in the spleens of Balb/c mice
[55]. Additionally, high-dose GM-CSF producing cells have been shown to impair a vaccine
response [56]. It is clear that GM-CSF, like most cytokines, can be detrimental at high doses
[54]. Because the immunosuppressive actions of GM-CSF are mediated through a high
systemic concentration of GM-CSF, chitosan provides an additional advantage in reducing the
systemic concentration of GM-CSF, and consequently, the possibility of expanding the
myeloid suppressor cell population.

Regarding lymph node expansion, chitosan/rGM-CSF(20ug) generated a 4.6-fold expansion
of the draining inguinal lymph node at day 7 (Table 1). This expansion was significantly greater
than the 2.8-fold expansion observed in mice receiving four injections of rGM-CSF in saline
even though the last of these injections were given only 3 days before the first time point (day
7). Our previous studies demonstrated that chitosan solution alone induced a modest 67% (1.7-
fold) non-specific expansion of lymph nodes [45]. Hence, the combined chitosan/rGM-CSF
(20ug) treatment induced an additive expansion of draining lymph nodes using only one-fourth
the dose of rGM-CSF.

The lymph node expansion due to chitosan/rGM-CSF(80ug) was smaller than the expansion
due to chitosan/rGM-CSF(20ug). Also, compared to chitosan/rGM-CSF(20ug), chitosan/
rGM-CSF(80ug) induced fewer dendritic cells in the lymph node, the same or less antigen
presenting capability depending on the time point and slightly weaker antigen-specific CD4*
proliferation. These data suggest that the inclusion of high levels of rtGM-CSF in chitosan may
not be an effective strategy for maximizing its immunoadjuvant properties. When the dose of
rGM-CSF in chitosan was reduced in vaccination studies, lower, but comparable, vaccine
responses were achieved when the antigen was co-formulated with 5ug or 10pug rGM-CSF in
chitosan (Fig. 7 and 9). These data indicate that 20ug rGM-CSF in chitosan solution is the
optimal biological dose for vaccine enhancement.

The lymph node expansion and increased antigen presentation mediated by the combined
adjuvant, chitosan/rGM-CSF, translated to an enhanced antigen-specific CD4" responses for
both vaccine antigen types (Figs. 5a and 6a). However, antigen-specific serum 1gG titers were
enhanced by chitosan/GM-CSF only when mice were vaccinated with the recombinant protein
antigen, p-galactosidase (Fig. 6b). The differences in the humoral responses between the
antigens may be due to differences in immunogenicity in mice. Twenty times more B-
galactosidase than UV-inactivated influenza was used for vaccination. Furthermore, UV-
inactivated influenza contains pathogen-associated molecular patterns (PAMPS) and toll-like
receptor (TLR) agonists [57], which make the virus inherently highly immunogenic. This
translated into a strong humoral response without adjuvant. p-galactosidase, on the other hand,
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is a purified recombinant protein without danger signals. Like most purified proteins, it
generates a milder humoral response. This weaker response allowed more room for
improvement through the inclusion of adjuvants. Ultimately, chitosan/rGM-CSF, and chitosan
in particular, are expected to be more helpful in generating humoral responses against less
immunogenic, purified antigens.

In order to achieve the synergistic vaccine enhancements demonstrated in Figures 5 and 6, we
determined that antigen and rGM-CSF must be co-formulated in chitosan solution. A single
injection of 20ug rGM-CSF alone adjacent to a vaccine site did not improve the vaccine
response to UV-inactivated influenza in chitosan solution (Figs. 7 and 9). In this case, because
rGM-CSF was administered in saline, it likely dissipated within 12 to 24 h (Fig. 1) with minimal
opportunity to improve antigen presentation. Previous literature demonstrated that a single s.c.
injection of r—GM-CSF only modestly improved lymph node cellularity and class 11 expression

[5].

Because of the expense of many recombinant cytokines for both preclinical and clinical studies
and the fact that chitosan/rGM-CSF(20ug) was as effective as chitosan/rGM-CS (80ug), if not
more so (see Fig. 6), lower doses of rGM-CSF were examined (Fig. 7). Based on antigen-
specific CD4* proliferation, chitosan/rGM-CSF(20ug) elicited the best response, although not
significantly greater than responses from chitosan/rGM-CSF(5ug) and chitosan/rGM-CSF
(10pg). Although a direct comparison between chitosan/rGM-CSF(5ug), chitosan/rGM-CSF
(10ug) and the standard preclinical dose of four daily injections of 20ug rGM-CSF was not
performed, previous experiments demonstrated that rGM-CSF alone and chitosan solution
alone produced similar vaccine enhancements (Figs. 5 and 6). Therefore, we can deduce from
Figure 7, using a transitive argument, that chitosan/rGM-CSF(5ug) is a more efficient adjuvant
than rGM-CSF alone at one-sixteenth the standard dose of rGM-CSF.

In sum, chitosan solution maintained a bioactive depot of rGM-CSF that induced a cellular
expansion of lymph nodes including an increase in dendritic and antigen presenting cells. The
resulting increase in antigen presentation ability was exploited to improve both humoral and
cell-mediated vaccine responses. The vaccine enhancement mediated by chitosan/rGM-CSF
is superior to rtGM-CSF alone at one-sixteenth the standard preclinical dose and one-fourth the
number of injections. Chitosan’s ability to form depots of antigens and cytokines in addition
to its inherent safety profile, biodegradability and versatility make it a promising platform for
vaccine and cytokine delivery.
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