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Abstract

Adjuvants modulate protective CD8* T cell responses generated by cancer vaccines. We have
previously shown that immunostimulatory CpG ODN significantly augments tumor protection in
mice given adenovirus cancer vaccines. Here, we examined the impact of chitosan, another
candidate vaccine adjuvant, on protection conferred by adenovirus cancer vaccines. Unexpectedly,
immunization of mice with adenovirus cancer vaccines in combination with chitosan provided
little protection against tumor challenge. This directly correlated with reduced detection of Ag-
specific CD8* T cells, IFN-y production and cytotoxic T cell activity. We ruled out
immunosuppressive regulatory T cells since frequency did not change regardless of whether
chitosan was delivered. In mammalian cell lines, chitosan did not interfere with adenovirus
transgene expression. However, infection of primary murine bone marrow-derived dendritic cells
with adenovirus complexed with chitosan significantly reduced viability, transgene expression and
upregulation of MHC class | and CD86. Our /n vitro observations indicate that chitosan
dramatically inhibits adenovirus-mediated transgene expression and antigen presenting cell
activation, without which CD8* T cell activation cannot occur /n vivo. These surprising data
demonstrate for the first time that chitosan vaccine formulations can negatively impact the
induction of CD8" T cell responses via its effect on dendritic cells, which is clinically important
since consideration of chitosan as an adjuvant for vaccine formulations is growing.
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INTRODUCTION

The development of cancer vaccines is an area of intense interest since they have the
potential to offer a safe and effective alternative to conventional modalities of cancer
treatment, i.e. surgery, radiation therapy and chemotherapy. Among the choices for vaccine
platforms capable of delivering tumor antigens (Ag) are recombinant, replication-deficient
adenoviruses, which have been effectively used in several mouse tumor models— and in
Phase | clinical trials for prostate cancer therapyl9. Their success is due to their ability to
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infect dendritic cells (DC), resulting in upregulation of MHC | and Il and costimulatory
molecules along with enhanced presentation of tumor Ag epitopes® 1112, This ultimately
results in the induction of protective Ag-specific cytotoxic T lymphocyte (CTL) responses
that have been shown to be important for carrying out immune-mediated tumor rejection13,
Recent studies using adenovirus-based tumor Ag vaccines have aimed to further improve
their efficacy by the addition of adjuvants.

Bacterial DNA and certain oligonucleotides containing unmethylated CpG motifs can
stimulate murine and human lymphocytes, whereas eukaryote DNA and methylated
oligonucleotides cannot. Synthetic CpG ODN are known to directly stimulate B cells,
macrophages and DCs, causing an increase in cytokine secretion, especially Ty1- like
cytokines such as IL-12 and IL-18, costimulatory molecule expression and antigen
presentation4, As such, CpG ODN, a TLR9 agonist, has become increasingly popular as an
adjuvant and has been shown to augment anti-tumor responses elicited by vaccines®: 6 15-20,

Chitosan, a biocompatible and mucoadhesive polysaccharide, has been widely used in
vaccination formulations because of its ability to enhance immunogenicity (21-26 and
reviewed in2). This is in part due to its intrinsic adjuvant activity that has been reported to
augment expression of the activation marker CD69 on murine B and T cells and to stimulate
pro-inflammatory cytokine production from human PBMCs?8. Furthermore, chitosan-based
nanoparticle vaccines have been explored as a means to encapsulate protein Ags, thus
providing protection from degradation during delivery and resulting in better uptake by
antigen presenting cells (APC)2%-33, Although chitosan has been used successfully in a
range of vaccination strategies, the primary measure of its efficacy has been the
development of Ag-specific antibodies. This effect has been reported in, but is not limited
to, mouse models of vaccination with sheep red blood cells34, tetanus toxoid30,
ovalbumin25: 32. 35 Hepatitis B surface Ag29: 33:36. 37 inactivated influenza22 23. 31, 38,
influenza M1/M2 proteins2® 39 and pneumococcal surface antigen®?. Studies into the effect
of chitosan-formulated vaccines on protective CD8* T cell responses are limited. Those that
directly measured Ag-specific CD8" T cell activity after vaccination have used chitosan not
as an adjuvant, but as a delivery vehicle for immunostimulatory cytokines, i.e. GM-CSF41,
IL-1242, and 1L-15%3 or chemotherapeutic drugs, i.e. doxorubicin®* 45, While these studies
suggest that chitosan can be indirectly beneficial for CD8* T cell responses when used to
deliver secondary vaccination components, the effect of combining chitosan directly with
promising adenovirus cancer vaccines remains unknown.

Here, we present data in which mice were given prophylactic adenovirus-based cancer
vaccines, formulated with two distinct classes of adjuvants: chitosan and/or
immunostimulatory CpG ODN. For these studies, OVA and prostate specific antigen (PSA)
served as the model tumor Ags. Ovalbumin was utilized as a model protein antigen in our
vaccine formulations, while PSA provided a model with specific clinical relevance. We
confirmed that vaccines formulated with CpG ODN significantly increased protective tumor
Ag-specific CD8* T cell responses. In contrast, chitosan negatively modulated protective
CD8* T cell responses in both the OVA and PSA tumor models. The reduced responses /7
vivo corresponded directly to the negative impact of chitosan on viability, transduction and
activation of primary murine bone marrow-derived dendritic cells (BMDC) in vitro. Our
findings give further indication of the strong potential CpG ODN has as an adjuvant in
adenovirus based cancer vaccines and describe for the first time some unexpected
limitations of the use of chitosan in adenovirus vaccine formulations where the primary goal
is induction of protective CD8* T cell responses.
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EXPERIMENTAL SECTION

Mice and tumor cell lines

All studies involving mice were approved by and performed according to guidelines
established by the University of lowa Institutional Animal Care and Use Committee. Inbred
6-8 week old male C57BL/6 and Balb/c were obtained from Jackson Laboratories and
maintained in filtered cages. E.G7-OVA and EL4 tumor cell lines were obtained from
American Type Culture Collection (Manassas, VA) and grown in RPMI-1640 (GIBCO,
Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA), 1mM sodium pyruvate (GIBCO), 10 mM HEPES (GIBCO), 0.05 mM
2-mercaptoethanol, and 50 pg/mL gentimicin sulfate (Mediatech, Inc., Manassas, VA).
E.G7-OVA cell culture was also maintained with 0.4 mg/mL G418 (GIBCO). E5 (PSA
expressers) and RM11 (PSA negative) mouse prostate tumor cell lines were generated as
previously described3. These cells were maintained in DMEM (GIBCO) supplemented
exactly as described for RPMI-1640.

Generation of adenovirus-CpG ODN-chitosan vaccine formulations

Replication deficient adenovirus encoding OVA, PSA, LacZ or GFP (Ad5-OVA, Ad5-PSA,
Ad5-LacZ, or Ad5-GFP) was obtained from the University of lowa Gene Transfer Vector
Core (lowa City, 1A), as previously described®: 6. Endotoxin-free, nonmethylated CpG ODN
ODN 1826 (5’-TCCATGACGTTCCTGACGTT-3) with a phosphorothioate-modified
backbone for nuclease resistance was obtained from Coley Pharmaceutical Group
(Wellesley, MA). Low molecular weight chitosan (Sigma Aldrich, St. Louis, MO) was
purified, characterized for degree of deacetylation, and resuspended in 1% glacial acetic acid
at a final concentration of 10 mM. For vaccine formulations, 108 pfu of adenovirus, 50 ug
CpG ODN, and a final chitosan concentration of 3.75 mM was used, unless otherwise noted.
The concentration of chitosan used corresponds to a final nitrogen:phosphate ratio (N:P) of
10:1, which was determined to be optimal when complexing chitosan with DNA. Vaccine
components were pre-mixed by vortexing and incubated for 30 min at room temperature to
allow for nanoparticle complexation. All mice were vaccinated by subcutaneous injection in
the right flank.

Particle size and zeta potential analysis

After mixing of adenovirus/CpG ODN/chitosan formulations, spontaneous nanoparticles
form based on electrostatic interactions. Nanoparticle size measurements were conducted
using the Zetasizer Nano ZS (Malvern, Southborough, MA), as previously described?®.
Briefly, the nanoparticles were suspended in deionized water at a concentration of 1 mg/mL.
The size measurements were performed at 25°C at a 173° scattering angle. The mean
hydrodynamic diameter was determined by cumulative analysis. The zeta potential
determinations were based on electrophoretic, mobility of the nanoparticles in the aqueous
medium, which were performed using folded capillary cells in automatic mode.

In vivo tumor challenge

For tumor challenge, C57BL/6 mice were anesthetized by intraperitoneal injection of a
ketamine/xylazine mix, at a final concentration of 87.5 mg/kg ketamine and 2.5 mg/kg
xylazine. E.G7-OVA and EL4 cells tumor cells were harvested from cell culture, washed
and resuspended immediately prior to injection in room temperature sterile 1X PBS
(GIBCO). Each mouse was challenged subcutaneously in the right flank with 107 tumor
cells. Tumor outgrowth, determined by tumor size as a function of time, was measured twice
a week and tumor volume was calculated by the equation for determining the volume of an
ellipsoid: [(Diameter 1 x Diameter 2 x Height) x (1t/6)], as previously described®.

Mol Pharm. Author manuscript; available in PMC 2013 February 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lemke et al.

Page 4

Intracellular cytokine staining

Fourteen days after viral vaccination, splenocytes were prepared and restimulated with 5 pg
of peptide Ag (OVA peptide=SIINFEKL5g_og5). After 4hrs, cells were stained with anti-
CD8 and anti-CD3 mAbs (eBioscience, San Diego, CA). Following surface marker staining,
cells were fixed, permeabilized and stained with IFN-y-PE mADb, according to
manufacturer’s protocol (BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit, BD
Biosciences, San Diego, CA). Samples were acquired on a FACScan flow cytometer
(Becton Dickinson, Franklin Lakes, NJ) and data analyzed with FlowJo software (TreeStar,
Ashland, OR).

Tetramer staining

Fourteen days after Ad5-OVA vaccination, splenocytes were prepared and the frequency of
OVA-specific CD8* T cells was determined by tetramer staining, as previously described®.
The tetramer used was the H2-KP SIINFEKL Class | iTAg™ MHC Tetramer (KP-OVAs7)
(Beckman Coulter, Fullerton, CA). Surface molecules were stained with anti-CD8 and anti-
CD3 mAbs (eBioscience). Samples were acquired and analyzed as described in
‘Intracellular cytokine staining’ section.

Measurement of cytotoxic T cell activity

To expand and detect OVA- or PSA-specific cytotoxic T cells, spleens were harvested 14
days after viral vaccination. Spleens were homogenized and RBCs removed by treatment
with ACK lysis buffer, followed by washing and resuspension of splenocytes in complete
RPMI-1640. OVA- or PSA-expressing stimulator cells were prepared by treatment with
mitomycin C (50pg/mL) for 45 min at 37°C. Splenocytes and stimulator cells were then
plated and incubated at 37°C in 6-well plates at a ratio of 50:1 with I1L-2 added to a final
concentration of 10 Units/mL. After 5 days, live splenocytes were harvested by Fico/Lite-
LM (Atlanta Biologicals) and used as effectors in a 4hr Na®1CrQ, release assay. 5x103
Na51CrO4-labeled targets were used per well. Supernatants were harvested after incubation
and measured in a gamma counter (Beckman, Palo Alto, CA). Percent lysis was calculated
by the following formula:

[(sample cpm-spontaneous release cpm) + (max release cpm-spontaneous release cpm)]
x100

Detection of CD4*Foxp3* Treg cells

CD4*Foxp3* splenocytes were detected using the mouse/rat-specific Foxp3 Staining Set
(eBioscience), according to the manufacturer’s protocol. Briefly, spleens were harvested 14
days after immunization and splenocyte suspensions prepared as described before. Cells
were first stained with anti-CD4 and anti-CD3 mAbs (eBioscience), fixed and
permeabilized, and then stained with anti-Foxp3 mAb (eBioscience). Samples were acquired
and analyzed as described in “Intracellular cytokine staining’ section.

In vitro infectivity assay

RM11 cells were seeded at 108/well in culture medium and infected with Ad5-GFP +/-
chitosan at an MOI of 100 for 12, 24 or 36 hours. Cells were then harvested and flow
cytometric analysis performed for GFP expression. Permissive HEK293 cells were
incubated with Ad5-PSA +/- chitosan at an MOI of 100 for 36 hours, followed by detection
of PSA in the culture supernatant by PSA-specific immunoassay (IMy, Abbott Laboratories,
Chicago, IL). Primary murine bone marrow-derived DCs (BMDC) were generated as
previously described4’, and seeded at 108/well in DMEM culture medium supplemented
with 20 ng/mL of recombinant murine GM-CSF (PeproTech, Rocky Hill, NJ). Cells were
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infected with Ad5-GFP or Ad5-OVA at MOls of 100, 50, 25, 10 and 1 +/- chitosan at final
concentrations of 500, 250, 125, 50, and 5 uM for 24 hours. Cells were stained with either
anti-CD86 or anti-H-2KP (MHC class I) mAb (eBioscience), or propidium iodide (P1)
(Invitrogen, Eugene, OR). Samples were acquired and analyzed as described in ‘Intracellular
cytokine staining’ section.

Statistical analysis

RESULTS

Tumor growth was analyzed by linear mixed effect models to estimate and compare group-
specific tumor growth curves. Pairwise comparisons were performed to identify group
differences (Table 1, Supporting Information). Survival differences between groups were
compared using the log-rank test (Table 2, Supporting Information). All tests were two-
sided and carried out at 5% level of significance. Tumor growth and survival curve analyses
were performed using the SAS 9.2 software package by the Department of Biostatistics,
College of Public Health at the University of lowa. Tetramer and intracellular cytokine
staining frequencies were compared using one-way ANOVA; PI staining frequencies and
GFP, H-2KP, and CD86 expression levels were compared using two-way ANOVA
(GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego, CA,
www.graphpad.com).

Chitosan abrogates tumor protection generated by adenovirus cancer vaccines

In this study, we tested the ability of adenovirus cancer vaccines complexed with chitosan to
stimulated protective CD8" anti-tumor responses. When chitosan is combined with DNA or
adenoviruses, nanoparticles form (200-300 nm) through electrostatic interactions (Table 1).
Mice immunized prophylactically with Ad5-OVA/chitosan nanoparticles had a significant
reduction in tumor protection upon challenge with the OVA-expressing E.G7 tumor cells, as
compared to Ad5-OVA alone or the positive control Ad5-OVA+CpG ODN immunized mice
(Figure 1). Tumor incidence in mice immunized with chitosan-formulated Ad5-OVA or the
negative control Ad5-LacZ was 100%, as compared to 75% and 25% for those immunized
with Ad5-OVA and Ad5-OVA+CpG ODN, respectively (Figure 1a). Furthermore, mean
tumor volumes were higher in mice whose immunizations were formulated with chitosan
(Table 2) and tumor burdens in these mice resulted in reduced survival times (Figure 1b and
Table 3). The reduction in tumor protection observed in the mice given Ad5-OVA+chitosan
was tumor antigen (OVA) specific since none of the mice were protected when challenged
with EL4 parental tumor cells (Figure 1c).

Generation of Ag-specific CD8* T cell responses by adenovirus cancer vaccines is
inhibited by chitosan

Since it has been previously shown that tumor protection conferred by adenovirus cancer
vaccines is primarily mediated by CD8* T cells?: 6, we wanted to determine the impact that
the chitosan vaccination formulations were having on production of tumor Ag-specific
CD8* T cells, as compared to CpG ODN. Fourteen days after immunization, OVA-specific
CD8* T cells were not detected by KP-OVA,s7 tetramer staining in mice immunized with
Ad5-OVA +/- CpG formulated with chitosan, whereas excluding chitosan from the Ad5-
OVA formulation (+/- CpG ODN) induced significantly higher frequencies of these cells, as
compared to Ad5-LacZ controls (Figure 2a,b). These trends were mirrored in the
frequencies of IFNy* CD8" T cells detected by intracellular cytokine staining (Figure 2c,d).
Of note was the apparent inability of CpG ODN to counteract the prohibitive effect of
chitosan on Ad5-OVA-induced tumor protection and CD8* T cell anti-tumor responses.

Mol Pharm. Author manuscript; available in PMC 2013 February 02.
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Next we wanted to corroborate our findings in the artificial OVA tumor antigen model with
a more clinically relevant mouse tumor model of prostate cancer. To do this we compared
the generation of tumor antigen-specific CTL activity in mice immunized with either Ad5-
OVA or Ad5-PSA (prostate specific antigen) formulated with chitosan, or CpG ODN as a
positive control (Figure 3). Immunization with either Ad5-OVA (Figure 3a) or Ad5-PSA
(Figure 3b) +/- CpG ODN induced high tumor antigen-specific CTL activity. However we
again observed a negative effect of chitosan with CTL activity completely eliminated,
regardless of the tumor antigen model. The suppressed tumor-specific CTL activity did not
appear to be related to an augmentation in the Treg population, since the frequency of
CD4*Foxp3* T cells was equivalent after immunization of mice with Ad5-PSA (Figure 4a)
or Ad5-OVA (Figure 4b) +/- chitosan.

Chitosan must complex with the adenovirus to reduce CD8* T cell response induction

Because chitosan and the adenovirus interact through electrostatic interactions and complex
to form nanoparticles, we next carried out experiments that determined if the degree of
complexation was directly responsible for the reduced CD8" T cell response. To test this, we
first modified the way in which the formulations were mixed prior to immunization.
Originally, all of the components were mixed and left to complex spontaneously for 30
minutes, followed by immunization of mice. Here, we altered the mixing order of the
components to see if reducing the amount of time chitosan was allowed to complex with the
virus would result in augmented CD8" T cell responses. The formulations were mixed as
follows: 15t component+2"d component, followed by 30 minute incubation and then the 3™
component added and mixed immediately prior to immunization. We found that any
formulation containing chitosan still resulted in lower CTL activity, regardless of mixing
order (Figure 5a). However, when chitosan was added as the 3™ component and therefore
was not allowed to fully complex with the virus ((Ad5-PSA+CpG)+chitosan), CTL activity
was not completely eliminated. The most inhibitory to PSA-specific CTL induction was the
formulation where Ad5-PSA and chitosan were mixed first and incubated, with CpG ODN
added last ((Ad5-PSA+chitosan)+CpG ODN). This data suggests that full complexation
between these two components is most likely reducing CD8* T cell responses normally
generated by the adenovirus immunization.

We also tested whether chitosan was capable of inhibiting CD8" T cell responses when
delivered separately from Ad5-PSA. To do this, we injected chitosan on its own either 24hrs
before or after immunization with Ad5-PSA+CpG ODN and compared the CTL activity to
that induced by immunization with all three components complexed together (Ad5-PSA
+CpG ODN-+chitosan) (Figure 5b). Administration of chitosan before or after adenovirus
immunization did not inhibit induction of a CTL response, as compared to the complete lack
of activity elicited by the fully complexed formulation. This demonstrates that chitosan
inhibits CD8* T cell responses when administered at the same time as the adenovirus
vaccine.

Chitosan does not impair adenovirus infection of mammalian cell lines

Since optimal transgene expression by our adenovirus vaccines is needed to induce T cell
responses we tested whether chitosan complexation was inhibiting viral infectivity and/or
expression of the model antigenic proteins encoded by the virus. We addressed this
possibility with two separate assays based on infectivity of mammalian cell lines. First,
HEK?293 were infected with Ad5-PSA +/- chitosan for 36hrs, followed by detection of PSA
in culture supernatants. Both treatments (+/- chitosan) resulted in similar levels of secreted
PSA being detected in the culture supernatant (Figure 6a). Second, Rm11 cells were infected
at an MOI of 100 with adenovirus encoding GFP (Ad5-GFP) +/- chitosan for 12, 24 or 36
hrs, followed by flow cytometric analysis of GFP expression levels (Figure 6b). At no

Mol Pharm. Author manuscript; available in PMC 2013 February 02.
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timepoints did we observe an inhibitory effect of chitosan on GFP expression levels after
infection of this cell line. As was previously reported?8, these infectivity assays confirm that
adenoviruses complexed with chitosan are able to infect mammalian cell lines, resulting in
successful expression and secretion of their transgenes.

Chitosan complexation with adenovirus reduces viability, infectivity and activation of
primary murine BMDCs

The use of mammalian cell lines to test adenovirus infectivity is commonly employed3: 48,
but might not accurately reflect what occurs /n vivo. The primary cellular targets of our
adenovirus cancer vaccines /in vivo are DCs, which act as potent APCs for CD8* T cells.
Thus we examined how infection with adenovirus complexed with chitosan impacted DC
viability, transgene expression and maturation (Figure 7). Cells were incubated for 24 hrs
with adenovirus +/- chitosan at one of five different viral MOIs/chitosan concentrations.
The highest viral MOl/chitosan concentration used (MOI 100/500uM) corresponds to the
amount delivered when immunizing mice. First, we observed that the formulations
containing the two highest concentrations of chitosan resulted in significantly higher cell
death, as compared to treatment with virus alone (Figure 7a). A similar reduction in viability
was also observed when BMDCs were incubated with chitosan alone (data not shown), thus
indicating an innate characteristic of this polymer. Next, expression of the GFP transgene,
MHC class | (H-2KP), and CD86 was analyzed, gating on live cells only (Figure 7b).
Chitosan complexation with Ad5-GFP nearly eliminated GFP expression in BMDCs at all
concentrations tested (Figure 7c), and at the highest concentrations significantly reduced
H-2KP and CD86 expression (Figure 7d,e). Comprehensively, these in vitro data show that
chitosan dramatically affects DCs in a way that likely diminishes their function as APCs in
Vivo.

DISCUSSION

Here we present surprising and novel data on the negative effect that chitosan has on anti-
tumor CD8* T cell responses elicited by adenovirus cancer vaccines. This was shown both
quantitatively, i.e. enumeration by tetramer staining, and qualitatively, i.e. intracellular
staining for IFN-y, CTL activity, and tumor protection. The diminished development of
CDS8™ T cell responses was directly related to complexation between chitosan and the
adenovirus, and ultimately, the negative impact of chitosan on DCs. Chitosan’s “three-
pronged assault” on DCs, which resulted in reduced viability, transgene expression and
activation spell out major hurdles for the successful use of this polymer as an adjuvant for
induction of protective CD8* T cell responses.

Given the implications of our novel findings, it is important to understand the difference
between our study and common ways chitosan has been used in other vaccine studies. First,
chitosan solutions have been applied to vaccine preparations where both its adjuvant activity
and depot forming ability are desired?l: 2224 The inherent viscosity of 0.5-1% chitosan
solutions provides a gelatinous matrix that protects antigenic proteins from degradation after
administration. While also acting as a potent adjuvant, chitosan solutions have been shown
to enhance both the stability and immunogenicity of vaccines. Applications of chitosan
solutions have revealed significant augmentation of Ag-specific antibody

responses?1-23. 26, 38,39 1t no evidence of benefiting CD8* T cell responses. We based our
vaccination strategy on another popular approach involving the administration of Ag-loaded
chitosan nanoparticles?®: 29-33, This strategy has also shown to result in significant antibody
production?® 29-33 pyt again there is little data regarding how chitosan nanoparticle
vaccinations affect CD8* T cells. The polycationic nature of chitosan allows it to complex
with antigenic peptides/proteins, or in our case CpG ODN and adenovirus, thus forming
nanoparticulated vaccine components. Since we were testing a novel delivery of chitosan-
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adenovirus complexes we first confirmed the formation of nanoparticles. Upon mixing of
chitosan and adenovirus we observed nanoparticles that were roughly 300 nm in diameter
(Table 1), which is an optimal size for uptake by DCs*°. Additionally, the nanoparticles
exhibited a net positive surface charge, which should further enhance phagocytosis by
APCs. Despite the promise of chitosan-Ag nanoparticle vaccines seen in other studies, we
found that complexation with chitosan abrogates the Ag-specific CD8* T-cell response
stimulated by adenovirus cancer vaccines.

The mechanism by which CpG ODN enhances vaccine efficacy has been described
previously® 6: 18 Because this is the first report to look at the effect that chitosan
complexation has on CD8* T cell responses generated by adenovirus vaccines, we evaluated
the mechanism by which inhibition was occurring. First, we examined the possibility that
chitosan-containing vaccines were immunosuppressive /n vivo. Treg populations are known
to be a barrier to successful cancer vaccine and immunotherapy strategies that are reliant on
strong induction of effector T cell responses®0. So we quantified CD4*Foxp3* Treg cells in
spleens of vaccinated mice in order to determine if chitosan affected this population.
Regardless of whether the vaccines contained chitosan or not, Treg frequencies were
unaffected and equivalent to untreated mice (Fig. 4). This strongly suggests that this cell
population is unaffected by chitosan and that they do not play a role in the lack of CD8* T
cell responses and tumor protection we observed.

The second explanation that we considered was that the physical complexation of chitosan
with adenovirus was directly responsible for the effect observed /n vivo. Indeed, we found
that allowing for full complexation between chitosan and adenovirus resulted in the most
dramatic inhibition of CD8* T cell responses (Figure 5a) and that delivering chitosan
separately from the adenovirus vaccine restored CTL activity (Figure 5b). Interestingly, we
have found that complexation of our adenovirus cancer vaccine with another cationic
polymer, polyethylenimine (PEI), also resulted in a significant reduction of CD8* T cell
responses /n vivo, whereas, a non-cationic co-block polymer, pluronics F-127, that does not
complex with the adenovirus, did not inhibit induction of T cell responses upon vaccination
(unpublished data). Because these data implicated that complexation of chitosan with
adenovirus might be inhibiting infectivity /n vivo, we next tested this possibility using an /n
vitro infectivity assay. Consistent with previous findings*8, we did not observe any
reduction in transfection and transgene expression when mammalian cell lines were infected
with adenovirus complexed with chitosan (Figure 6). However, when infectivity was tested
in primary murine DCs, which are themain targets of adenovirus vaccine /n vivo, we saw a
significant reduction in transgene expression (Figure 7¢). Additionally, adenovirus
complexed with chitosan resulted in reduced surface MHC class | (H-2KP) and CD86
(Figure 7d,e), and importantly caused dramatic cell death (Figure 7a). In support of these
findings we observed /in vivo that immunization with adenovirus complexed with chitosan
resulted in modest, yet reproducible decreases in the frequency of CD11c* dendritic cells
found in the draining lymph nodes and in their surface expression of both CD86 and MHC
class I (data not shown). Taken together these effects on DCs both /n vitroand in vivo
strongly suggest that direct complexation between chitosan and the adenovirus is responsible
for reducing DC activation, which ultimately eliminates induction of CD8* T cell responses.

This study highlights the differential modulation that different classes of adjuvants can have
on the CD8* T cell response stimulated by cancer vaccines. In this study, we confirmed that
CpG ODN enhances the effectiveness of the adenovirus cancer vaccines®: & 18 while we
show for the first time that chitosan reduces Ag-specific CD8* T cell responses. This novel
finding can be directly related to chitosan’s negative impact on the viability of DCs and its
ability to inhibit viral vaccine infectivity upon complexation. We feel that our data provides
an important delineation between studies that have demonstrated advantages of chitosan as
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an adjuvant for inducing protective humoral responses, and here where the goal was
induction of protective CD8* T cell responses. These data have serious implications for
future chitosan vaccine formulations and should be carefully considered when determining
the desired outcome of a vaccine approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

CpG ODN enhances and chitosan reduces /n vivo tumor protection and survival generated
by adenovirus cancer vaccines. C57BL/6 mice were challenged subcutaneously with E.G7-
OVA (upper two panels) or parental EL4 (bottom panel) tumor cells 14 days after
adenovirus immunization. (a) Tumor volume and (b,c) percent survival were determined
over time. Means £ SEM are shown and numbers in parentheses (upper panel) indicate
tumor incidence.
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Figure2.

Production of OVA-specific CD8+ T cells is inhibited by the addition of chitosan to
adenovirus vaccines. (a,b) Detection by KP-OVA,s; tetramer staining and statistical analysis
of the frequency of OV A-specific CD8+ splenocytes. (c,d) Intracellular cytokine staining for
IFNy and statistical analysis of the frequency of IFNy+ CD8+ splenocytes. Analysis was
performed 14 days after immunization of C57BL/6 mice. Means + SD from 3 independent
experiments are shown. Statistical analysis was performed by comparing Ad5-OVA groups
to the Ad5-LacZ control group. *, p<0.05, **, p<0.01, ***, p<0.001.
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Figure 3.

Cytotoxic T cell activity is reduced in mice immunized with adenovirus/chitosan
formulations. (a) Balb/c mice were immunized with Ad5-PSA and (b) C57BL/6 with Ad5-
OVA +/- CpG +/- chitosan. Spleens were harvested 14 days later for determination of
cytotoxic T cell activity against PSA-expressing (E5) or OVA-expressing (EG.7) target
cells. Ad5-LacZ immunization served as a negative control. Means + SD of samples
performed in duplicate are shown.
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Figure4.

Immunization with adenovirus formulations containing chitosan does not augment Treg
populations. (a) Balb/c mice were immunized with Ad5-PSA and (b) C57BL/6 with Ad5-
OVA formulated with CpG and/or chitosan. CD4+Foxp3+ Treg cells were detected 14 days
later by flow cytometry. Means + SD from 2 mice/immunization group are shown.
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Figure5.

Chitosan-mediated reduction in CTL activity requires direct mixing with the adenovirus. (a)
Ad5-PSA, CpG and chitosan were mixed in different orders ((15t + 219) + 3'd) prior to
immunization of Balb/c mice, followed by determination of cytotoxic T cell activity 14 days
later. (b) Balb/c mice were injected with chitosan 24 hrs before or after Ad5-PSA+CpG
immunization, and 14 days later cytotoxic T cell activity was compared to mice immunized
with a formulation containing all three components. Means + SD of samples performed in
duplicate are shown.

Mol Pharm. Author manuscript; available in PMC 2013 February 02.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Lemke et al. Page 18

4073 Ad5-PSA
Bl Ad5S-PSA+Chitosan

PSA ng/mL
)
T

O

40009 33 Ads-GFP
B Ad5-GFP+Chitesan

W
o
o
o
L

20004

1000+

Lee [

12 24 36
Time (hours)

GFP Expression (MFl)

Figure®6.

Complexation of adenovirus with chitosan does not inhibit infectivity, production or
secretion of the encoded transgene in mammalian cell lines. (a) HEK293 cells were
incubated with Ad5-PSA at an MOI of 100 +/- chitosan for 36 hours, followed by detection
of PSA in the culture supernatant. (b) Rm11 tumor cells were incubated with Ad5-GFP at an
MOI of 100 +/- chitosan for 12, 24 and 36 hours, followed by flow cytometric analysis of
GFP expression (mean fluorescence intensity, MFI). Means + SD from samples performed
in duplicate are shown.
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Figure7.

Complexation of adenovirus with chitosan significantly reduces viability and activation of
primary BMDCs. C57BL/6 BMDCs were infected /n vitro for 24 hrs with Ad5-OVA or
Ad5-GFP +/- chitosan at final viral MOIs of 100, 50, 25, 10 or 1 and final chitosan
concentrations of 500, 250, 125, 50 or 5 uM. (a) Representative dot and histogram plots of
BMDCs stained with PI to detect dead cells (scatter dot plot: left gate contains PI* dead
cells; right gate contains PI™ live cells); statistical analysis of %PI* dead cells/treatment
group. (b) Representative dot and histogram plots (gated on live cells) of GFP, H-2KP and
CD86 expression. (c—e) Statistical analysis of GFP MFI, H-2KP MFI and %CD86" cells/
treatment group. Dotted line represents levels observed in uninfected control cells. Means +
SD from treatment groups performed in triplicate are shown. *, p<0.05, **, *** p<(0.001.
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Table 1

Size and zeta potential determinations for chitosan particle formulations

Formulation Diameter (nm)  Zeta Potential
Chitosan+CpG ODN 256+ 4.5 19.79£2.24
Chitosan+Adenovirus+CpG ODN 291 +24 18.49 +5.45

Values are means + SD from cumulative analysis of the particles formed.

N:P ratio used was 10:1, and is defined as the ratio of primary amino groups in chitosan to phosphate groups in DNA (CpG ODN).
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Table 2

Summary statistics for tumor volume measurements

Treatment Group N

Mean (Tumor Volume)

AdOVA 4
AdOVA+Chitosan 4
AdOVA+CpG 4
AdOVA+CpG+Chitosan 4
AdLacZ+CpG+Chitosan 4

1585.75
2226.00
560.75
2819.75
2484.75

Values were calculated from the mixed linear regression analysis of tumor growth.
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Table 3

Summary statistics for survival in days

Treatment Group Mean (Days) Median (Days)
AdOVA 48 48
AdOVA+Chitosan 29.5 29.5
AdOVA+CpG 52 60
AdOVA+CpG+Chitosan 40.75 38
AdLacZ+CpG+Chitosan 17 17
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