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ABSTRACT

Immunotherapy has been widely investigated in cancer, infectious diseases and allergies
for prevention or amelioration of disease progression. In the case of vaccines, the key cellular
target in stimulating an effective and appropriate immune response is the professional antigen
presenting cell or dendritic cell (DC). Cancer vaccines are primarily aimed at the activation of a
tumor-specific cytotoxic T-lymphocyte (CTL) response whilst vaccines to allergies are aimed at
reducing IgE responses. Such vaccines normally involve the administration of tumor-associated
antigens (TAASs) for cancer, or antigens (Ags) derived from infectious microbes and allergens in
the case of allergies. Ags, whether derived from tumor or allergen, can be combined with
adjuvants, that include immunostimulatory molecules recognized by the pathogen associated
receptors expressed by DCs and can trigger the activation/maturation of DCs. Co-delivery of an
appropriate adjuvant with an Ag can stimulate DCs to subsequently promote a robust Ag-specific
CTL response which may favor anti-tumor immunity.

Cancer vaccines have been widely investigated in the clinics as a complementary therapy
to surgery, radiation and chemotherapy. Activation of CTLs against tumor cells that express
TAAs could lead to the complete eradication of a cancer and prevent its reoccurrence. In this
study | developed microparticles using a polyanhydride polymer prepared from 1,8-bis(p-
carboxyphenoxy)-3,6-dioxaoctane (CPTEG) and 1,6-bis(p-carboxyphenoxy) hexane (CPH) that
has shown inherent adjuvant properties. | prepared 50:50 CPTEG:CPH microparticles
encapsulating a model tumor Ag, ovalbumin (OVA), and a synthetic oligonucleotide containing
an unmethylated CpG motif, CpG, as an adjuvant. CpG has shown significant potential as an
adjuvant for TAA-based vaccines leading to significant anti-tumor immune activity. It was
shown here that mice vaccinated with OVA-encapsulated 50:50 CPTEG:CPH microparticles
developed OV A-specific CTL responses. These mice showed enhanced survival compared to the

control treatment groups when challenged with OV A expressing tumor cells.
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As a more novel cancer vaccine approach, TAAs from tumor cells undergoing an
immunogenic form of apoptosis (which can be triggered by certain chemotherapeutic drugs) can
be used as the source of Ags delivered to DCs. The combination of an adjuvant and dying cancer
cells can assist in the maturation of DCs so that they promote an effective tumor/T AA-specific
CTL response against tumor cells expressing TAAs. In this work a therapeutic in situ tumor
vaccine was developed encapsulating a chemotherapeutic drug and CpG. Doxorubicin (Dox) is a
widely used chemotherapeutic drug that induces tumor cells to undergo an immunogenic form of
apoptosis. Sustained release of Dox within solid tumors in mice can cause the release of a variety
of TAAs which can be presented by DCs and, in the presence of CpG, stimulate a strong anti-
tumor CTL response. Formulations of poly(lactic-co-glycolic acid) (PLGA) particles loaded with
Dox and CpG were prepared anddemonstrated sustained release of their cargo. It was
demonstrated, in-vivo, that among various formulations of Dox and CpG, that co-delivery of Dox
and CpG in the same PLGA particles caused the greatest reduction in tumor growth and longest
survival of tumor-challenged mice when compared to treatment groups of PLGA particles
delivering Dox and CpG either alone or with an independently loaded combination of particles.

PLGA particles have also been investigated as a prophylactic vaccine delivery system
that generates a robust Ag-specific CTL response. This system has been employed for the
development of vaccines against various infectious diseases and allergies. However, there has
been conflicting opinions regarding the optimum size of PLGA particles required to stimulate an
active CTL response. Thus, differently sized PLGA particles encapsulating OVA and CpG were
developed to study the relationship of particle size to the magnitude of OV A-specific CTL
responses. It was shown that the degree of particle uptake and activation of DCs increased with
decreasing size of PLGA particles. It was also demonstrated that immunization of mice with 300
nm sized particles demonstrated a higher proportion of OVA-specific CTLs and promoted
increased production of OVA-specific IgG2a antibodies. The immune efficacy of these particles
was evaluated with a clinically relevant Ag, Dermatophagoides pteronyssinus-2 (Der p2). Mice

vaccinated with different sizes of PLGA particles loaded with CpG and coated with Der p2
v
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displayed different magnitudes and types of immune activation against Der p2. The small sized
particles decreased the airway hyperresponsiveness associated with allergy-induced asthma. The
presence of CpG in the PLGA particle vaccines also reduced the airway hyperresponsiveness.
This thesis research has contributed to the identification and development of a delivery
system for Dox in combination with CpG which gives sustained release of these molecules
within tumors and enhanced survival in tumor bearing mice. This study also determined optimal
sizes of PLGA particle vaccines required to independently stimulate robust Ag-specific immune

responses to cancer and allergy.

Vi
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of OVA and CpG in different particulate and soluble groups was analyzed by
tetramer staining. PBLs were obtained from submandibular bleeding of mice (n
= 4) vaccinated with OVA (100 pg) and CpG (50 ug) on day 0 and day 7.
OVA specific T-cell frequency was measured on (i) day 14 and (ii) day 21. The
value of 2 % and 1 % OVA specific T-cells are indicated with top and bottom
horizontal dashed lines, respectively. The mean values of % OVA specific T-
cells in each group are indicated by the solid horizontal line across the data
points. All groups were compared using ANOVA followed by Tukey post-hoc

ANAIYSIS (FP < 0.05). i

Figure 19: Anti-OVA IgG antibodies levels were measured in mouse serum on day
28. Highest dilution of serum displaying OVA specific (i) IgG1 antibody and
(i) 1gG2a antibody responses as measured by ELISA assay. Bar graph
represents mean + SEM of serum titers (n = 4). (*p < 0.05, **p < 0.01). (iii)
Ratio of 1gG2a:lgG1 antibodies in serum samples of different treatment groups
on day 28. The mean values of the ratio of 1gG2a:1gG1 antibodies in each
group are indicated by the solid horizontal line across the data points.
Statistical significance was determined using ANOVA followed by Tukey

POSt-NOC analysis (F*P < 0.01). ..ocieiieieciece e

Figure 20: Correlation between ratio of 1IgG2a: 1gG1 and cytotoxic T-cells response.
lgG2a: IgG1 antibodies ratio was measured on day 28 and percentage OVA

specific CTL response measured on day 21. .......ccccevvevierieeiesiesieese e ese e

Figure 21 : Scanning electron micrographs of CpG loaded (A) Small, (B) Medium,
and (C) Large sized PLGA particles. Scale bar on lower right of each

micrograph represents 2 M 1ENGEN. ......cooeiiiiiiiii
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Figure 22 : Release of CpG from different sizes of PLGA particles. (i) Percentage
release and (ii) amount release of CpG from different sizes of PLGA particles.
Particles were incubated at 37 °C in an incubator shaker in PBS. Values are
expressed as mean £ SEM (N = 3). .o 99

Figure 23 : Number of (i) total cells; (ii) eosinophils; (iii) lymphocytes; (iv)
neutrophils and (v) macrophages in BAL fluids of vaccinated mice collected on
day 24 (n = 6). (vi) Relative proportions of the different cell types in the BAL
fluids of vaccinated mice on day 24. Significant differences were evaluated
using one-way ANOVA followed by Tukey’s post-hoc analysis. (*p < 0.05,
**p < 0.01). Values are expressed as mean + SEM.........ccccovovvviiininieniencsie s 100

Figure 24 : Antibody levels in sera of vaccinated mice. (i) Anti-Der p2 1gG1, (ii)
anti-Der p2 19G2a, (iii) ratio of IgG2a:IgGlantibodies and (iv) anti-Der p2 IgE
antibody titers were estimated in serum samples of mice collected through
cardiac puncture on day 24 (n = 6). Significant differences were evaluated
using one-way ANOVA followed by Tukey’s post-hoc analysis. (*p < 0.05,
**p < 0.01). Values are expressed as mean + SEM except in (iii) where the
mean values of the ratio of IgG2a:1gG1 antibodies in each group are indicated
by the solid horizontal line across the data points. .........ccccveveniienininiiiec 101

Figure 25 : The concentration of (i) IL-4, (ii) IL-5, (iii) keratinocyte-derived cytokine
(KC), (iv) macrophage inflammatory protein (MIP)-1a, (v) IL-6, (vi) IFN-y
and (vii) tumor necrosis factor-alpha (TNF-a) detected in BAL fluid on Day
24. The horizontal dashed line in each graph represents limit of detection of
BACI BSSAY. ...ttt ettt 102

Figure 26 : Airway hyperresponsiveness (AHR) of mice vaccinated with Der p2
coated (i) small, (i) medium and (iii) large sized PLGA particles with or
without CpG (n = 6). Mice were challenged with increasing doses of
methacholine on day 24. Significant differences were evaluated using one-way
ANOVA followed by Tukey’s post-hoc analysis (*p < 0.05, **p < 0.01, ***p <
0.001). Data represent mean £ SEM. ..o 103

Figure 27 : Representative H&E stained lung sections of mice vaccinated with Der
p2-coated on (A) small, (C) medium and (E) large sized CpG containing PLGA
particles; (B) small, (D) medium and (F) large sized empty PLGA particles;

(G) sentinels and (H) shams. Lung sections were collected on day 24. Arrows
indicate key areas of pathology which were almost exclusively perivascular
inflammatory cell infiltrates composed of macrophages and eosinophils and

fewer neutrophils which are highlighted in the high resolution image inserts.

Scale bar at the lower right corner of each image is 200 um. Scale bars for high
resolution image inserts are 20 M in 1ength. ..o 104

Figure 28 : Perivascular cuffing lesions (PCL) were scored in lung sections from all
mice (n = 6) Significant differences were evaluated using one-way ANOVA
followed by Tukey’s post-hoc analysis (**p < 0.01). Values are expressed as
MEAN + SEM. ..o s 105
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Figure 29 : Mechanism of induction of antigen-specific T-cell immunity by
biodegradable particles: PLGA particles co-encapsulating Dox and CpG (a) are
injected into the tumor mass. Dox released from PLGA particles induces
immunogenic apoptotic tumor cell death (b). Tumor antigens released by dying
tumor cells and CpG released from the particles are phagocytosed by naive
dendritic cells (DCs) (c). CpG induces activation of DCs that are characterized
by enhanced antigen presentation (d) and upregulation of costimulatory
molecules (e). Mature DCs travel to lymph node where they present tumor
antigen with co-stimulatory signals to naive tumor-specific CD8 cells resulting
in their activation to cytotoxic T-lymphocytes (f) which circulate through
peripheral blood and target cells (tumor) carrying the antigen inducing their
0 [=F: Ui I () U RTOPUSPRRS 129

Figure 30 : Formulation prototypes of PLGA particles for co-delivery of Dox and
CpG. (A) Admixture of Dox and CpG particles: Lyophilized powder of PLGA
particles encapsulating Dox were mixed with lyophilized PLGA particles
encapsulating CpG. These particles were pregared using double emulsion
solvent evaporation. (B) (Dox/CpG)PLGA®*?%: Dox and CpG were
encapsulated independently and in combination into PLGA particle matrices.
To prepare these particles, Dox and CpG were emulsified independently in
PLGA solution. These primary emulsions were combined to achieve the
compound primary emulsion which was again emulsified in aqueous phase to
prepare PLGA particles co-loaded with Dox and CpG. (C)
(Dox::CpG)PLGAS: Dox and CpG were encapsulated together in the PLGA
particles matrix. To prepare these particles, complexes of Dox and CpG were
encapsulated in PLGA particles using double emulsion solvent evaporation
01710 To o USSR 130

Figure 31 : Anti-tumor effect of Dox and CpG treatment in tumor bearing mice.
Mice were challenged with EL4 cells and treated on alternate days with: (i) No
treatment; (ii) CpG solution; (iii) Dox solution and (iv) Dox solution on day 1
and CpG solution on the other day. Vertical dashed line represents the time
point at which all mice from the naive group were euthanized due to large
tumor size. Each curve represents tumor growth for each mouse of the group (n
S OO 131

Figure 32 : Survival curves of mice bearing EL4 tumors. Mice were challenged with
ELA4 cells followed by treatment with solution of Dox or CpG (n = 4). Table
represents median survival of each treatment group. ........cccceveviiniiiniicc 132

Figure 33 : SEM microphotographs of (A) (CpG)PLGASY™: CpG encapsulated in
particles prepared from PLGA 50:50; (B) (CpG)PLGA™?>: CpG encapsulated
in particles prepared from PLGA 75:25; (C) (Dox)PLGAS*°: Dox
encapsulated in particles prepared from PLGA 50:50; (D)
(Dox/CpG)PLGASY™0: Dox and CpG co-encapsulated in particles prepared
from PLGA 50:50; (E) empty PLGA 50:50 particles. The scale bar on lower
right represents 5 M 1eNgth. ........cooeiiiiii s 133

Figure 34 : PLGA particles were prepared using a double emulsion solvent
evaporation method. Dried PLGA powders were achieved by lyophilization of
the particle suspensions which were analyzed by (A) Differential scanning
calorimetry thermograms obtained at a heating rate of 10°C/minute and (b) X-
ray diffraction patterns (20 of 10° to 49.9°) showed the amorphous nature of
PLGA particles encapsulating DoxX and CPG. .....cccccvvvvevveiieriene e 134
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Figure 35 : Size of Dox-CpG complexes prepared at increasing concentrations of
Dox and CpG at weight ratio 4:1. The Table displays the size and
polydispersity index (PDI) of Dox-CpG complexes. Increasing the initial
concentration of Dox and CpG solutions showed increases in the size of
Prepared COMPIEXES. ...oc.viiieiieie ettt nte e r e e 135

Figure 36 : Percentage viability of EL4 cells treated with complexes of Dox and
CpG. Cells were incubated for 12 hours with different ratio of Dox and CpG
complexes. Percentage viability was estimated using MTS assay. All groups
were compared using ANOVA followed by Tukey’s post-hoc analysis (**p <
0.01). Each bar represents mean + SEM percentage viability (n =3). ....ccccceeenee. 136

Figure 37 : Time dependent loss of fluorescence by Dox in PBS at 37 °C. (i) Time
dependent decrease in the fraction of Dox. (ii) Log concentration at different
times (Ct) normalized against the initial concentration (Co) vs time plot for
three different Dox concentrations. Loss of fluorescence from Dox followed
first order kinetics with negligible y-intercept and similar slope across all three
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Figure 38 : (i) Dox and iig CpG release in PBS (pH 7.4) at 37°C from
(Dox/CpG)PLGA*® Dox loaded PLGA particles, CpG loaded PLGA 50:50
particles and CpG loaded PLGA 75:25 particles. All PLGA particles
demonstrated burst release followed by sustained release of encapsulated
molecules. Dox showed higher burst release from Dox loaded PLGA particles
when compared to release of Dox from (Dox/CpG)PLGASY particles. Groups
were compared using paired t-test (***p < 0.001). Each bar represents mean *

SEM (N2 3). 1ottt t et r e 138

Figure 39 : Anti-tumor effect of PLGA particles encapsulating Dox and CpG in a
therapeutic tumor mouse model. Mice were treated with (i)
(Dox)PLGASY0(CpG)PLGASYP : admixture of PLGA particles encapsulating
Dox and PLGA 50:50 particles encapsulating CpG,; (ii)
(Dox)PLGASY0(CpG)PLGA™? :admixture of PLGA particles encapsulating
Dox and PLGA 75:25 particles encapsulating CpG; (iii) (Dox)PLGASY%0:
PLGA particles encapsulating Dox; (iv) (Dox/CpG)PLGASY*’: PLGA 50:50
particles co-encapsulating Dox and CpG; and (v) No treatment. Two
independent studies were performed in which each mouse was treated with (A)
100 pg Dox and 50 pg CpG, and (B) 100 pug Dox and 100 pg CpG, for
required treatment groups. Each curve represents the tumor growth for each
mouse of the respective group (n = 4). Vertical dashed line represents the time
point at which all mice from the naive group were euthanized due to large
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Figure 40 : Survival curves of tumor bearing mice treated with PLGA particles
encapsulating Dox and CpG. In respective treatment groups each mouse was
treated with (A) 100 pg Dox and 50 pg CpG, and (B) 100 pug Dox and 100 pg
CpG. Table represents median survival for each group. Survival curves were
analyzed using the Mantel-Cox test and significant differences of each
treatment group against naive group were calculated using Chi-squared test......... 140

XVi

www.manaraa.com



LIST OF ABBREVIATIONS

ACK: Ammonium Chloride Potassium

Ag: Antigen

AHR: Airway hyperresponsiveness

APC: Antigen presenting cells

BAL.: Bronchoalveolar lavage

CpG: unmythylated phosphodiester cytosine and guanine oligonucleotide
CPH: 1,6-bis(p-carboxyphenoxy) hexane

CPTEG: 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane

CTL: Cytotoxic T-lymphocyte

DC: Dendritic Cell

DCM: Dichloromethane

Der p: Dermatophagoides pteronyssinus

DMSO: Dimethyl sulfoxide

Dox: Doxorubicin

DSC.: Differential scanning calorimetry

EE: Encapsulation efficiency

ELISA: enzyme-linked immuno-sorbent assay

GM-CSF: Granulocyte macrophage colony-stimulating factor
H&E: Hematoxylin and eosin

HDM: House dust mite

I.p.: intra-peritoneal

IACUC: lowa Institutional Animal Care and Use Committee
IFN-vy: Interferon-gamma

Ig: Immunoglobulin

IL: Interleukin

XVii

www.manaraa.com



ISS-ODN: immunostimulatory oligodeoxynucleotide
KC: Keratinocyte-derived cytokine

LPS: Lipopolysaccharide

MHC: Major histocompatibility class

MIP: Macrophage inflammatory protein
OVA: Ovalbumin

PA: Polyanhydride

PAMP: Pathogen-associated molecular pattern
PBL: Peripheral blood lymphocyte

PBS: Phosphate buffer saline

PCL: Perivascular cuffing lesion

PLGA: Poly(lactic-co-glycolic acid)

PVA: Poly(vinyl alcohol)

PVM-MA: Poly(methyl vinyl ether-co-maleic anhydride)

RT: room temperature

s.c.: subcutaneous

SEM: Scanning electron microscopy
TAA: Tumor-associated antigens
Thl: T-helper 1

Th2: T-helper 2

TLR: Toll-like receptor

TNF-a: Tumor necrosis factor-alpha

XRD: Powder X-ray diffraction

Xviii

www.manaraa.com



PREFACE

Publications from this thesis research

1. Joshi VB, Geary SM, Salem AK. Biodegradable particles as vaccine delivery
systems: size matters. AAPS J. 2013;15(1):85-94.

2. Joshi VB, Geary SM, Carrillo-Conde BR, Narasimhan B, Salem AK.
Characterizing the antitumor response in mice treated with antigen-loaded polyanhydride
microparticles. Acta Biomater. 2013;9(3):5583-9.

3. Joshi VB, Geary SM, Salem AK. Biodegradable particles as vaccine antigen
delivery systems for stimulating cellular immune responses. Hum Vacc Immunother.
2013;9(12):2584-90.

4. Joshi VB, Geary SM, Salem AK. Production of antigen-loaded biodegradable
nanoparticles and uptake by dendritic cells. Methods Mol Biol. (Clifton, NJ). 2014;1139:453-66.

5. Joshi VB, Adamcakova-Dodd A, Jing X, Wongrakpanich A, Gibson-Corley K,
Thorne P, et al. Development of a poly (lactic-co-glycolic acid) particle vaccine to protect

against house dust mite induced allergy. AAPS J. 2014:1-11.

XiX

www.manaraa.com



CHAPTER 1: INTRODUCTION

Background

Vaccine is a term employed to describe the biological preparations that stimulate
a protective immune response. Vaccinations can either be prophylactic, to prevent the
onset of disease, or therapeutic where the host already has a disease such as cancer. The
exponential growth in vaccine development during the 20" century led to control of
smallpox, rabies, plague, cholera, and typhoid in most parts of the developed world (1).
These vaccines are generally composed of microbial toxins, attenuated or inactivated
microbes that stimulate host immunity to eradicate these microbes. Towards the end of
20" century, in addition to the use of conventional vaccines, the use of recombinant
organisms to manufacture protein vaccines led to the development of vaccine carrying a
safe immunogen compared to inactivated infectious pathogens. Later, vaccines for
several disease causing organisms were combined to target multiple bacterial and viral
infections within one vaccine regimen (2). Since then, the expanding research in the field
of vaccine development has been focusing on designing vaccine systems that target other
potentially fatal diseases. In theory, most contagions that carry specific foreign Ags in the
diseased state can be targeted by developing a vaccine that stimulates the host’s immune
response to eliminate the diseased cells or microbe carrying the foreign Ag. With
advancement in immunological understanding of diseases, certain diseased states can be
diagnosed by detection of a specific antigen (Ag) present in the body during the diseased
state (3, 4). This includes tumor-associated Ags present in most types of cancer,
pathogen-associated Ags present during infectious diseases and inflammatory antibodies
present against specific antigens (or allergens) during allergic reactions. Vaccines
developed against these Ags can selectively eliminate the diseased cells and inhibit

disease progression.
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Cancer

According to the American Cancer Society there were predicted to be 1,660,290
new cases of cancer and 580,350 deaths due to cancer for the year 2013 in United States
(5). Conventional anti-cancer therapies include chemotherapy, radiation and surgery.
Recently, targeted therapies using either the small molecule inhibitor, imatinib (marketed
as Gleevec® by Novartis), or antibodies, such as trastuzumab (marketed as Herceptin® by
Genentech) have been used to inhibit cell signaling pathways in cancer cells to prevent
tumor growth and proliferation in patients with chronic myeloid leukemia and breast
cancer respectively (6). In general, depending on the stage and severity of the cancer,
conventional therapies are used either alone or in combination in an attempt to achieve
complete eradication of the tumor and its metastases. However, many cancers, such as
melanoma and prostate cancer are essentially non-responsive to therapy once they have
metastasized and in the case of those cancers that do respond well to chemotherapy, they
often fail to completely eradicate the tumor cells and often drug-resistant variants result
in aggressive tumor recurrence. Therefore, there is a requirement for new clinical
interventions (7-9). The therapeutic efficacy of conventional anti-cancer treatments could
be enhanced by stimulation of anti-tumor immune responses that protect against recurrent
metastases. It is now well established that tumors aberrantly express proteins generally
not expressed by healthy tissues which are capable of being recognized by the patient’s
own immune system. These tumor-associated antigens (TAAS) have the potential to be
used as the key antigenic molecules for cancer vaccine formulations (10). Cancer/testis
Ags are one of the classes of such TAAs which are absent in somatic cells but aberrant
expression of these Ags have been reported in many cancers (11). The first cancer/testis
Ag to be identified in melanoma patients was MAGE-1 (12) and is expressed in

approximately 40 % of melanoma patient tumor samples with no expression in any
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normal tissues, except testis (which is an immune privileged tissuel), making it an
attractive target for anti-tumor immune responses elicited by cancer vaccines (13).
Another promising TAA from this class is NY-ESO-1 that has been shown to generate
spontaneous immune response in patients carrying NY-ESO-1 positive tumors (14).
Other types of TAAs include mutated proteins found only in tumors, of which, mutated
Ras-D12 protein, found in 45 % colon adenocarcinomas patients, is an example (15).
Novellino et al. have provided an extensive list of TAAs that can be potential targets for
cancer vaccines (16). There are certain TAAs that are expressed by a large proportion of
many different types of cancer that could therefore be used as antigens in vaccine
formulations against multiple cancers (17, 18). Despite the discovery of a wide range of
TAA, the only cancer vaccine approved by US Food and Drug Administration (FDA) is
Provenge® (Sipuleucel-T),Dendreon’s prostate cancer vaccine, that requires isolation of
the patient’s immune cells, followed by in-vitro pulsing of these cells with a prostate-
specific protein and then administration of these cells back to the patient (19). Provenge®
showed a 4 month improvement in survival for patients compared to placebo control,

however this treatment is both costly and labor intensive.

Allergy and Asthma

Allergies are hyper-immune reactions to generally harmless stimuli that are
inhaled, ingested or have come in contact with the skin. Severe cases of allergies are
diagnosed using a skin prick test (20). National Health and Nutrition Examination
Surveys reported that 54.3 % of the population in the United States are positive for one or
more of the most commonly found allergens which include house dust mites, perennial
rye, ragweed, German cockroaches, Bermuda grass, cats, Russian thistle, white oak,

Alternaria alternata, and peanuts (21). Characteristic symptoms for allergy include

1 Tissues that lack adaptive and innate immune response due to specialized mechanism of
immune suppression that operate to protect tissues from immune-mediated damage.

www.manaraa.com



vomiting, atopic eczema, dry skin and persistent edema of the nasal mucosa. Allergic
reactions to inhaled allergens cause activation of humoral (antibody) immunity directed
against the allergen, leading to mucus production, secretion of allergen-specific IgE
antibodies and activation of mast cells (22). Chronic exposures to such allergens result in
the recruitment of eosinophils and basophils to the site of inflammation and cause
pathological damage to the tissues characterized by remodeling of airway and blood
vessels (23). All of these factors can contribute to the development of asthma, an allergic
reaction to inhaled allergens which causes constriction of the bronchi and difficulty in
breathing. While all allergies do not develop into asthma, it has become increasingly
evident that asthmatic patients exhibit positive results from skin prick tests for one or
more allergens (24). Also, studies have shown that the severity of asthma in allergic
patients correlates to the degree of allergen exposures (25). These studies confirm that
repeated exposures to allergen can induce asthma. Most of the current therapeutic
interventions for asthma include symptomatic treatments that focus on inhibition of
inflammatory cytokines (leukotriene receptor antagonist, anti-histamines), mast cell
stabilization (cromolyn sodium), anti-IgE activity (omalizumab) and bronchodilation (32
agonists, inhaled corticosteroids). In the absence of a therapy capable of achieving long-
term relief from allergen induced asthma, much research has been focused on the
development of vaccines against common allergens. The World Health Organization has
approved a regimen of annual vaccination against seasonal allergens that has shown
significant reduction in respiratory allergies (26). GRASTEK® (Timothy Grass Pollen
Allergen Extract by Merck) is a recently FDA approved allergy vaccine. With the success
of preventive vaccinations for seasonal allergies, more robust vaccination strategies are
being developed against various allergens (27-29). Use of sublingual and subcutaneous
immunotherapy has also shown reduced clinical symptoms of asthma by environmental

allergens (30-33). However, such immunotherapy requires repetitive administrations of
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increasing doses of allergen for 2 to 3 years, which is inconvenient for the treatment of

large populations.

Immune responses to vaccines

Vaccines promote adaptive immune responses that are generated against
particular Ag(s), usually administered within the vaccine formulation, and these immune
responses can result in humoral (antibody) responses and/or cellular (cytotoxic T-
lymphocyte) responses. The majority of successfully formulated vaccines in general use
today, or used previously, primarily stimulate humoral immune responses where Ag-
specific antibodies produced as a result of the vaccination function by either neutralizing
the Ag (e.g. toxins) or by coating (opsonizing) the pathogen with Ag-specific antibody
and then stimulating phagocytosis or complement-mediated lysis of the pathogen (34,
35). Humoral responses are generally inadequate at eliminating intracellular pathogens
and malignant disease and therefore cellular or cytotoxic T-lymphocyte (CTL) responses
are more desirable primarily due to the mechanism by which CTLs recognize Ag (see

below).

Cytotoxic T-lymphocyte responses

Cytotoxic T-lymphocyte (CTL) responses are classically stimulated by Ag
presenting cells (APCSs), in particular dendritic cells (DCs) (36). Ag-specific naive CTLs
can be stimulated to expand and become activated in lymph nodes in the presence of
appropriate signals from mature DCs. CTLs recognize Ag in the context of the
ubiquitously expressed self-protein, major histocompatibility class I protein (MHC class
). For a vaccine to be effective at generating a CTL response it is necessary to promote
DCs to present Ag in association with MHC class I. This can be done with the addition of
an appropriate adjuvant or pathogen-associated molecular patterns (PAMPS), such as the
oligodeoxynucleotide CpG, which can promote a phenomenon known as cross-

presentation (37). The presence of either synthetic or purified PAMPs are recognized
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through Toll-like receptors (TLRs) that signal to DCs in such a way as to mimic an
infection, thereby promoting to activation/maturation of DCs into efficient
immunostimulatory APCs (38). In addition, the mode of delivery of Ag can also
influence the degree of MHC class I/Ag presentation. For instance, Ag delivered such
that it accesses the cytoplasm (as with certain particulated formulations) or is
endogenously expressed (as with adenoviruses) can favor cross-presentation (39, 40).
PAMP-stimulated DCs upregulate expression of co-stimulatory B7 molecules (CD80 and
CD86) which, along with MHC class I/Ag interaction with the T-cell receptor (TCR)
(expressed on the surface of the CTL), are essential signals for CTL activation. (Figure
1). Once activated and expanded/proliferated the Ag-specific CTLs leave the lymph node
and travel to the site of the diseased tissue where they specifically eradicate cells
expressing MHC class I/Ag. It should be noted that usually Ag will also be presented by
DCs in association with MHC class |1 resulting in activation of T-helper cells potentially

capable of enhancing CTL activation (41).

T-helper 1 and T-helper 2 responses

Upon exposure to a vaccine adaptive immune responses are generated that
involve Ag-specific responses by B lymphocytes (which produce antibodies) and/or
CTLs. Depending on the nature of the vaccine formulation it can favor differentiation of
subsets of CD4 T-cells into T-helper cells that secrete discrete suites of cytokines that
assist in the development of either humoral or cellular immunity (42). Two major discrete
functionally polarized types of T-helper cells are: 1) T-helper 1 (Th1) cells, which
primarily secrete IFN- y and IL-2, and support the development of cellular immunity; and
2) T-helper 2 (Th2) cells, which secrete I1L-4, IL-5, IL-9 and IL-13 and promote humoral
immunity. Therefore, for the development of vaccines against cancer and infectious
diseases it is necessary to simulate Thl type responses. Vaccines for allergy require

inhibition of allergen-induced Th2 dominant inflammatory responses. This could be
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achieved by stimulating an allergen-specific Thl dominant protective response making it
a desirable response for the development of vaccines against allergen-induced asthma
(Figure 2). The nature of the Th response can be indicated by the relative degree of
production of subclasses of immunoglobulin (1g)-G antibody response. A Th2 dominant
immune response is often associated with secretion of 1gG1 while Thl is associated with
secretion of IgG2a antibodies in mice (43). Thus, ratio of 1gG2a:1gG1 antibodies in

serum samples can indicate of the type of Th response present in the treated animal.

Composition of Vaccines

The magnitude, type and specificity of immune response stimulated by a vaccine
are partly dependent on the composition of the vaccine. Ag-carrying vaccines can be
developed as solutions, ionic complexes, emulsions, attenuated viruses or in the form of
polymer micro/nanoparticles encapsulating the Ag within their matrix. The presentation
of Ag to the immune system in different forms can lead to differences in the magnitude
and type of stimulated immune responses. Besides the presence of preservatives, diluents
and other inert constituents, the two active components of vaccines are Ag and adjuvants.

In case of patients already suffering from cancer, a novel approach for in-situ
vaccination of tumors has been developed. This involves stimulation of cancer Ag
specific immune response by presentation of Ags released from dying tumors of cancer
patients. This vaccine approach does not require ex-vivo handling of tumors or
vaccination with a specific Ag. In-situ vaccines provide sustained release of anti-cancer
drugs and an immunoadjuvant to the solid tumors. While anti-cancer drugs induce
immunogenic cell death, Ags/TAAs released from dying tumors, in presence of

immunoadjuvant, stimulate tumor-specific immune responses.

Antigen (Ag)
Ag, as a constituent of a vaccine, is often, although not always, in the form of a

protein to which an immune response can be mounted because the host harbors Ag-
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specific T-lymphocytes and/or B lymphocytes with the potential of being activated.
General examples include; microbial protein from an infectious microbe, aberrantly
expressed proteins in tumor cells, or an asthma causing allergen. The antigenic material
may be in the form of an attenuated pathogen (e.g. chicken pox vaccine) or purified
recombinant proteins (e.g. hepatitis B vaccine). Other more novel strategies have been
used successfully, for example with the Haemophilus influenza type B vaccine where the
outer polysaccharide coat (the antigenic material) of the virus is conjugated with a protein

to stimulate the immune system.

Ovalbumin (OVA)

In the research presented here ovalbumin (OVA), the albumin protein from
chicken egg white, was used as a model tumor antigen. Using OVA in mice tumor model
systems allows us to estimate OVA-specific CTL and OVA specific antibody levels using
OVA tetramer staining (44) or enzyme-linked immunosorbent assay (ELISA),
respectively. These assays provide important tools to monitor the type and magnitude of
immune response stimulated by vaccines. In this system, OVA-expressing EG.7-OVA
tumor cells were used to challenge mice (45) and the efficacy of vaccines with respect
to stimulating OV A-specific antitumor immune responses in prophylactic and therapeutic

settings was assessed.

Adjuvants
A plethora of Ags which are under investigation for the development of vaccines
are not immunostimulatory (46, 47). A critical step in stimulation of Ag-specific CTL
immunity is the complete maturation of DCs that present Ag along with co-stimulatory
signals (e.g. from CD80 and CD86 molecules). In a phase I/11 clinical study, DCs were
isolated from hepatocellular carcinoma patients and pulsed with multiple recombinant
TAAs. Vaccination of donor patients with pulsed DCs that were subcultured for 5 days

with granulocyte macrophage-colony stimulating factor and interleukin-4 resulted in
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induction of T-cell responses against the recombinant TAAs in all 5 patients (48). Thus,
for the development of vaccines that induce appropriate maturation of DCs,
administration of an adjuvant is required, along with the Ag. Cervarix® (marketed by
GlaxoSmithKline), containing the human papilloma virus (HPV)-derived capsid protein
(L1 protein) and the TLR-4 agonist, monophosphoryl lipid A, complexed with aluminium
hydroxide in sodium dihydrogen phosphate dehydrate buffer, has shown to stimulate
protective immunity against HPV infection and therefore providing protection from
cervical cancer caused by HPV (49). In a separate study it was shown that when a
different TLR-4 agonist, lysophosphatidylcholine (LPC), helps in maturation of DCs in-
vitro (50) and when incorporated into liposomes with OVA it promotes tumor protection
from E.G7 tumor cell challenge (51). PAMPs such as unmythylated CpG oligonucleotide
(CpG) and imiquimod (52) may be suitable as adjuvants for certain vaccines (53).

In the research presented in this thesis CpG oligodeoxynucleotides were used as
the adjuvant to develop vaccines that stimulate a robust Ag specific CTL response for the
prophylactic treatment of intracellular/metastatic disease and generate Th1 skewed

antibody response to prevent allergic reactions caused by Th2 inflammation.

CpG oligodeoxynucleotides (CpG)

The ability of bacterial DNA to stimulate innate immunity and to contribute to
adaptive immune responses is due to the presence of sequences of single stranded DNA
containing unmethylated phosphodiester linked cytosine triphosphate deoxynucleotide
(C) and guanine triphosphate deoxynucleotide (G) motifs (CpG) (54). Synthetic CpG
sequences or oligodeoxynucleotides (ODNs), which differ from bacterial CpG sequences
in that the backbone consists of phosphorothioate linkages, can be recognized by TLR-9,
endosomally expressed by DCs. TLR-9 signalling then leads to triggering the maturation
of DCs so as to favor the promotion of cellular (CTL) immune responses and thereby

mimicking a response to bacterial infection. Depending on their sequence and
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immunostimulatory properties, CpG ODN can be classified into three different classes:
A, B and C (55, 56).

Class A: Twenty base pair long oligomers containing a single CpG motif and a
polyG tail at 3’ end of the oligomer. They have been shown to induce maturation of APC
and secretion of IFN-y by DCs (56).

Class B: 18 — 26 base pair oligomers with multiple CpG motifs and a
phosphorothioate backbone. They have been shown to induce DC maturation and B cell
activation (56).

Class C: Twenty base pair long oligomer with multiple CpG motifs and
phosphorothioate backbone. They also contain a TCG dimer at 5’end. They have been
shown to induce DC maturation and B cell activation (56).

CpG has been used as an adjuvant to develop vaccines for cancer, allergy and
infectious disease (57). Research described in this thesis used CpG-1826 which is a class
B ODN and is a 20 base pair DNA oligomer with a sequence 5°-
TCCATGACGTTCCTGACGTT-3" (58). All studies for this research were performed

with CpG class B and it has been referred to in this text as CpG.

Chemotherapeutic drugs that promote immunogenic cell
death

A major challenge in developing therapeutic cancer vaccines is to target the TAA
or combination of TAAs that are aberrantly expressed by cancer/tumor cells to ensure
their complete eradication by vaccine-generated TAA-specific immune responses. The
two major drawbacks of cancer vaccines that include only one TAA is that: 1) cancer
cells may lose expression of the TAA and therefore avoid immune-mediated anti-tumor
activity and 2) single TAAs may have limited epitopes that may only be immunogenic in
patients expressing appropriate MHC alleles. An alternative approach to overcome these

drawbacks is to develop an in situ vaccine system resulting from stimulation of a tumor-
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specific immune response through the release of TAAs from dying cancer cells. To
explain, accumulating evidence indicates that certain conventionally used
chemotherapeutic drugs can induce immune-stimulatory cell death in tumor cells.
Treatment of tumors with certain anthracyclines undergo immunogenic apoptosis that is
characterized by translocation of calreticulin, a protein normally found in endoplasmic
reticulum, to the surface of dying cells (59), which consequently promotes
theirengulfment by phagocytes (60). Induction of immunogenic cell death is specific to a
few chemotherapeutic agents such as doxorubicin (Dox), in contrast to mitomycin C
which fails to induce the immunogenic cell death (61). In another study, dying tumor
cells treated with Dox and epirubicin showed increased expression of heat shock protein-
70, another marker for DCs to enhance antigen uptake. In the same study, it was also
shown that DCs that have internalized Dox and epirubicin treated tumors secrete IFN-y
and IL-12 cytokines promoting T-cell activation (62). In-vitro treatment of a cloned
stable murine DC cell line with chemotherapeutic drugs showed that at least 15 clinically
used anti-cancer drugs induce maturation of DCs (63). In a separate study, treatment of
DCs with sub-cytotoxic concentrations of paclitaxel, Dox, mitomycin C, and
methotrexate increased the ability of DCs to present Ag to naive T-cells showing direct
assistance of these drugs in stimulation of Ag specific CTL response (64). Additionally,
vaccination of mice carrying ovarian cancer (murine ovarian surface epithelial cells) with
Dox and cisplatin treated, irradiated murine ovarian cancer cells showed improved
survival and induction of cancer-specific CD4+ T-cell immune response (65). Treatment
of carcinogen-induced breast adenocarcinomas and fibrosarcomas with Dox has been
shown to induce proliferation of antigen-specific CD8 T-cells in tumor-draining lymph
and promote CD8 T-cells infiltration in tumors (66). These studies demonstrate that some
of the conventional chemotherapeutic drugs have immunomodulatory properties that
enhance immunogenicity of dying tumor cells as well as assist maturation of DC and

antigen presentation to T-cells. Treatment of cancer with these drugs in association with
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an adjuvant can stimulate cancer specific immune responses against TAASs released from

dying cancer.

Doxorubicin (Dox)

Among the various chemotherapeutic drugs discussed above, Dox (Figure 3) was
chosen in these studies as the anti-cancer agent for the development of an in situ vaccine
for potential application to growing tumors in cancer patients. Doxorubicin is an
anthracycline used, alone or in combination with other chemotherapeutic agents, for the
treatment for many common cancers. Multiple doses of Dox are administered
intravenously or intravesically (in bladder carcinoma) as a treatment regimen in an
attempt to achieve complete remission. The mechanism of action of Dox is not
completely understood, however, most literature suggests that intercalation of Dox
between DNA base pairs cause DNA breakage, inhibition of RNA synthesis and
inhibition of replication due to the abrogation of topoisomerase 1l activity (67). Among
various side effects associated with chemotherapeutic drugs (gastrointestinal toxicity,
inflammation at the site of injection, hair loss, decrease in white blood cell count),
induction of cardiotoxicity is the most concerning dose limiting side effect of Dox
treatment (68). An increased risk of congestive heart failure was observed in 2.2 %
patients treated with injectable Dox solution once every 3 weeks (69). Nevertheless, Dox
is often the choice of drug for the treatment of many cancers due to its high potency (70).
Recent studies suggest that Dox can potentially assist in stimulation of tumor-specific
immune responses which makes it a promising candidate for the development of a novel
therapeutic cancer vaccine where the source of tumor antigen is in situ (from the
apoptosing tumor cells). Delivery of Dox in liposomal formulations Doxil (marketed in
United States) or Caelyx (marketed in Canada and Europe) and Myocet has shown longer
circulation times than soluble Dox and also demonstrated reduced cardiotoxocity (71,

72).
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Biodegradable polymer particles

A highly desirable goal for new vaccine formulations is that they are safe,
inexpensive, stable, and mimic pathogenic infection (73). Biodegradable polymer-based
particle vaccines are promising antigen and drug delivery vehicles that offer multiple
advantages over the injectable formulations currently available in clinics. These polymer-
based delivery systems protect encapsulated molecules from physiological degradation
and provide flexibility with respect to the release kinetics of cargo that can be modified
by varying the molecular weight or the composition of the polymer backbone (74-77).
Compositional and structural modifications to fabricated particles can affect a range of
important parameters aside from release kinetics and include; targeting to a specific
population of cells or tissue, shielding properties, and particle size, all of which, along
with the encapsulate characteristics, can significantly influence the in-vivo therapeutic
response generated after vaccination or administration. In the case of conventional
vaccinations (as opposed to in situ vaccinations), where Ag and adjuvant are a part of the
administered formulation, delivering Ag in particles for immune stimulation seems to be
important for at least three main reasons: (i) particles are thought to mimic pathogens,
due probably to their similar size, and are thus readily phagocytosed by DCs (78, 79); (ii)
particles can protect encapsulated Ags from degradation by systemic proteases prior to
being phagocytosed (80); (iii) particles can be co-loaded with Ags and one or more
adjuvants that can enhance the immunostimulatory power of the DC (80-83); These
reasons result in a greater degree of DC activation by particulated Ags when compared to
soluble Ags (84).

Biodegradable polymer-based particles can also be used as delivery systems for
development of in-situ vaccines. Single injections of therapeutic drug-loaded particles
can provide sustained release of the drug to solid tumors and provide a stable
pharmacokinetic profile compared to multiple injections of the soluble drug. This

potentially decreases the frequency of the drug administration thereby increasing the
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chances of patient compliance. Surface modification of biodegradable polymer particles
with targeting antibodies can increase the accumulation of particles in the tumor.
Currently used drug-antibody conjugates for this purpose are suitable only for the
delivery of highly potent drugs to minimize the ratio of drug:antibody molecules in the
conjugate. A large number of drug molecules conjugated to one antibody molecule can
render the antibody inactive (85-87). Thus, delivering therapeutic drug molecules in
particle matrices have the following advantages: (i) particles provide tunable sustained
release of encapsulated molecules (88); (ii) particles can prevent or reduce local
inflammation at the site of injection caused by soluble dose of therapeutic molecules
(89); (iii) polymer particles can provide co-delivery of multiple molecules at the same
site; (iv) polymer particles loaded with drug can be surface modified to increase their

accumulation in tumors after systemic injection.

Co-delivery of Ag and adjuvant

Possibly one of the most salient properties possessed by polymeric particles, with
respect to vaccine applications, is their capacity to co-deliver multiple molecules to the
same cell (80, 90). To generate effective protective immune responses against
intracellular pathogens and malignant disease a vaccine must ensure both efficient uptake
of an Ag by immature DCs, and concomitant stimulation with an adjuvant that drives DC
maturation. This can be optimally achieved if adjuvants are co-encapsulated with the Ags
within a delivery system. The importance of co-delivery of Ag and adjuvant to the same
DC has been elegantly demonstrated to be not only dependent on simultaneous uptake
but also on both components being co-delivered in an associated form (80, 91). Many
animal and clinical studies have shown improved Ag-specific immune response when
Ags are co-delivered with adjuvants (92, 93). Co-encapsulation of Ag and adjuvant
within the one particle also avoids uptake by DCs of Ag independently, which under

certain conditions may lead to induction of tolerance (94). Aside from co-encapsulation
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of the loaded adjuvants it has been shown that certain polymeric particles are capable of

exerting a mild to strong adjuvant effects and that can stimulate DC activity (80-82).

Poly(lactic-co-glycolic acid) (PLGA)

PLGA (Figure 4) is a FDA-approved biodegradable and biocompatible synthetic
polymer which has been used in humans in the form of sutures (Vicryl®) and for
controlled drug delivery for therapeutic drugs (Lupron Depot®). PLGA is prepared by a
polycondensation reaction of lactic acid and glycolic acid or by ring opening
polymerization of lactide and glycolide dimers (95). PLGA is a biodegradable co-
polymer that degrades to lactic acid and glycolic acid which enter the tricarboxylic acid
cycle and are metabolized to carbon dioxide and water (88). PLGA is commonly
represented as a percent ratio of lactide and glycolide units present in the polymer parent
chain. For example, PLGA 75:25 represents 75 % of lactide monomer and 25 % of
glycolide. The ratio of lactide to glycolide affects release kinetics of encapsulated
molecules, degradation rate of polymer and interaction of the polymer with immune cells
(96). When used as vaccine carriers, PLGA particles offer multiple advantages over many
other vaccine delivery systems. PLGA is a synthetic polymer which offers high
reproducibility during the fabrication process. Ag can be encapsulated in PLGA particles
or attached to the particle surface using covalent or ionic bonding or physical adsorption
(97). Surface modifications of PLGA particles by conjugating targeting antibodies,
biotin, polyethylene glycol (PEG), polyethylenimine (PEI), and mannose have shown to
improve the efficacy of vaccines by increasing bioavailability of particles, improving
systemic circulation, or by targeting these particles to DCs (97-101). PLGA has been
extensively studied as a vaccine delivery system in preclinical settings (75, 102-111).
Multiple studies have shown that mice vaccinated with PLGA particles co-encapsulating
Ag and CpG invoke stronger Ag-specific 1gG (IgG1 and 1gG2a) and IFN-y responses
than soluble Ag and CpG (84, 112, 113). Improved immune responses using PLGA
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particles co-encapsulating Ag and CpG were also observed over a covalently fused
product of Ag and CpG (112). Preclinical studies with PLGA particles have shown
stimulation of immune responses where different routes of administration were used. Oral
administration of PLGA particles, encapsulating a synthetic peptide PCLUS3-18111B
(CDA4+ T-cell helper epitopes fused with HIV Env CD8+ CTL epitope) with a
combination of TLR ligands (macrophage-activating lipopeptide-2, Polyinosinic-
polycytidylic acid, and CpG ODN), to mice induces CD8+ T-cells in the intestine
providing mucosal immunity against rectal challenge of replication-competent vaccinia
virus (114). Intranasal administration of porous PLGA and PLA particles encapsulating
hepatitis B surface antigen showed high levels of IFN-y and IL-2 in spleen homogenates
of immunized rats (115). Subcutaneous immunization with PLGA particles encapsulating
tumor lysate led to stimulation of CD8+ T-cells and secretion of Thl-type antibodies in
mice with melanoma (116). Flexibility in the route of administration offers added

advantage in using PLGA particles for development of vaccines.

Polyanhydrides

Biodegradable amphiphilic polyanhydrides (PAs) represent a class of synthetic
polymers that are prepared by melt condensation of di-acid monomers in the presence of
acetic anhydride and have attractive properties when considered as vaccine vectors (117).
PA polymer-based particles degrade through surface erosion which is an added advantage
over polyester particles, such as PLGA which undergo bulk degradation. Surface erosion
of PA particles ensures sustained release of encapsulated molecules and prevents
unwanted degradation of encapsulated molecules which has been otherwise reported to
occur in polyester-based particles due to accumulation of acidic byproducts within the
particle matrix (118, 119). Additionally, PLGA particles show undesired inflammatory
reactions (120) which were not observed with PA particles (121). Microparticles prepared

using 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG) and 1,6-bis(p-
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carboxyphenoxy) hexane (CPH) copolymers (Figure 5) have been shown to be capable of
stabilizing the structural integrity of encapsulated Ag and also providing a sustained
protein release (117, 122). Various PA polymers have shown strong adjuvant effects that
serve as an added advantage for using PAs as a vaccine carrier for stimulating DC
maturation, potentially negating the need for co-encapsulation of other adjuvants. The
release kinetics, Ag retention and adjuvant effect of polymer particles can be tailored by
changing the backbone of the polymer (123). Empty poly(methyl vinyl ether-co-maleic
anhydride) (PVM-MA) particles have been reported to act as an agonist to various TLR
receptors and consequently can induce upregulation of CD86 in DCs followed by
activation in-vivo of OVA-specific CD8+ T-cell responses when delivered with OVA
(124). In a different study, intradermal vaccination of PVM-MA microparticles
encapsulating peanut extract to mice have also been shown to induce high levels of IFN-Y
when spleens from the vaccinated mice were re-stimulated in-vitro confirming the
establishment of cell based immunity (125). In a separate study, involving informatics
analysis, it was shown that nanoparticles prepared from 50:50 CPTEG:CPH possessed
characteristics that resembled those of intracellular pathogens such as E. coli and Y. pestis
(81). These particles promoted surface expression of MHC class I, MHC class 11, CD86
and CD40 on DCs (rendering them highly immunopotent), demonstrating
lipopolysaccharide (LPS)-like immunostimulatory properties. At the same time, these
nanoparticles did not induce an inflammatory cytokine response often associated with
LPS exhibiting its ability to support CTL immunity (121). It has been suggested that this
adjuvant activity of PVM-MA particles is due to the adsorption of complement protein to
the particles which can attract more DCs at the site of delivery (126). Single intranasal
vaccination of 50:50 CPTEG:CPH particles encapsulating a Y. pestis fusion protein/Ag
(delivered with soluble Ag) was capable of generating long term protection against lethal

Y. pestis challenge as well as inducing high pathogen-specific antibody titers with high
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avidity (127). Many of the traits exhibited by 50:50 CPTEG:CPH particles implicate

them as strong candidates for vaccine formulations.

Hypothesis

In this research it is proposed that:

1. A) Biodegradable particles co-delivering CpG with model tumor antigen,
OVA, (prophylactic vaccine) can protect against challenge with OVA-
expressing tumor cells.

B) Biodegradable particles co-delivering CpG with doxorubicin (in situ
therapeutic vaccine) can enhance survival of tumor bearing mice.

2. The size of PLGA particle vaccines affects the magnitude and type of antigen-

specific immune responses stimulated in mice.

Rationale

A novel approach to prevent diseases such as cancer and allergies is to
develop disease-specific vaccines that generate protective or therapeutic immune
responses against the disease. Conventionally, vaccines carry Ag(s) specifically
expressed by the target pathogen or disease and an adjuvant that promotes Ag-
specific immune stimulation. Multiple reports have shown that co-delivery of Ag
and adjuvant to the same DC is key for optimal stimulation of robust Ag-specific
immunity that results in the generation of immune memory to prevent recurrences
(128). One method to ensure co-delivery of Ag with adjuvant to the same DC is
through the use of biodegradable polymer particles as vectors. Polymer particles
mimic microbial infection and are readily taken up by DCs to generate robust Ag
specific immune responses. Size of these particles can affect the magnitude of
particle uptake by DCs and type of immune response developed. Larger sized
polymer particle ensures efficient loading of Ag and adjuvant in the particles and

sustained release of the encapsulated molecules. On the other hand, small sized
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particles mimic the size of naturally occurring infectious microbes. Thus, it is
important to explore the relationship of particles size with the degree and type of
immune response stimulated by these particles.

In case of allergies, activation of immune system against environmental
allergens causes stimulation of inflammatory Th2 responses that can lead to
asthma. Activation of the Th1 dominant immunity against allergens using
allergen/Ag carrying biodegradable particle vaccines can negatively regulate the
activation of Th2 responses that prevent asthma and lung damage associated with
exposures to allergens. Steering Th response to Thl or Th2 is dependent on the
nature of the vaccine. The size of biodegradable particle vaccines and presence of
an adjuvant can play an important role in the development of Th1 dominant
response and prevention of asthma induced by allergen exposures.

In the case of patients suffering from cancer, activation of immune
responses against TAAs can function as an adjunctive therapy to conventional
treatments to potentially promote complete eradication of metastatic lesions and
prevent recurrences. This can be achieved by activating immune response against
dying cancer cells from chemotherapy.

While certain chemotherapeutic drugs, such as Dox, induce
immunological death of tumor cells and the presence of an adjuvant such as a
TLR agonist, can activate DCs that have phagocytosed TAAs released from the
dying tumor cells. Administration of chemotherapeutic drugs and adjuvants in
biodegradable polymer-based microparticles can ensure continuous sustained
delivery of these molecules within the tumor. Subsequently, these DCs travel to
the draining lymph node where they can trigger the activation of tumor-specific
CTLs.

Thus, for this thesis research | propose the following specific aims:
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1. To characterize the anti-tumor immune response in mice vaccinated with Ag
and CpG-loaded polyanhydride particles.

2. To develop doxorubicin-loaded, and CpG-loaded, PLGA particles and
evaluate their in-vivo efficacy in enhancing survival of tumor bearing mice.

3. To investigate the relationship between PLGA particle size and
immunopotency in an in-vivo vaccination study.

4. To characterize the effect of particle size and presence of CpG in stimulating a

protective response against a house dust mite allergen.
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Figure 1: Biodegradable particles co-encapsulating an Ag and an adjuvant (a) are
phagocytosed by dendritic cells (DCs). DC due to internalization of a
microbial adjuvant activates into a mature DC (b) that are characterized by
expression of CD80/CD86 co-stimulatory molecules on its surface (c) along
with presentation of Ag (d). Mature DC travel to lymph node and where it
prime CD8+ T-cells and CD4+ T-cells. In the presence of co-stimulatory
signals, CD8+ T-cells gets activated to cytotoxic T-lymphocytes which travels
to peripheral blood eradicating Ag expressing cancerous cells or those
infected with intracellular pathogens (e). Activated CD4+ T-cells secretes
cytokines (f) which helps in the proliferation of CD8+ T-cells.
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Figure 2 : Exposure to allergen present in the environment (a) are internalized by
dendritic cells (DCs). DC after allergen internalization leads to (b) activation
of T-helper 2 cells that promote (c) secretion of IgE antibodies and mucus
production. Chronic exposure to these allergens can cause eosinophilia. (d)
Combination of these inflammatory responses can cause tissue remodeling
leading to asthma. (e) Multiple evidences in literature suggest that T-helper 1
(Th1) and T-helper 2 (Th2) response are counter inhibitory pathways and
stimulation of Th1 response can down-regulate the activation of Th2 mediated
inflammation reaction upon allergen exposures. When biodegradable particles
vaccine carrying Ag and adjuvant (f) are internalized by DC, (g) they activate
Ag specific Th1l dominant immune response which is (h) characterized by
secretion of 1gG2a antibodies.
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Figure 3 : Chemical structure of doxorubicin (68).
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Figure 4 : Chemical structure of poly(lactic-co-glycolic acid) polymer.

www.manharaa.com




25

E

TR

Sy
(C;H40);

Figure 5: Chemical structure of poly(1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane):(1,6-
bis(p-carboxyphenoxy) hexane) polymer
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CHAPTER 2: APROPHYLACTIC ANTI-CANCER VACCINE:
ANTIGEN-LOADED POLYANHYDRIDE MICROPARTICLES

Introduction

Cancer is the second most lethal disease (second only to heart disease) in the
United States, being responsible for one quarter of human fatalities. Recent data compiled
by the American Cancer Society and National Cancer Institute suggests that one in three
woman and one in two men in the United States will develop cancer in their lifetime
(129). Current anti-cancer therapeutic treatments do not ensure complete eradication of
tumors. Also, toxic side effects associated with anti-cancer therapies necessitates the
development of vaccines that can establish a protective immunity against cancer. The
discovery of tumor-associated antigens (TAAS) as an identification marker of tumor cells
(130) and the discovery of the mechanism of dendritic cell (DC)-orchestrated cellular
immune responses (131) have made significant contribution to the field of cancer vaccine
research. As discussed in Chapter 1, administration of TAA with immune adjuvants to
induce DC maturation and resultant cellular immune responses (132) has received
significant attention in the development of an effective cancer vaccine. Continual
research has been performed to develop delivery systems for TAA and adjuvant to
stimulate a cancer specific immune response (133).

The delivery of cancer vaccines through the use of nano- and micro-particle based
vectors is showing promise in both clinical and preclinical settings (76). Ideally such
vectors should possess a number of favorable traits that include: biocompatibility;
capability to co-deliver TAA and adjuvants to DC; possess adjuvant properties; show
long shelf life and inexpensive manufacturing procedures (77, 80, 112). In this study
amphiphilic polyanhydride microparticles based on 1,8-bis(p-carboxyphenoxy)-3,6-
dioxaoctane (CPTEG) and 1,6-bis(p-carboxyphenoxy) hexane (CPH) (Figure 5) were

investigated for their potential as cancer vaccine delivery vehicles CPTEG:CPH (50:50)
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microparticles were used, which have previously shown adjuvant properties in generating
robust antigen-specific humoral responses and preferential uptake and activation of DC
and macrophages (81, 134-136). In addition, CPTEG:CPH copolymers have been shown
to be non-toxic, stabilizing to antigens, and biodegradable with 50:50 CPTEG:CPH
particles providing a burst release of 10 to 30% of the model TAA, ovalbumin (OVA)
followed by sustained release for 30 days (117, 134, 137). Thus, these polyanhydride
vectors possess many of the traits desirable for a cancer vaccine vehicle. CpG, an
adjuvant capable of triggering DC-mediated Th1 responses (54), was co-encapsulated
into CPTEG:CPH particles in an attempt to enhance cellular immune responses.
CPTEG:CPH microparticles encapsulating OVA and the synthetic TLR-9 agonist, CpG,
are an attractive vaccine that can potentially be used for the stimulation of anti-cancer
immunity. In this study the potential of this vaccine in a prophylactic mouse tumor
model was assessed. Specific aims for this study are:

1. To develop OVA and CpG encapsulated 50:50 CPTEG:CPH microparticles

2. To evaluate the anti-cancer potential of 50:50 CPTEG:CPH microparticles

encapsulating OVA and CpG in a prophylactic mouse tumor model.

Materials and Methods

Fabrication of microparticles loaded with OVA and CpG

50:50 CPTEG:CPH polymer (MW: 8283 with polydispesity of 1.6; glass
transition temperature 8 °C) was a kind gift from Dr. Balaji Narasimhan, Department of
Chemical and Biological Engineering, lowa State University. Microparticles were
prepared using a double emulsion solvent evaporation method derived from Intra et al.
(108). Three mg of purified endotoxin-free, chicken egg white ovalbumin (OVA) (Sigma,
St Louis, MO) and 3 mg of (or unless specified) endotoxin-free CpG (Integrated DNA
Technologies, Coralville, 1A) were dissolved in 100 pL of 1% poly(vinyl alcohol) (PVA)

(Mowiol®; Sigma, Allentown, PA) solution. This solution was sonicated for 30 seconds

www.manaraa.com



28

on a power setting of 10, (Sonic Dismembrator Model 100, Fisher Scientific, Pittsburgh,
PA) in 1.5 mL of dichloromethane (DCM) containing 200 mg of 50:50 CPTEG:CPH
copolymer. This primary emulsion was then sonicated into 8 mL of 1% PVA solution to
generate a secondary emulsion, which was then added to 22 mL of 1% PVA solution.
Secondary emulsions were stirred in a fume hood for 2 h to allow evaporation of DCM.
The resultant suspension of microparticles was collected in a 50 mL centrifugation tube
and centrifuged at 2880 xg for 5 min. Pellets obtained were resuspended in 30 mL of
deionized water and centrifuged again at 2880 xg for 5 minutes using an Eppendorf
centrifuge (Centifuge 5804 R; Eppendorf, Westbury, NY). This step was repeated one
more time. Pellets obtained after the last centrifugation were resuspended in 3 mL of
deionized water. The suspension of particles was frozen at -20 °C for 5 hours. This
suspension was lyophilized using FreeZone 4.5 (Labconco Corporation, Kansas City,
MO) at -53 °C collector temperature and 0.08 mBar pressure. Particles were stored in

sealed containers at -20 °C until use.

Characterization of microparticles
Microparticles were characterized for their size and charge using a Zetasizer Nano
ZS dynamic laser light scattering instrument (Malvern, Southborough, MA). Surface
morphology of particles was studied using a Hitachi S-4800 SEM (Hitachi High-

Technologies, Ontario, Canada).

Particle size and zeta potential

To measure size and zeta potential, suspensions of lyophilized particles were
prepared in deionized water at the concentration of 1 mg/mL. One mL of particle
suspension was added to a standard 12 mm square polystyrene cuvette (DTS0012,
Malvern, Southborough, MA) and particle size was measured at a backscattering angle of

173°. To measure zeta potential, 1 mL of particle suspension was added to a disposable
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folded capillary cell (DTS1070, Malvern, Southborough, MA) and the zeta potential was

measured in the automated mode.

Scanning electron microscopy (SEM)

The surface morphology and shape of microparticles was examined using SEM. A
suspension of lyophilized particles (1 mg/mL in deionized water) was plated onto a
silicon wafer mounted on a SEM stub using a double stick carbon tape. The suspension
was left to dry in air for 1 hour. After drying, the silicon wafer was coated with gold-
palladium by an argon beam K550 sputter coater (Emitech Ltd., Kent, England) for 2 to 3
minutes. Images were captured using a Hitachi S-4800 SEM (Hitachi High-Technologies,

Ontario, Canada) at 8 kV accelerating voltage.

Quantification of OVA and CpG encapsulated in PLGA
particles

To estimate the loading of OVA and CpG, 20 mg of microparticles from each
batch were incubated with 500 pL of 0.2 N NaOH for approximately 12 h at room
temperature (RT) or until microparticles had fully degraded. This solution was then
neutralized using 1N HCI to approximately pH 7. Amounts of OVA and CpG in
neutralized samples were quantified as described in the next sections. Loading of OVA
and CpG in CPTEG:CPH microparticles was calculated using equation 1. Percentage
encapsulation efficiency (% EE) of the fabrication process was calculated as described in

equation 2.

Equation 1 : Loading = [Calculated conc. (ug/mL) x Volume (mL)]/ weight of particles
(mg)

Equation 2 : % EE = [Weight of particles (mg) x Loading (ug/mg)x100]/Initial weight of
drug (ug)
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where, Loading = pg OVA or CpG encapsulated per mg of particles, Calculated conc. =
Concentration of OVA or CpG estimated in neutralized samples (pg/mL), and Volume = volume
of OVA or CpG solution (mL).

Quantification of OVA

For quantification of OVA the micro BCA Protein Assay Kit (Thermo Scientific,
Wilmington, DE) was used according to manufacturer’s standard protocol. In a 96-well
plate, 100 pL of OVA solutions of known concentration (100 pg/mL to 5 pg/mL) and
samples of OVA were incubated with 100 uL of working reagent at 37 °C for 2 hours.
Protein present in the samples reduces Cu*? present in the working reagent to Cu*?.
Reduced cuprous ion chelates with 2 molecules of bicinchoninic acid (BCA) present in
the working regent to form a purple colored product. The absorbance of this product was
measured at 562 nm using a SpectraMax® Plus384 microplate reader (Molecular
Devices, Sunnyvale, CA). A standard curve generated from known concentrations of
OVA was used to determine OVA concentrations in samples from loading and release

studies.

Quantification of CpG

To quantify CpG concentrations, Quant-iT™ OliGreen® ssDNA Assay Kit
(Invitrogen, Carlsbad, CA) was used according to the manufacturer’s protocol. In a 96-
well plate 100 pL of a working reagent was added to 100 pL of standard CpG solutions
of different concentrations (16 pg/mL to 0.2 pg/mL) and samples with unknown CpG
concentrations. The fluorophore present in the working reagent becomes fluorescent upon
binding to single stranded DNA. The plate was incubated at RT for five minutes in the
dark. Fluorescence was measured at Aexcitation 444 NM and Aemission 520 NmM using
SpectraMax® M5 multi-mode microplate reader (Molecular Devices, Sunnyvale, CA). A
standard curve generated from known concentrations of CpG was used to determine the

concentrations of CpG in samples from loading and release studies.
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Prophylactic murine tumor model
The in-vivo efficacy of CPTEG:CPH polymer particles encapsulating OVA and
CpG were evaluated using a prophylactic murine tumor model developed and optimized
by Dr. Sean Geary and Dr. Caitlin Lemke of the Division of Pharmaceutics, College of
Pharmacy, University of lowa (personal communication). Eight to twelve week-old male
wild type C57BL/6 mice (Jackson Laboratory, Bar Harbor, Maine) (n = 4/group) were
treated with intraperitoneal injections of the following six formulations:
1. CPTEG:CPH/OVA CpG: OVA and CpG encapsulated in 50:50
CPTEG:CPH microparticles;
2. CPTEG:CPH/OVA: OVA encapsulated in 50:50 CPTEG:CPH
microparticles;
3. CPTEG:CPH/OVA + soluble CpG: OVA encapsulated in 50:50
CPTEG:CPH microparticles with soluble CpG;

4. Blank CPTEG:CPH: microparticles equivalent to the dose of OVA
particles;

5. Soluble OVA and CpG: soluble dose of OVA and CpG;

6. Naive: untreated mice.

For mice treated with soluble CpG, the particles or solution of OVA was admixed
with CpG solution prior to injections. Each mouse was primed on day 0 and similarly
boosted on day 7 with the indicated treatments. Doses of 100 pg of OVA and 50 pg of
CpG per mouse were consistently used as applicable. On day 14 and day 21, OVA-
specific CD8+T-lymphocyte levels were determined from peripheral blood harvested by
submandibular bleeds (see section “Estimation of OVA-specific cytotoxic T-cell
frequencies in peripheral blood”). On day 28 and day 35, OVA- specific IgG2a and 1gG1
antibody titers were measured in serum harvested by submandibular bleeds (see section
“Estimation of anti-OVA antibodies in peripheral blood using the enzyme-linked

immuno-sorbent assay (ELISA)”). On day 35, mice were subcutaneously challenged with
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2 x 10° OVA-expressing E.G7 cells (American Type Culture Collection, Manassas, VA)
and tumor volumes were monitored over time using equation 3. All animal experiments
were carried out in accordance with current institutional guidelines for the care and use of

experimental animals.

Equation 3 : Tumor Volume = n/6 x [Diameter 1(mm) x Diameter 2 (mm) % Height
(mm)] (138)

where, diameters and height are dimensions of tumor measured using a Vernier caliper.

Estimation of OV A-specific cytotoxic T-cell frequencies in
peripheral blood

The frequency of OVA-specific CD8+ T-lymphocytes was determined by
tetramer staining, as previously described (44). This protocol was developed and
optimized by Dr. Sean Geary and Dr. Caitlin Lemke of the Division of Pharmaceutics,
College of Pharmacy, University of lowa (personal communication). The tetramer used
was the H-2KP SIINFEKL Class | iTAg™ MHC Tetramer (KP-OVAzs7) labeled with PE
(Beckman Coulter, Fullerton, CA). Surface CD8 and CD3 were stained with anti-CD8-
FITC and anti-CD3-PE-Cy5 mADbs (eBioscience, San Diego, CA), respectively, to
differentiate T-cells from the rest of the leukocyte population. One hundred and fifty —
two hundred pL of blood was obtained by submandibular bleeding and added to 5 mL of
ammonium chloride potassium (ACK) buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM
Na;EDTA in deionized water, store at 4 °C) to lyse red blood cells. After 5 minutes of
incubation, peripheral blood lymphocytes were washed two times with 200 uL of PBS
containing 2 % (v/v) fetal bovine serum (FBS) and collected by centrifugation at 220 xg.
Pellets were re-suspended in 200 pL of cold FACS buffer (PBS with 5 % v/v FBS and
0.1 % w/v sodium azide) and transferred to U-bottom 96-well plate. All subsequent steps

were carried out on ice. Cells were centrifuged at 230 xg for 7 minutes at 4 °C and
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supernatant was aspirated by one quick flick into the sink. Pellets were re-suspended in
50 pL of 5 pg/mL Fc receptor block (anti-mouse CD 16/32; eBioscience, San Diego, CA)
solution prepared in FACS buffer. After 15 minutes of incubation on ice 50 pL of
tetramer solution (diluted to 1:100 using FACS buffer) was added to each well, mixed
and incubated for 30 minutes. This was followed by addition of 100 pL of CD8 and CD3
antibodies diluted in FACS buffer to 10 pg/mL. After 20 minutes of incubation, cells
were centrifuged at 230 xg for 7 minutes at 4 °C and supernatant was aspirated by one
quick flick into the sink. Cells were re-suspended in 200 pL of FACS buffer and
centrifuged again for washing. This step was repeated twice for removal of the unbound
antibodies. Cells were then fixed and permeabilized using BD Cytofix/Cytoperm™
Fixation/Permeabilization Solution Kit with BD GolgiPlug™ (BD Biosciences, San
Diego, CA). According to manufacturer’s protocol, cells were re-suspended in 100 pL
cytofix solution. After 10 minutes of incubation 100 pL of 1X permwash-mix was added
to each well. This was followed by centrifugation of cells at 660 xg for 15 minutes at 4
°C. After aspiration of supernatant, cells were re-suspended in 200 uL FACS buffer and
samples were acquired using a FACScan flow cytometer (Becton Dickinson, NJ) and

analyzed with FlowJo software (Tree Star Software, San Carlos, CA).

Estimation of anti-OVA antibodies in peripheral blood
using the enzyme-linked immuno-sorbent assay (ELISA)

To estimate levels of the OV A-specific IgG1 and 1gG2a antibodies in peripheral
blood, serum samples were analyzed using ELISA developed by Dr. Sean Geary and Dr.
Caitlin Lemke of the Division of Pharmaceutics, College of Pharmacy, University of
lowa (personal communication). Approximately 200 pL of peripheral blood were
collected into 1.5 mL eppendorf tubes and incubated at RT for 1 hour. After the

incubation, blood clots were removed from eppendorf tubes and samples were
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centrifuged at 3000 xg for 10 minutes at 4°C. Supernatants containing serum were
collected and stored in -20 °C until used for analysis.

ELISA microwell plates (Corning, Lowell, MA) were incubated overnight (or
longer) at 4°C with 250 pL of 5 pg/mL of OVA solution in PBS to coat the plates with
OVA. Plates were then washed three times with 150 pL of PBS-Tween buffer (0.05% v/v
Tween-20 in PBS). Five pL of serum samples were diluted to 250 pL in PBS-Tween
buffer and added to 96-well plates coated with OVA. Serial half-dilutions of serum
samples were prepared in different wells using PBS-Tween buffer. Dilutions of known
concentration of anti-OVA 1gG2a were also prepared as the positive control for the
experiment. The tray was then incubated overnight at RT. Plates were then washed 3
times with 150 pL of PBS-Tween buffer. This was followed by addition of 100 pL anti-
IgG2a antibody linked to alkaline phosphatase (Southern Biotech, Birmingham, AL).
After 3 to 4 hours of incubation, the plates were washed three times with 150 pL of PBS-
Tween buffer. This was followed by addition of 100 pL of SIGMAFAST™ p-
Nitrophenyl phosphate solution (Sigma, Milwaukee, W1) in the dark. Absorbance was
measured after 2 hours at 405 nm using a SpectraMax® Plus384 microplate reader
(Molecular Devices LLC,Sunnyvale, California). Samples titers were calculated as the
dilution factor of serum that yields absorbance 3 times higher than blank controls. A
similar procedure was employed to estimate levels of anti-OVA 1gG1 antibodies where
known concentration of anti-OVA 1gG1 antibody was used to prepare standard curve.
Samples were treated with anti-lgG1 antibody linked to alkaline phosphatase (Southern

Biotech, Birmingham, AL) for the measurement of 1gG1 antibodies in serum samples.

Statistical Analysis
Groups were compared by one-way analysis of variance (ANOVA) followed by
Tukey post-hoc test to determine significant differences (p < 0.05) in the mean values

between pairs of treatment groups. . Survival curves of treatment groups follow a right
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skewed distribution. Thus, analysis of survival curves was performed using a non-
parametric log-rank (Mantel-Cox) test. All statistical analysis was performed using Prism

5 (GraphPad Prism, La Jolla, CA).

Results

Fabrication and characterization of 50:50 CPTEG:CPH
microparticles

The 50:50 CPTEG:CPH microparticles were prepared using a double emulsion
solvent evaporation process as described in materials and methods. When OVA alone
was used, encapsulation efficiencies of 78.6 % were obtained, yielding 11.8 pug of OVA
encapsulated per mg of microparticles (Table 1). However, for encapsulation of CpG,
high concentrations of CpG in the water phase led to formation of aggregates during the
preparation of the primary emulsion (Figure 6). Destabilization of the primary emulsion
was curtailed by decreasing the CpG:polymer (w/w) ratio from 0.015 to 0.001. This
alteration did not affect microparticle size but resulted in low loading of CpG and OVA.
The possibility that the presence of nucleic acid is responsible for the destabilization of
the primary emulsion was confirmed by the observation that microparticle aggregation
also occurred when herring sperm DNA oligonucleotide was used instead of CpG. When
CpG and OVA were co-encapsulated, the loading efficiency of OVA was only 12 % and
CpG was 21 % giving 1.8 pg OVA/mg of particles and 0.2 ug CpG/mg of particles. The
mean diameter of all microparticle preparations was between 1 to 3 um. The zeta
potential of blank microparticles was -0.63 mV, which did not change significantly upon
encapsulation of OVA and CpG into the microparticles (Table 2). SEM revealed that
various microparticle preparations possessed spherical shape and smooth morphology

(Figure 7).

www.manaraa.com



36

Magnitude of antigen-specific cytotoxic T-lymphocytes in
vaccinated mice
Male C57BL/6 mice were vaccinated with CPTEG:CPH microparticles
encapsulating OVA plus/minus soluble or co-encapsulated CpG. Each mouse was primed
on day 0 and boosted on day 7 with an intraperitoneal injection of an equivalent dose of
100 pg of OVA and 50 pg of CpG except in the CPTEG:CPH/OVA particles where each
mouse received 100 pg of OVA and 11 pg of CpG. OVA-specific T-lymphocytes in the
peripheral blood from mice on days 14 and 20 were evaluated using a tetramer binding
assay. As shown in Figure 8, no significant changes were observed in the vaccinated mice
with the exception of the group vaccinated with CPTEG:CPH/OVA, which displayed the
greatest levels of OVA-specific T-lymphocytes on both days. In addition, on day 20, the
levels of OVA-specific T-lymphocytes in the group vaccinated with CPTEG:CPH/OVA
were found to be significantly (p < 0.05) increased as compared to naive and blank

CPTEG:CPH particles (Figure 8).

Vaccination of mice with CPTEG:CPH microparticles
promotes high levels of IgG1 antibody production

Male C57BL/6 mice were vaccinated with varying preparations of OVA and/or
CpG encapsulated in CPTEG:CPH particles as described in section “Prophylactic murine
tumor model”. On day 28 after the priming vaccination, serum titers of OVA- specific
IgG1 and 1gG2a antibodies were measured using ELISA. Results revealed that mice
receiving CPTEG:CPH/OVA CpG generated significantly (p < 0.05) higher OVA-
specific antibody responses (both 1gG1 and 1gG2a) than all other formulations (Figure 8).
This response was further increased on Day 35. All vaccinated mice show higher titers

for IgG1 antibodies suggesting the activation of Th2 dominant immune response.
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Tumor protection studies

Thirty-five days after the initial boost with the various microparticle formulations,
C57BL/6 mice were challenged with a lethal dose of an OVA-expressing tumor cell line
(E.G7). Tumor volumes were monitored over the subsequent 28 days and revealed all
formulations to have significantly enhanced protective effects when comparing tumor
volumes on day 14 to untreated (naive) mice and mice treated with blank microparticles
(Figure 10). Analysis of survival revealed that mice treated with CPTEG:CPH/OVA or
CPTEG:CPH/OVA + soluble CpG had significantly (p < 0.05) improved survival over all
other groups (Figure 11 (B)) on day 14. At the end of the study, 75 % of mice from
CPTEG:CPH/OVA and 50 % of the mice survived from group treated with
CPTEG:CPH/OVA + soluble CpG were surviving and one mouse from
CPTEG:CPH/OVA group showed complete rejection of tumor. At the end of 30 days, the
median survival of the CPTEG:CPH/OVA group was undefined and CPTEG:CPH/OVA

+ soluble CpG was 27.5 days.

Discussion

To date, studies with biodegradable CPTEG:CPH polyanhydride particles have
involved the encapsulation of pathogen-derived antigens, which have subsequently
demonstrated protection against infectious pathogens such as Clostridium tetani (139)
and Yersinia pestis (127). However, the potential for the amphiphilic CPTEG:CPH
microparticles, specifically, to be used as cancer vaccines has yet to be explored. In this
study, the cancer vaccine potential of CPTEG:CPH microparticles encapsulating a model
TAA, OVA, was investigated. Development of cancer vaccines are often challenging
since there is a need to invoke a cell-mediated immune response instead of, or as well as,
a humoral response. Delivery of antigen in particles, rather than in free form, is required
for the successful generation of an adaptive tumor-specific cytotoxic T-lymphocyte

(CTL) response capable of eradicating the primary tumor and, more importantly, its
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metastatic lesions (140). If a particulated cancer vaccine delivery system is to be
successful it must fulfill a number of requirements (76), including: (i) protection of the
TAA,; (ii) efficient delivery of TAA and adjuvant signals to dendritic cells; and (iii)
concomitant stimulation of dendritic cells leading to subsequent stimulation of an
immune response capable of eradicating the tumor (76). Microparticles made from
CPTEG:CPH have shown to stabilize encapsulated antigens (141, 142) and their ability
to activate dendritic cells is comparable to that of LPS, a TLR 4 agonist (117, 127, 143).
It has been speculated that the structural similarity of 50:50 CPTEG:CPH particulates to
LPS (144) leads to effective immune activation resulting in long term antibody
production (145). Thus, 50:50 CPTEG:CPH particles fulfill many of the traits required
for a potentially successful cancer vaccine vector.

Amphiphilic CPTEG:CPH particles have previously shown high encapsulation
efficiency of different model proteins using various particle preparation methods (117,
127). In this study, OVA was shown to be efficiently encapsulated in CPTEG:CPH
microparticles using a double emulsion solvent evaporation method. However, co-
encapsulation of CpG and OVA into CPTEG:CPH microparticles (CPTEG:CPH/OVA
CpG) was found to be much less efficient. High concentrations of CpG in the water phase
resulted in precipitation of CPTEG:CPH co-polymers during the preparation of the
primary emulsion. Decreasing the CpG concentration prevented this aggregation but the
CPTEG:CPH/OVA CpG particles showed reduced loading of CpG as well as OVA with
less CpG. Further studies are required to characterize the CPTEG:CPH polymer and CpG
precipitate. All particle formulations were hygroscopic and required in a dessicator at -20
°C. Also, unlike PLGA particles, CPTEG:CPH microparticles stored at -20 °C are
difficult to resuspend after 3 weeks of storage. This is due to the formation of aggregates,
possibly due to the hygroscopic nature of the CPTEG:CPH polyanhydride co-polymer.

The interaction of CPTEG:CPH co-polymer with drug molecules in combination with its
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hygroscopic nature are two major challenges in developing CPTEG:CPH microparticles
as a successful vaccine delivery system.

It was found that certain CPTEG:CPH-based formulations could provide
significant, albeit incomplete, prophylactic protection against tumor-challenge. Mice
vaccinated with CPTEG:CPH/OVA afforded the greatest protection. What was
particularly unexpected was that these mice showed both increased survival and
significantly decreased tumor volumes (day 14) over mice vaccinated with
CPTEG:CPH/OVA CpG. It has been shown previously that a higher proportion of 1gG2a
antibodies relative to IgG1 antibodies potentially indicates the production of antigen-
specific cytotoxic T-cells (146), which is key to eradicating cancer (147). However, the
ratios of 1gG2a:1gG1 antibodies shown here were low (< 0.25) for all particulate
treatment groups, suggesting Th2-biased immune response. The observed Th2 response
by the CPTEG:CPH/OVA formulation was not surprising since CPTEG:CPH particles
encapsulating different antigens have been previously shown to generate Th2 responses.
However, co-encapsulation of CpG in CPTEG:CPH/OVA CpG particles failed to
increase the IgG2a:1gG1 ratio. This was unexpected since CpG has been previously
reported to promote Th1l immune responses (148, 149). One possible explanation for this
observation is that the adjuvant properties of 50:50 CPTEG:CPH particles resulted in
abrogation of the normal effect of CpG. In other words, 50:50 CPTEG:CPH particles
have been shown previously to possess strong adjuvant properties (134) and therefore,
when added in relatively high doses compared to the CpG, could result in a phenotypic
dominance. It has also been reported that LPS can abrogate effects of CpG (150) and,
since 50:50 CPTEG:CPH particles are LPS-like in their effect on dendritic cell activation
(81), it is possible that 50:50 CPTEG:CPH particles have a similar dominating influence
over dendritic cells and therefore subsequent immune responses. The OVA-specific CTL
responses were marginally, but significantly, increased in mice vaccinated with

CPTEG:CPH/OVA whilst none of the other treatment groups displayed significant
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increases relative to the naive group. This may explain why the CPTEG:CPH/OVA group
exhibited the greatest tumor protection and improved survival (p < 0.05). Notably, one
mouse from the CPTEG:CPH/OVA group was sacrificed due to tumor burden during a
prolonged period of the study. One mouse from the same group successfully rejected the
tumor showing no traces of tumor growth, resulting in an undefined median survival for
that group. These promising results further support development of the CPTEG:CPH

polymeric carriers as an antigen delivery systems for cancer vaccines.
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Figure 6 : Primary emulsion (w/0) of (A & B) 3 mg of OVA; (C & D) 3 mg of CpG
dissolved in 100 pL of 1% PVA was emulsified in 1.5 mL of DCM containing
200 mg of polymer. B and D are slant views of the glass vial. Emulsification
of OVA in PLGA produced a uniform emulsion (A & B). However,
emulsification of CpG solution in PLGA showed precipitation (C &D).
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Figure 7 : SEM microphotographs of different CPTEG:CPH microparticle formulations.
SEM images of A: Blank CPTEG:CPH microparticles; B: CPTEG:CPH
microparticles encapsulating OVA; C: CPTEG:CPH microparticles
encapsulating OVA and CpG. Size bar represents 10 pm.
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Figure 8: Analysis of OV A-specific T-cell frequency in PBLs of mice vaccinated with
different CPTEG:CPH microparticle formulations. Mice were primed (day 0)
and boosted (day 7) with PBLs were stained using a fluorescently tagged
tetramer, designed to bind to OVA-specific CD8+ T-cells, on day 14 (i) and
day 20 (i) post primary vaccination with indicated microparticle formulations.
All groups were statistically compared using ANOVA followed by a Tukey
post-hoc analysis (*p < 0.05).
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Figure 9 : Comparative serum titers of 1IgG2a and IgG1 OV A-specific antibodies after

vaccination with different CPTEG:CPH microparticle formulations. On (i)
day 28 and (ii) day 35 post primary vaccination with indicated treatments,
OVA-specific IgG1 and 1gG2a titers were measured in sera using ELISA. All
groups were compared using ANOVA followed by Tukey post-hoc analysis
(*p <0.01). CPTEG:CPH/OVA CpG group showed significantly higher
serum titers for IlgG1 when compared with all groups on day 28 and day 35.
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Figure 10 : The prophylactic anti-tumor effect of vaccinating mice with different
CPTEG:CPH microparticle formulations. Thirty-five days prior to
subcutaneous challenge with E.G7-OVA tumor cells, mice were vaccinated
with the following microparticle formulations on day O (prime) and day 7
(boost): (i) OVA and CpG encapsulated in CPTEG:CPH,; (ii) OVA
encapsulated in CPTEG:CPH; (iii) OVA encapsulated in CPTEG:CPH with
soluble CpG,; (iv) blank CPTEG:CPH particles; (v) soluble OVA and CpG;
(vi) Naive. (A). Tumor volumes were recorded and each curve represents the
tumor growth of each individual mouse. Tumor volumes from each treatment
group were statistically compared using ANOVA followed by Tukey post-hoc
analysis. (***p < 0.001; **p < 0.01; *p < 0.05). (B). Summary of those
groups that were significantly different from naive and blank CPTEG:CPH
groups. All other group pairings showed no significant differences.
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Figure 11 : Survival curve of mice bearing E.G7-OVA tumors. Mice were primed (day 0)
and boosted (day 7) with OVA and CpG encapsulated in CPTEG:CPH
microparticles; OVA encapsulated in CPTEG:CPH microparticles; OVA
encapsulated in CPTEG:CPH microparticles with soluble CpG; Blank
CPTEG:CPH microparticles; Soluble OVA and CpG. (A). Survival of mice in
each treatment was recorded along with naive group. (n = 4). (B). Survival
curves were analyzed using the Mantel-Cox test and the groups with
significant differences between them are displayed. (**p < 0.01; *p < 0.05).
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Table 1 : Loading efficiency and loading mass of OVA and CpG encapsulated
CPTEG:CPH microparticles.

Group % Encapsualtion efficiency Loading (pg/mg of polymer)
OVA loaded CPTEG:CPH 78.6 OVA:11.8
CPTEG:CPH CpG: 21.0 CpG: 0.2
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Table 2 : Particle size and zeta potential of CPTEG:CPH microparticles as measured by
Zetasizer Nano ZS.

Particle size (um)

Polydispersity index
(PDI)

Zeta potential (mV)

loaded CPTEG:CPH

Blank Particles 3.08 0.25 -0.63 + 3.81
OVA loaded

CPTEG:CPH 2.02 0.54 -3.50 + 10.10
OVA and CpG 157 0.52 524+ 7.24
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CHAPTER 3: RELATIONSHIP BETWEEN THE SIZE OF PLGA
PARTICLES LOADED WITH OVA AND CpG WITH THE
MAGNITUDE OF THE ANTIGEN SPECIFIC IMMUNE RESPONSE
GENERATED

Introduction

The worldwide prevalence of malignant and intracellular pathogenic diseases
necessitates the development of novel prophylactic and therapeutic vaccine strategies. A
major consideration for development of such vaccines is stimulation of an adaptive
immune response which involves generation of cytotoxic T-lymphocytes (CTLs) capable
of recognizing pathogen-associated antigens (Ag) (Figure 1). These Ags are
endogenously expressed by diseased cells (147). Vaccines to intracellular diseases need
to trigger the activation of dendritic cells (DC) in a fashion that maximizes CTL
activation. When DCs are activated they can stimulate either Th1-type or Th2-type biased
immune responses. Stimulation of antigen-specific CTL tends to be correlated with Thl-
type responses. Whether a vaccine generates a primarily Thl-type or Th2-type immune
response is largely dependent on the properties of that vaccine (151-153). It has become
increasingly evident that in order to generate a Th1-type response, the Ag should be
delivered to DCs in a particulated form (154-156). Multiple advantages of using particle
based delivery system for antigens have been described in Chapter 1, section
“Biodegradable polymer particles”.

A wide range of viral and non-viral particulated vaccine delivery systems
showing optimum activation of DCs and/or T-cell proliferation have been reported in the
literature (78, 143, 157-159). Poly (lactic-co-glycolic acid) (PLGA)-based delivery
systems are non-toxic biodegradable delivery vehicles (160) which can provide sustained
delivery of Ag and are an attractive approach to stimulating Ag-specific immune

responses. However, there are considerable discrepancies regarding the optimum size of
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PLGA particles needed to stimulate adaptive immunity. Some studies have shown that
larger micron-sized particles, due to smaller surface area:volume ratio, provide a longer
duration of release of Ag resulting in enhanced Ag presentation by DCs and stronger
CTL responses (143, 161-163). In one study, T-cells isolated from lymph nodes of mice
immunized with 2 to 8 um Ag-encapsulated PLA particles showed higher in vitro T-cell
proliferation and cytokine secretion compared to the activity of T-cells isolated from
mice immunized with 200 nm or 400 nm sized particles (164). In another study,
intranasal vaccination of rats with 5 um-sized PLGA particles encapsulating hepatitis B
surface antigen (HBsAQ) showed higher particle uptake by alveolar macrophages and
higher anti-HBsAg antibody titers when compared to mice vaccinated with HBsAg
encapsulated in 12 pm-sized PLGA particles (165). In this study, it was also reported that
rat alveolar macrophages uptake higher fraction of 5 um-sized PLGA particles were
compared to the uptake of 12 pum-sized PLGA particles. These studies suggest that
sustained release of antigen for long durations in combination with higher uptake of these
particles by antigen presenting cells are required for generating an antigen-specific
immune response. This idea was further validated with 1000 nm-sized PLGA particles
encapsulating BSA which generated a higher 1gG antibody response compared to
antibody responses in mice vaccinated with 500 nm and 200 nm-sized particles (166). On
the other hand, some studies have implied that Ag delivery systems should mimic viruses
or bacteria for effective stimulation of DCs and have shown that nanoparticles generate a
high number of activated DCs (167) and stronger CTL responses (157, 158, 168).
However, polymer nanoparticles can lose their cargo before reaching DCs, as they have
lower loading efficiencies than larger particles, and thus co-loading of adequate doses of
Ags and adjuvants is more challenging (169). Identification of the optimal size of
particles would help in the fabrication of an efficient vaccine formulation with the

capacity to generate a robust Ag-specific immune response capable of anti-tumor activity.
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In this study, a model antigen ovalbumin (OVA) with CpG oligodeoxynucleotides
(CpG) were co-loaded into different sized PLGA particles, with the aim of investigating
the relationship between the size of the PLGA vaccine particless and the magnitude of the

in-vivo antigen-specific immune response stimulated.

Materials and Methods

Fabrication of different sizes of PLGA particles loaded
with OVA and CpG
Particles were prepared using the double emulsion solvent evaporation method
(adapted from Chapter 2) followed by differential centrifugation to separate groups of
differently sized particles. For preparation of particles, 2 mg of OVA (Sigma, St Louis,
MO) and 1.5 mg of CpG (Integrated DNA Technologies, Coralville, 1A) were dissolved
in 100 pl of 1 % poly (vinyl alcohol) (PVA) (Mowiol®; Sigma, Allentown, PA) solution
and is called waterl phase. The initial amount of OVA and CpG were adapted from a
previously optimized protocol developed by Dr. Yogita Krishnamachari (personal
communication). Two hundred mg of PLGA (Resomer® RG 503; PLGA 50:50 with
viscosity: 0.32 — 0.44 dl/g, Boehringer Ingelheim KG, Germany) was dissolved in 1.5 mL
of dichloromethane (DCM) to create the oil phase. A primary emulsion was prepared by
sonication of the waterl phase into the oil phase for 30 seconds using a sonic
dismembrator (Model 100 equipped with an ultrasonic converter probe, Fisher Scientific,
Pittsburgh, PA) at 10 watts which was then emulsified into another 1 % aqueous PVA
solution using two different methods. In method - 1, the primary emulsion was
homogenized for 30 seconds in 30 mL of 1 % PVA solution using an Ultra-Turrax
homogenizer (T 25 basic with 12.7 mm rotor; IKA-werke, Wilmington, NC) at 13500
rpm/min. In method - 2, the primary emulsion was emulsified into 8 mL of 1 % PVA
solution for 30 seconds using the Sonic Dismembrator at 10 watts. This secondary

emulsion was added to 22 mL of 1 % PVA. Secondary emulsions were stirred in a fume
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hood to allow DCM to evaporate. Particles were then transferred to a 50 mL conical tube
and sequentially centrifuged at 200 rpm (7 xg), 1000 rpm (164 xg), 4000 rpm (2880 xg)
and 7000 rpm (6790 xg) for 5 minutes. For sequential centrifugation, particles were first
centrifuged at the lowest speed. After this first centrifugation, the supernatant was
transferred to a new 50 mL conical tube and centrifuged at the next higher speed. These
centrifugation speeds were optimized to provide satisfactory yields and adequate size
distributions of PLGA particles. Pellets obtained in 4 conical tubes were resuspended in
30 mL of deionized water and centrifuged again for 5 min at their respective speeds. This
step was repeated once more. The pellets obtained after the last wash were resuspended
in 3 mL of deionized water. These particle suspensions were frozen at -20°C for 5 hours.
These frozen suspensions were then lyophilized using a FreeZone 4.5 freeze dryer
(Labconco Corporation, Kansas City, MO) at -53 °C collector temperature and 0.08 mBar

pressure. The dried particles were stored in sealed containers at -20 °C until use.

Characterization of different sizes of PLGA particles

loaded with OVA and CpG

Scanning Electron Microscopy (SEM)

The morphology of the particles was examined using scanning electron
microscopy (SEM), as described in Chapter 2, section “Scanning electron microscopy
(SEM)”. Briefly, a suspension of particles was placed on a silicon wafer mounted on a
SEM stub. It was coated with gold-palladium with an argon beam K550 sputter coater
(Emitech Ltd., Kent, England). Images were captured using a Hitachi S-4800 SEM

(Hitachi High-Technologies, Ontario, Canada) at 8 kV accelerating voltage.

Measurnment of PLGA particles sizes

The average size of particles was calculated from SEM images using ImageJ

software (U. S. National Institutes of Health, Maryland, USA). Deposition of particle
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suspensions on a flat surface forms an annulus-shaped cast and the distribution of
particles within that cast depends on the size of the particles (170-172). Different sizes of
particles in the suspension form concentric circles within the cast. Thus, to calculate the
size distribution of particles in a suspension, multiple SEM images of a dried drop of
suspension were taken across a chosen diameter of the drop. The sizes of particles were
measured in each image using the Image J software and the average size was calculated

from many particles (n > 100).

Estimation of in-vitro release of OVA and CpG from
PLGA particles

Fifty mg of particles were added to 3 mL of PBS at pH 7.4 and incubated in a
37 °C incubator shaker running at 200 rpm/min. At predetermined time intervals, the
suspension of particles was centrifuged at the speed used for collection of these particles
during the fabrication procedure. Three hundred to four hundred microliters of the
supernatant was removed after centrifugation and replaced in fresh PBS. The particles
were resuspended and incubated in the 37°C incubator shaker until the next time point.
Samples were analyzed using standard BCA™ and OliGreen® assay kits to quantify
OVA and CpG release, respectively. using a SpectraMax® M5 multi-mode microplate
reader (Molecular Devices, Sunnyvale, CA) as described in Chapter 2, section

“Quantification of OVA” and section “Quantification of CpG”.

Quantification of OVA and CpG encapsulated in PLGA
particles
Quantification of OVA and CpG encapsulated in different sizes of PLGA
particles was performed using the procedure mentioned in Chapter 2, section
“Quantification of OVA and CpG encapsulated in PLGA particles”. Loading of OVA and
CpG in differently sized particles was calculated using the equation 1. Percentage

encapsulation efficiencies (Y%EE) were calculated with equation 2.
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Equation 1: Loading = [Calculated conc. (ug/mL) x Volume (mL)]/ weight of particles
(mg)

Equation 2: % EE = [Sum of (weight of different sizes of PLGA particles (mg) x Loading
(ng/mg)) x 100]/Initial weight of drug (ug)

where, Loading = ug OVA or CpG encapsulated per mg of PLGA
particles, Calculated conc. = calculate concentration of OVA or CpG in neutralized
samples and Volume = volume of OVA or CpG solution (ml)

Confocal microscopy to study uptake of PLGA particles

JAWS Il (CRL-11904, American Type Culture Collection, Manassas, VA) cells,
an immature DC cell line derived from C57BL/6 bone marrow, were treated with
different sizes of rhodamine B (Sigma, St Louis, MO)-loaded PLGA particles. Particles
were prepared by double emulsion solvent evaporation, as described in section
“Fabrication of different sizes of PLGA particles loaded with CpG and OVA”. In Lab-
Tek® Chamber Slides with 8 wells, 10* cells were incubated with 1 ng of rhodamine-
loaded PLGA particles for 24 hours at 37 °C. Cells were then washed three times with
PBS and fixed by incubation of cells with 4 % glutaraldehyde solution for 10 minutes.
Cells were mounted in DAPI containing Vestashield® mounting media (Vector
Laboratories, Inc., Burlingame, CA). Images were acquired using a Zeiss 710 confocal

microscope (Carl Zeiss Microscopy, Thornwood, NY).

Flow cytometry to quantify uptake of PLGA particles
Alexa fluor 488 conjugated OVA (AF488-OVA) was loaded into differently sized
PLGA particles to compare the extent of particle uptake by JAWS II cells. AF488-OVA
was prepared according to a protocol optimized by Dr. Dahai Jiang (personal
communication) using an Alexa Fluor® 488 succinimidyl ester kit (Invitrogen Life
Technologies, Grand Island, NY). One batch of 40 mg OVA was prepared and used for
all subsequent studies. After conjugation, OVA was lyophilized and PLGA particles of

different sizes were prepared using the double emulsion solvent evaporation method, as
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described in the section: “Fabrication of different sizes of PLGA particles loaded with
CpG and OVA”. To study the uptake of PLGA particles, 10* JAWS I cells/well were
incubated in a 6 well plate with 1 pg of AF488-OVA loaded in of PLGA particles of
different sizes at 37 °C for 24 hours. Cells were washed with PBS and incubated with
propidium iodide at a final concentration of 1pug/ mL (Sigma, St Louis, MO) to stain dead
cells. Samples were acquired on a flow cytometer (Becton Dickinson FACScan™ with
BD CellQuest Pro software) and then analyzed using the FlowJo analysis package (Tree

Star Software, San Carlos, CA).

Assessment of activation of bone marrow derived dendritic

cells (BMDCs)

Preparation and culture of BMDCs

Mice were euthanized according to University of lowa Institutional Animal Care
and Use Committee (IACUC) guidelines. Bone marrow derived dendritic cells were
prepared using a modified standard protocol described by Lutz et. al. (173) and
developed by Dr. Sean Geary of the Division of Pharmaceutics, College of Pharmacy,
University of lowa (personal communication). The donor mouse was injected
intraperitoneally (i.p.) with 87.5 mg/kg ketamine and 2.5 mg/kg xylazine and euthanized.
After removing skin and muscles from legs, the femur and tibia were isolated and
epiphyses were incised at their extremities to expose the medullar cavity. Bone marrow
was flushed out using a 30 gauge needle with 5 mL of growth media (RPMI 1640 with
10% fetal bovine serum) into a petri dish. Cells were collected in a 15 mL tube and
collected following centrifugation at 240 xg for 10 minutes. The supernatant was
removed and the pellet was resuspended in 10 mL of fresh growth medium. The cells
were then counted using a hemocytometer. Two million cells were plated in a sterile
bacteriological petri dish with 10 mL of growth medium containing 20 ng/mL

granulocyte macrophage colony-stimulating factor (GM-CSF) and incubated at 37 °C
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with 5 % carbon dioxide. After 3 days, cells were given an additional 10 mL of growth
medium containing 20 ng/mL of GM-CSF. On day 6 and day 8, 10 mL of media was
removed from the petri dish and transferred to a 15 mL tube and cells were collected by
centrifugation at 240 xg for 10 minutes. The supernatant was removed and cells were re-
suspended in 10 mL of fresh growth medium with GM-CSF (20 ng/mL). This volume
was then transferred back to the petri dish. Adequate differentiation (> 90%) into BMDCs
required 8 - 10 days, after which cells can be maintained in 10 ng/mL concentration of

GM-CSF or used for experiments.

Flow cytometry of BMDCs to quantify the expression of

CD86 and MHC class | molecules

Relative expression of CD86 and MHC class | surface molecules in DCs serve as
markers for the assessment of DC activation. To estimate the up-regulation of these
surface molecules by different sizes of PLGA particles, 10° BMDCs were incubated in a
6 well plate with 4 pug of OVA and 2 ug of CpG loaded in different sizes of PLGA
particles for 48 hours at 37 °C. After the incubation, the cells were flushed from the plate
using 5 mL PBS and collected in 15 mL tubes which were centrifuged at 230 xg for
5 minutes. Supernatant was removed and cells were re-suspended in fresh PBS. This step
was repeated twice to wash the cells. Cells obtained were stained with fluorescently
tagged antibodies using a protocol developed and optimized by Dr. Sean Geary and Dr.
Caitlin Lemke of the Division of Pharmaceutics, College of Pharmacy, University of
lowa (personal communication). Pellets obtained after the last wash were resuspended in
50 pL of 5 mg/mL Fc receptor block (Anti-mouse CD16/32; eBioscience, San Diego,
CA ) solution prepared in FACS buffer (PBS with 5% v/v BSA and 0.1% azide) and
transferred to U-bottomed 96-well plates. After 15 minutes of incubation on ice 50 pL of
anti-CD86 or anti-MHC class | monoclonal antibodies (eBiosciences, San Diego, CA),

diluted in FACS buffer to 10 pg/mL, were added to each well. After 20 minutes of
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incubation, cells were centrifuged at 230 xg for 5 minutes at 4 °C and the supernatant was
aspirated by one quick flick into the sink. Cells were resuspended in 200 pL of FACS
buffer and centrifuged again for washing. This step was repeated twice for removal of the
excess of antibodies. Cells were re-suspended in 200 pL of PBS containing 4%
paraformaldehyde and incubated at RT for 10 minutes. Samples were then acquired on
the FACScan flow cytometer (Becton Dickinson FACScan, Franklin Lakes, NJ) and

analyzed using the FlowJo analysis package (Tree Star Software, San Carlos, CA).

Immunization of mice with different sizes of PLGA
particles

The in-vivo efficacy of different sizes of PLGA particles encapsulating OVA and
CpG was evaluated using a prophylactic murine model developed and optimized by Dr.
Sean Geary and Dr. Caitlin Lemke of the Division of Pharmaceutics, College of
Pharmacy, University of lowa (personal communication). Four groups of male C57BL/6
mice (n = 4) were treated with OVA and CpG loaded PLGA particles with a median size
of (@) 17 pm, (b) 7 um, (c) 1 um, (d) 300 nm. One additional group of mice was treated
with (e) soluble OVA and CpG, and one group of mice remained (f) naive. Each mouse
(groups a — e) was primed on day 0 and boosted on day 7 with an intraperitoneal injection
of an equivalent dose of 100 pg of OVA and 50 pg of CpG. Frequencies of OVA-specific
cytotoxic T-lymphocytes in the blood were measured on day 14 and 21 using tetramer
staining, and OV A-specific 1gG antibodies were measured on day 28 using an ELISA

assay.

Estimation of OV A-specific cytotoxic T-lymphocyte
frequencies in peripheral blood
To estimate the proportion of OVA specific cytotoxic T-lymphocytes (CTLS),
peripheral blood lymphocytes (PBLs) were stained with phycoerythrin-labeled H2-Kb
SIINFEKL Class | iTAgTM MHC Tetramer (Kb-OVA257) (Beckman Coulter, Fullerton,
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CA). PBLs were also double stained with anti-CD8 and anti-CD3 monoclonal antibodies
(eBioscience, San Diego, CA) which allows CTLs to be differentiated from the rest of the
lymphocyte population (44). Cells were stained with a protocol described in Chapter 2,
section “Estimation of OVA specific cytotoxic T-cell frequencies in peripheral blood”.
Briefly, PBLs were obtained by submandibular bleeding and red blood cells were lysed
using ammonium chloride/potassium (ACK) buffer (150 mM NH4Cl, 10 mM KHCOg,
0.1 mM Na:EDTA in deionized water, stored at 4 °C). Lymphocytes were collected at
220xg and stained with anti-CD8, anti-CD3 and Kb-OVA257. These cells were washed
and fixed with a BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit with
BD GolgiPlug™ (BD Biosciences, San Diego, CA). Samples were acquired using a
FACScan flow cytometer (Becton Dickinson, NJ) and analyzed with FlowJo software

(Tree Star Software, San Carlos, CA).

Estimation of anti-OVA antibodies in peripheral blood
using the enzyme-linked immuno-sorbant assay (ELISA)

Delivery of Ag and adjuvant induces mixed IgG subtype antibody responses that
can have a significant effect on tumor regression (151, 152). It has been reported that
higher proportions of 1gG2a antibodies relative to IgG1 antibodies correlates with
secretion of a set of cytokines that favor CTL proliferation (153). Thus, the 1gG2a:1gG1
ratio reflects the phenotype of antigen-specific responses generated as a result of
vaccination (174). To estimate levels of these antibodies in peripheral blood serum, titers
were determined using a protocol described in Chapter 2, section “Estimation of anti-
OVA antibodies in peripheral blood using the enzyme-linked immuno-sorbent assay
(ELISA)”. Briefly, serum samples were collected via submandibular bleeding. Serial
dilutions of the serum samples were then incubated on ELISA microwell plates (Corning,
Lowell, MA) that had been previously coated with 5 pg/mL of OVA solution in PBS.
Plates were then washed with PBS-Tween (0.05% v/v Tween-20 in PBS), followed by
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incubation with alkaline phosphatase conjugated anti-lIgG antibodies (Southern Biotech,
Birmingham, AL). Excess antibody was then washed followed by addition of p-
nitrophenylphosphate in the dark. Absorbance was measured after 2 hours at 405 nm

using SpectraMax® Plus384 microplate reader.

Statistical Analysis

All experiments were repeated at least in triplicate. The size distributions of
particles in the treatment groups did not follow the Gaussian distribution. Thus, the size
distributions of treatment groups were compared by non-parametric Kruskal-Wallis one-
way analysis of variance followed by Dunns post-hoc analysis to compare all pairs of
treatments and identify the pairs of the treatment groups that showed significant
difference (p<0.05) in the size distribution. Results for all other experiments were
compared by one-way analysis of variance (ANOVA) to analyze if the mean values of
treatment groups were different. This was followed by a Tukey post-hoc analysis to
compare all pairs of treatments and identify pairs of the treatment groups that showed
significant differences (p<0.05) in their mean values. All statistical analyses was

performed using Prism 5 (GraphPad Prism, La Jolla, CA).
Results

Preparation and characterization of differently sized PLGA
particles co-loaded with OVA and CpG
Polydisperse PLGA particles prepared from a double emulsion solvent
evaporation process were segregated into four size-ranges of PLGA particles (A, B, C
and D) by differential centrifugation at 7 xg, 164 xg, 2880 xg and 6790 xg, respectively.
The box-plots in Figure 12 show the median, first and third quartile of the size
distribution of all four batches which were found to be significantly different (p < 0.001)

from each other. Particles of group D and C are nanoparticles and microparticles
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respectively with narrow size ranges. In group B, 50 % of particles are within the range
of 2.9 um to 9 um which are easily phagocytosed by APCs whereas in group A, 50 % of
particles are within the range of 13 um to 20 um which are difficult to be phagocytosed
by APCs as shown in Figure 15. These size ranges were selected to delineate the effect of
different sizes of PLGA particles in producing an in-vivo response. Table 3 displays the
mean and median size of the four different batches of particles. In order to generate the
required range of particle sizes, two methods were used where the secondary emulsions
were prepared by homogenization and sonication in Method - 1 and Method - 2
respectively. Method - 1 resulted in particles with median sizes of 17 pm and 7 um.
Whilst method - 2 resulted in a higher percentage of smaller sized particles
predominantly with median sizes of 300 nm and 1 um as described in Table 4.
Encapsulation efficiency and Ag loading of different formulations are presented in Table
5 and Table 6 respectively. In this study, each batch of particles is defined by its median
size. Each batch of particles had distinct size distributions and had smooth and spherical

morphologies as shown in Figure 13.

Percentage release of OVA and CpG is dependent on the
size of PLGA particles

All sizes of PLGA particles show a burst release of encapsulated molecules.
However, the extent of the burst release decreases with increasing particle size. Figure 14
describes the percentage release of OVA (Figure 14 (i)) and CpG (Figure 14 (ii)) at
different time points showing that the release of encapsulated molecules was governed by
the size of PLGA particles. Particles of 300 nm in size released most of its cargo in
approximately 48 hours. This can be attributed to the 300 nm PLGA particles exhibiting
lower loading and possessing a larger surface area to volume ratio relative to larger sized
particles. All other particle groups demonstrated release of only a fraction of

encapsulated molecules in the burst release. It should be noted that the release studies
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were performed in PBS at 37 °C. The presence of enzymes and serum could modify these

release profiles in-vivo.

Size-dependent uptake of PLGA particles in a dendritic cell
line

Uptake of differently sized PLGA particles by dendritic cells was studied using
Zeiss laser scanning microscope-710 (Carl Zeiss, Gottingen, Germany). JAWS Il cells
were incubated with rhodamine-loaded PLGA particles of different sizes. Confocal
microscopy demonstrated a very large uptake of 300 nm sized particles. Particles of sizes
7 um and 1 pm were also internalized by JAWS |11 cells. Seventeen micron sized particles
were not readily taken up by dendritic cells because of the excessively large particle size.
Figure 15 is the representative image from each treatment group. The difference in the
uptake of particles in different size groups clearly shows that particle uptake decreased

with increasing size.

Efficiency of uptake of PLGA particles is dependent on
size
Flow cytometry of JAWS Il cells incubated with AF488-OV A loaded particles
gave an insight into the degree of antigen delivery efficiency by differently sized
particles. In comparison with delivery of non-particulated AF488-OVA, PLGA particles
of sizes 7 um, 1 um and 300 nm were significantly more efficient (p < 0.001) in
delivering AF488-OVA to JAWS II cells (Figure 16 (i)). The significant shift of median
fluorescence intensity shows that the size of PLGA particles can be correlated to antigen
delivery efficiency. PLGA particles that were 300 nm in size generated the maximum
intracellular delivery of antigens. Figure 16 (ii) displays representative histograms
showing the relative fluorescence shift of the live cells treated with different sizes of

particulated and non-particulated AF488-OVA. Particle sizes of 7 um, 1 pm and 300 nm
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demonstrated a significant uptake of AF488-OVA in the treated population of cells as

compared to the 17um particles and the non-particulated AF488-OVA treatment.

Particle-mediated activation of BMDC is size dependent

DCs show enhanced surface expression of MHC and CD80/CD86 co-stimulatory
molecules on activation (175). To understand the effect of particle size on stimulating
BMDC, the relative surface expression of CD86 and MHC class | molecules on BMDC
was assessed subsequent to treatment with different sizes of PLGA particles carrying
4 ug of OVA and 2 pg of CpG. It was shown that after 48 hours treatment, 300 nm sized
particles generated the highest fraction of activated BMDCs as shown in Figure 17. This
could be attributed to its high antigen delivery efficiency as discussed earlier. Particle
sizes of 7 um, 1 um, and soluble antigen also showed a significant increase (p < 0.001) in
the fraction of stimulated BMDCs when compared with untreated populations. In
contrast, 17 um sized particles did not show any significant up-regulation of activation
markers by 48 hours of treatment. This size dependency in activation of BMDCs shows
that particulated antigen delivery is more effective than soluble antigen delivery but also

that the size plays a major role in the activation of DC.

Magnitude of antigen-specific cytotoxic T-lymphocytes in-
vivo is determined by particle size
Male C57BL/6 mice (n = 4) were treated with different sizes of particulated and

non-particulated OVA and CpG. Each mouse was primed on day 0 and boosted on day 7
with an intraperitoneal injection of an equivalent dose of 100 ug of OVA and 50 ug of
CpG. Peripheral blood lymphocytes from treated mice were stained for frequency of
OVA-specific CTL on day 14 and day 21. As demonstrated in Figure 18, particles with a
median size of 300 nm generated significantly more (p < 0.05) OVA-specific CTLs on
day 14 as well as on day 21 when compared to all other groups. The frequency of OVA-

specific CTL in all particle-treated groups, except for 300 nm sized particles, were found
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to marginally, but not significantly, increase on day 21 (Figure 18 (ii)) as compared to
day 14 (Figure 18 (i)) with mice treated with 1 pum sized particles being significantly
different from naive mice (p < 0.05) on day 21. These results demonstrate the significant
potential of 300 nm sized particles in immunotherapy and cellular vaccines as they
activate a significantly higher frequency of CTLs at a very early stage, day 14 in our

studies, and maintain the level for a prolonged period of time, at least until day 21.

IgG2a levels and 1gG2a:1gG1 ratios are determined by
particle size
Mice were immunized as described in section, “Immunization of mice with
different sizes of PLGA particles”. Serum IgG antibodies were measured on day 28 using
ELISA. Immunization of mice with PLGA particles co-loaded with OVA and CpG has
been previously shown to induce OVA-specific 1gG antibodies (77). Delivery of Ag and
adjuvant induces mixed 1gG subtype antibody responses that have significant therapeutic
activity (151, 152). Higher proportions of 1gG2a antibodies relative to IgG1 antibodies
correlates with secretion of a set of cytokines that favor CTL proliferation (153). Thus,
the 1gG2a:1gG1 ratio reflects the phenotype of antigen-specific responses generated as a
result of vaccination (174). Irrespective of size, all particulated groups demonstrated
significantly greater levels (p < 0.05) of OVA-specific IgG2a antibodies than soluble
OVA plus CpG, demonstrating the importance of particle-based vaccines and/or co-
delivery of antigen and adjuvant for generation of systemic immunity. However, there
were dramatic differences between particle sizes in their efficiencies at generating OVA-
specific 1gG2a responses. Figure 19 (i) shows the 1gG2a antibody response of treated
groups on day 28 which was significantly higher (p < 0.05) in mice vaccinated with
300 nm sized PLGA particles relative to all other groups. The 300 nm sized particles also
gave more than a 50-fold increase in the 1gG2a:1gG1 ratio (Figure 19 (ii)) suggesting

polarization of a Thl type immune response that has been reported to be correlated with
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anti-tumor activity (176). As the particle size used for vaccination increased, the ratio of
lgG2a:1gG1 was found to decrease with 1 um particles generating approximately equal

proportions of 1gG2a and IgG1 antibodies on day 28.

Discussion

PLGA particles show a size dependent release of encapsulated molecules. Three
hundred nm sized particles released 70 % of their cargo within 2 hours and 100 % release
of encapsulated molecules was observed within 40 hours. On the contrary, as the size of
particles increased, the percentage release of encapsulated molecules decreased. The
enhanced immunogenicity observed with 300 nm PLGA particles encapsulating OVA
and CpG is possibly due to a combinatorial effect of the size of PLGA particles as well as
the rate of release of encapsulated molecules. The degree of particle internalization by
DCs was dependent on size and increased with decreasing particle size. Particles of
300 nm diameter showed maximum internalization which when accompanied by their
quick delivery of encapsulated antigen and adjuvant resulted in maximum activation of
BMDCs in an in vitro 48 hour treatment. For other particulated groups, the ability of
activating BMDCs decreased as the particle size increased. This may be due to a
combination of the aforementioned low level of cargo release and low numbers of
particles being taken up by the BMDCs.

Mice vaccinated with 300 nm sized particles generated the highest fraction of
OVA-specific CTLs on day 14 and day 21, demonstrating that 300 nm sized particles can
rapidly stimulate cell-mediated immunity. This is particularly important in therapeutic
treatments of fast growing diseases which are difficult to control at later stages of illness.
All particle based treatment groups generated higher OV A specific IgG2a antibodies by
day 28 relative to soluble antigen. Particles that were 300 nm in size generated the
highest ratio of 1gG2a:1gG1 OV A-specific antibodies by day 28. This suggests that the

systemic milieu is biased towards the maintenance and proliferation of OV A specific
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CTLs which is particularly important for the eradication of intracellular diseases and
cancer. Figure 20 represents the correlation between the ratio of 1IgG2a: 1gG1 antibodies
on day 28 on the y-axis with percentage OVA-specific CTL responses measured on day
21 on the x-axis. The ratio of IgG2a: 1gG1 correlated well with the level of CTL response
generated. Thus, the ratio of 1gG2a to IgG1 antibodies in serum can indicate the level of
CTL activation after vaccination. This study showed that the smaller the particle size

used to vaccinate mice, the greater the magnitude of the antigen-specific immune

response generated.
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Figure 12 : Box plot of size distribution of different groups of particles as assimilated
using Image J software. Each box represents first quartile, median and third
quartile of size distribution with whiskers representing 1.5 times the
interquartile distance. Particles collected at (A) 7xg; (B) 164xg; (C) 2880xg;
(D) 6790xg show significantly distinct distribution in size as analyzed by
Kruskal-Wallis one-way analysis of variance followed by Dunns post-hoc
analysis. Group B showed highest polydispersity with a substantial tail of
larger sized particles. ***p < 0.001.
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Figure 13: SEM images of each group of PLGA particles showing smooth morphology
and distinct size distribution. Rectangle on the bottom left represents 5 um
scale bar.
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Figure 14: Release of OVA and CpG fromPLGA particles of different sizes. (i)
Percentage OVA(ii) percentage CpG, (iii) amount of OVA and (iv) amount of
CpG released in PBS (pH 7.4) at 37°C from OVA and CpG co-loaded PLGA
particles of different sizes. All sizes demonstrated burst release of a fraction of
encapsulated molecules except in 300 nm where near 100% release was
observed within a few hours. Groups were compared using paired t-test (*p <
0.05). Each bar represents mean + SEM (n = 3).
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Figure 15: Internalization of rhodamine B loaded PLGA particles of (A) 17 um, (B) 7
pm, (C) 1 um and (D) 300 nm sizes were compared with (E) cells treated with

soluble rhodamine B in JAWS Il cells using confocal microscopy. Scale bar
20 pm.
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Figure 16: Efficiency of different sizes of particles to deliver Alexa Fluor® 488
conjugated OVA (AF488-OVA) was studied in JAWS 11 cells using flow
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cytometry. (i) Relative median fluorescent intensity (relative MFI = SEM) of

AF488-OVA signal upon incubation of different sizes of particles with JAWS
Il cells (n = 3). Statistical significance was determined using ANOVA
followed by Tukey post-hoc analysis (***p < 0.001). (ii) Representative flow

cytometry histograms showing uptake of AF488-OVA in different treatment

group.
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Figure 17: Up-regulation of MHC class | and CD86 expression on BMDCs is dependent
on particle size. Flow cytometry analysis showing the fraction of BMDCs
with high expression of both MHC class | (MHC | hi) and CD86 (CD86 hi)
surface molecules. BMDCs were incubated with equivalent amounts of
soluble and particulated forms of OVA (4 ug) and CpG (2 ug) for 48 hours at
37°C. Experiments were performed in triplicate (mean + SEM). ). Statistical
significance was determined using ANOVA followed by Tukey post-hoc
analysis (***p < 0.001).

www.manaraa.com



72

- * .
+7 : ()
oo 6-

a
O 54 °
O
S 4
S
@ 37
L o
O o —:v— °. *
g 1- . . ' .... --ﬂ:-- ..... . ............. ,._.;.:._, ..........
[ ]
O | | ] | L L]
< & & < NN
N N N < %) »
Q A N 090 N

& 64 I - |
a
O 5- *
Q
8 44
& 31 *e
< *
> 2- .......................... P i i it r e
O ¢ * *
o\o 1- _._tt_._. ........................... Ao FEEEREEE ! ..
0 1 1 ] 1 ] 1
SR Y R CRR
N N N < %) »
Q A N %Qo NG

Figure 18: Analysis of OVA specific T-cell frequency in mouse PBLs after delivery of
OVA and CpG in different particulate and soluble groups was analyzed by
tetramer staining. PBLs were obtained from submandibular bleeding of mice
(n = 4) vaccinated with OVA (100 pg) and CpG (50 ug) on day 0 and day 7.
OVA specific T-cell frequency was measured on (i) day 14 and (ii) day 21.
The value of 2 % and 1 % OVA specific T-cells are indicated with top and
bottom horizontal dashed lines across each graph, respectively. The mean
values of % OVA specific T-cells in each group are indicated by the solid
horizontal line across the data points. All groups were compared using
ANOVA followed by Tukey post-hoc analysis (*p < 0.05).
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Figure 19: Anti-OVA IgG antibodies levels were measured in mouse serum on day 28.

73

Highest dilution of serum displaying OVA specific (i) IgG1 antibody and (ii)
IgG2a antibody responses as measured by ELISA assay. Bar graph represents

mean + SEM of serum titers (n = 4). (*p < 0.05, **p < 0.01). (iii) Ratio of

lgG2a:1gG1 antibodies in serum samples of different treatment groups on day

28. The mean values of the ratio of 1gG2a:1gG1 antibodies in each group are
indicated by the solid horizontal line across the data points. Statistical
significance was determined using ANOVA followed by Tukey post-hoc

analysis (**p < 0.01).
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Figure 20: Correlation between ratio of 1gG2a: 1gG1 and cytotoxic T-cells response.
IgG2a: IgG1 antibodies ratio was measured on day 28 and percentage OVA
specific CTL response measured on day 21.
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Table 3 : Mean and median size of different groups of PLGA particles.

Group Name Sizes (Mean = St. Dev.) Median size (um)
(um)

A 15.9+37 17.4

B 55+38 6.7

C 1.1+0.3 1.2

D 03+0.1 03
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Table 4 : Influence of the secondary emulsification process on the size of PLGA particles
(n = 3). The secondary emulsion was prepared using homogenization in
method - 1 and sonication in method - 2.

Method - 1 Method - 2
17 um? 39.2+0.6 0.0
7 pm? 60.8 £ 0.6 134+1.2
1 um? 0.0 63.2+15
300 nm? 0.0 23427
Recovery® 89.8+5.1 75.5+5.3

a: Weight percent from the total weight of recovered particles. b: Weight percentage of polymer
particles recovered with respect to starting material
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Table 5 : Encapsulation efficiencies of two methods employed for the fabrication of
PLGA particles (n = 3).

Percentage Encapsulation Efficiency

OVA CpG
Method - 1 37703 30.2+20
Method - 2 38.0x+16 219+18
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Table 6 : Loading of OVA and CpG in different sizes of PLGA particles (n = 3).

OvAgmarLoA  Tope (marLoA
17 pm 74+13 48+0.4
7 pm 8.1£0.7 45%+0.2
1um 76+£0.2 3.2+£0.3
300 nm 57x£0.7 24+04
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CHAPTER 4: DEVELOPMENT OF A PLGA PARTICLE VACCINE TO
PROTECT AGAINST HOUSE DUST MITE INDUCED ALLERGY

Introduction

In the United States, 84 % of residences have detectable levels of house dust mite
(HDM) allergens and a quarter of these houses have higher levels of allergens than the
proposed limit for asthma (177). Chronic exposure to HDM allergens can lead to lung
inflammation characterized by lung eosinophilia and airway obstructions which can
trigger asthma attacks in sensitized individuals (178). It has been reported that prolonged
exposure to HDM allergens activates dendritic cells (DCs) present in the lungs, priming
T-helper 2 (Th2) immune responses (179), which consequently promotes secretion of
proinflammatory cytokines, recruitment of eosinophils, and B cell stimulation to produce
immunoglobulin IgE antibodies (180). Most current therapeutic treatments for asthma
involve neutralization of inflammatory mediators and relieve local symptoms for only a
short period (181, 182). Recently developed subcutaneous immunotherapy and sublingual
immunotherapy to induce HDM-specific long-term tolerance has shown promising
results in adults and children but such treatment requires regular administration of high
doses of HDM allergens for at least 3 years to show satisfactory clinical efficacy (183-
185). Absence of a long-term solution to HDM-induced asthma in combination with the
dangerous levels of HDM allergens present in households necessitates the development
of a prophylactic vaccine that would switch the inflammatory immune response induced
by HDM allergen to a protective immunity. This vaccine should induce T-helper 1 (Th1)
immunity that results in production of interferon-gamma (IFN- y), interleukin (IL)-12,
and 1gG2a antibodies (186, 187). This negative regulation of Th2-orchestrated airway
inflammation and induction of protective immunity by Th1 cells can reduce pathogenic

symptoms associated with allergy (188-190).
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Amongst the various allergen-producing HDM, Dermatophagoides pteronyssinus
(Der p) is the most prevalent allergy-causing mite (191, 192). These HDMs produce Der
p2, a highly potent allergen that has structural and functional similarity with the
immunostimulatory lipopolysaccharide binding protein, MD2 (193). Serum samples of
79 % of patients suffering from asthma, wheezing and/or rhinitis possessed positive titers
for anti-Der p2 IgE antibodies, making it a potential allergen for development of vaccines
against HMD allergies (194). However, in an attempt to generate HDM vaccines,
subcutaneous injections of Der p2 allergen to mice caused increases in the production of
IgE antibodies and Th2-skewed immune responses (195). This necessitated the
formulation of a vaccine that involved co-administration of the allergen with Thl
adjuvants that promote Th1l-biased immune responses in order to effectively induce Der
p2-specific Thl antibodies that would alleviate lung damage associated with exposure to
allergen (196, 197). Unmethylated cytosine-phosphate-guanine motifs—1826 (CpG) is
used as an adjuvant for polarization of immune responses to the Th1l type (198-200). It is
an agonist to Toll-like receptor—9 which activates DCs and B cells to produce Th1l-
specific cytokines and suppresses Th2 modulated allergic responses (197). Co-
administration of CpG-containing immunostimulatory oligodeoxynucleotide (ISS-ODN)
with HDM allergen has been shown to decrease eosinophilia and IL-5 production while
increasing the production of IFN—y in nasal lavage fluid (201). In the same study, these
responses were significantly improved when ISS-ODN was chemically conjugated with
HDM allergen. In a clinical trial for ragweed allergy, peripheral DCs isolated from
healthy individuals vaccinated with ragweed allergen conjugated to immunostimulatory
oligodeoxyribonucleotide 1018 (Dynavax Technologies, Berkeley, CA) expressed
increased levels of Thl cytokines and decreased levels of Th2 cytokines (202). In a
similar murine study, subcutaneous immunization of Balb/c mice with CpG conjugated to
cedar pollen allergen was shown to increase the production of allergen-specific 1gG2a

and secretion of IFN-y by CD4+ T-cells isolated from spleens (203). With the clear
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demonstration of the importance of CpG at inducing a robust immunity against allergens,
these studies also demonstrated that co-delivery of allergen with CpG is essential for
stimulating an active Th1 response (204). Chemical conjugation of CpG with allergen,
although often successful, is expensive and can lead to structural modification of the
conjugated molecules and changing of their immunostimulatory properties. In addition,
in-vivo spontaneous cleavage of the conjugating bridge between allergen and adjuvant
can prevent co-delivery of molecules to the same cell. An alternative co-delivery method
is to administer CpG and Der p2 in biodegradable poly(lactic-co-glycolic acid) (PLGA)
polymer particles. In addition to co-delivering multiple molecules, many studies have
recognized the significance of PLGA particulate vaccines in stimulating robust Thl type
responses as characterized by secretion of IgG2a antibodies (205, 206). Vaccination of
mice with antigen-loaded PLGA microparticles and CpG, either co-loaded with antigen
or injected as a solution, showed enhanced secretion of 1gG2a antibodies with a greater
ratio of 1IgG2a:1gG1 antibodies when compared to mice vaccinated with a mixture of
antigen and aluminium hydroxide (207). We have previously reported that PLGA
particles encapsulating antigen and CpG can stimulate robust immune responses
compared to vaccination of antigen and CpG in solution (80). Additionally, in Chapter 3,
it was shown that the magnitude of immune responses generated directly depends on the
size of PLGA particles used for immunization. While large particles encapsulating
antigen with CpG are known to produce high levels of total 1gG1 titers, submicron sized
particles containing antigen with CpG have been shown to induce higher ratios of 1gG2a
to 19gG1. To develop prophylactic therapies against allergy-associated lung disorders,
induction of high IgG titers and Th1 type immune response is highly desirable. Thl
polarized immunity could decrease the secretion of IgE antibody and inflammatory
damage to lungs upon exposure to allergen (196). In this study, the aim was therefore to
determine the effects of the size of PLGA particle vaccines and the influence of CpG in

the overall immune response to Der p2-coated PLGA particle vaccines.
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Materials and Methods

Fabrication of different sizes of PLGA particles loaded
with CpG

Different sizes of particles were prepared using a modified method described in
Chapter 3, section “Fabrication of different sizes of PLGA particles loaded with OVA
and CpG”. Briefly, 3 mg of CpG (Integrated DNA Technologies, Coralville, IA) was
dissolved in 75 pul of 1 % poly(vinyl alcohol) (PVA; Mowiol® 8-88; MW: ~67000;
Sigma, Allentown, PA). A primary emulsion was prepared by sonication of this solution
at 60 % output power for 30 seconds in 2 mL of dichloromethane (DCM) containing
200 mg of PLGA (Resomer® RG 503; PLGA 50:50 with viscosity: 0.32 — 0.44 dl/g;
MW: 24,000-38,000; Boehringer Ingelheim KG, Germany) using a sonic dismembrator
(Model FB 120 equipped with an ultrasonic converter probe CL-18; Fisher Scientific,
Pittsburgh, PA). To prepare different sizes of PLGA particles, two independent methods
were used for the preparation of the secondary emulsion. In method 1, the primary
emulsion was emulsified in 1 % PVA for 30 seconds using a sonic dismembrator at 60 %
output power. In method 2, an Ultra Turrax homogenizer (T 25 basic with 12.7 mm rotor;
IKA-werke; Wilmington, NC) at 13,500 rpm/min was used for 30 seconds to emulsify
the primary emulsion in 1% PVA. These secondary emulsions were stirred in a fume
hood for 2 hours for complete evaporation of DCM. Different sizes of suspended
particles were collected by sequential centrifugation of particles at 200 rpm (7 xg),
700 rpm (75 xg), 4000 rpm (2880 xg), and 7000 rpm (6790 xg) for 5 minutes. Particles
were washed with distilled water and lyophilized using FreeZone 4.5 (Labconco
Corporation, Kansas City, MO) at -53 °C collector temperature and 0.08 mBar pressure.
Particles collected at 700 rpm, 4000 rpm, and 7000 rpm were used for further

experiments.

www.manaraa.com



83

Characterization of PLGA particles
The morphology of the particles was examined using scanning electron
microscopy (SEM) as described in Chapter 2, section, “Scanning electron microscopy
(SEM)”. Particle sizes of different batches were calculated as described in Chapter 3

section, “Measurnment of PLGA particles sizes”.

Estimation of in-vitro release of CpG from PLGA particles
Time-dependent release of CpG from different sizes of PLGA particles were
studied in PBS at pH 7.4. In a glass vial 50 mg of particles were added to 3 mL of PBS
heated to 37 °C. The vials were transferred to a 37°C incubator shaker set at 200 rpm/min.
Samples were collected at predetermined time points and the volumes removed were
replaced by fresh PBS maintaining sink conditions for CpG. Solubility of CpG is more
than 40 mg/mL in PBS. Samples were analyzed using OliGreen® assay kits to quantify

CpG release using a procedure described in Chapter 2, section “Quantification of CpG”

Quantification of CpG encapsulated in PLGA particles
Loading of CpG into PLGA particles was estimated by degrading 20 mg of PLGA
particles in 1 mL of 0.2 N NaOH for 12 hours or until a clear solution was obtained. This
solution was neutralized with 1 N HCI. CpG was quantified using a fluorescence
OliGreen® assay kit (Molecular Probes, Eugene, OR) as described in Chapter 2, section
“Quantification of CpG” . Loading and encapsulation efficiency was calculated according

to equation 1 and equation 2, respectively.

Equation 4 : Loading (ug/mg PLGA particles) = [Calculated conc. (ug/mL) x Volume of
neutralized solution of degraded PLGA particles (mL)]/Initial weight of
PLGA particles (mg)

Equation 5 : Percentage encapsulation efficiency = [Loading of CpG (ug/mg) x amount
of PLGA particle recovered (mg)]/ Initial amount of CpG (ug)
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where, Loading = pg CpG encapsulated per mg of particles, Calculated conc. =
calculated concentration of Dox or CpG from standard curve (pug/mL).

Animal models of Der p2-induced asthma and
immunization protocol

In-vivo efficacy of differently sized PLGA particles encapsulating CpG and
coated with Der p2 were evaluated using an allergy model developed and optimized by
Dr. Andrea Adamcakov Dodd and Dr. Xuefang Jing of the Department of Occupational
and Environmental Health, College of Public Health, University of lowa (personal
communication). Male C3H/HeBFeJ mice (5-6 weeks old) were obtained from Jackson
Laboratories (Bar Harbor, ME) and provided standard laboratory rodent chow and water
ad libitum (208). All animal care, housing and procedure requirements of the National
Institutes of Health Committee on Care and Use of Laboratory Animals were followed.
Ninety six mice were acclimatized for 7 days prior to first vaccination and divided
randomly into nine experimental groups as described in Table 8. Untreated (sentinels)
and PBS-treated (shams) control mice were used as unsensitized controls. Twelve mice
per group were used in each experiment, except for the sentinel group (n = 4). A solution
of 10 pg LoTox Natural Der p2 (LTN-DP2-1, Indoor Biotechnologists, endotoxin<0.03
EU/pg) in 100 pl PBS was incubated with PLGA particles for 30 minutes to coat Der p2
on PLGA particles. Mice were vaccinated by subcutaneous (S.c.) injection into the loose
skin over the interscapular region (area around the neck) on day 0 and day 7, under
isoflurane anesthesia (using a precision Fortec vaporizer, Cyprane, Keighley, UK) with
Der p2 coated on PLGA particles loaded with or without 5 ug CpG. On each of days 14
to 23 (10 doses), mice were exposed to 2.5 pug Der p2 in 50 ul PBS by intranasal
instillation during isoflurane anesthesia to induce airway inflammation and
hyperresponsiveness. Mice were weighed on day 0, 7, 14 and 24, and observed for any

behavioral changes or clinical symptoms. All mice were euthanized on day 24.
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Collection and processing of serum and bronchoalvelolar
lavage fluid

Mice were euthanized with an overdose of isoflurane on day 24 and blood for Igs
analysis was collected through cardiac puncture. Bronchoalveolar lavage (BAL) fluid
was collected and processed as described by George et. al with minor modifications
(209). This protocol was developed and optimized by Dr. Andrea Adamcakov Dodd and
Dr. Xuefang Jing of the Department of Occupational and Environmental Health, College
of Public Health, University of lowa (personal communication). Briefly, the trachea was
exposed and BAL was performed using three doses of 1 mL of sterile saline (0.9 %
sodium chloride solution; Baxter, Deerfield, IL). BAL fluid was centrifuged at 800 xg for
5 min at 4 °C and the supernatant was stored at -80 °C for determination of cytokines.
Cells in the pellet were re-suspended in Hank’s balanced salt solution (Life Technologies,
Grand Island, NY) for total cell counts using a hemocytometer. For differential cell
counts, cells were spun onto microscope slides at 800 xg for 3 min using a Cytospin 4
(Thermo Shandon, Thermo Scientific, Waltham, MA), air-dried and stained using
Protocol® HEMA 3 stain set (Fisher Diagnostics, Pittsburgh, PA), and then 400 cells per
slide were counted to enumerate macrophages, neutrophils, eosinophils and lymphocytes

under an optical microscope (Olympus, Center Valley, PA).

Estimation of tumor necrosis factor-alpha (TNF-a) and
interferon-gamma (IFN-vy) secretion in bronchoalvelolar
lavage fluid using the enzyme-linked immuno-sorbent
assay (ELISA)
TNF-o and IFN-y were measured in BAL fluid by enzyme-linked immunosorbent
assay (ELISA) using the specific antibody pairs according to manufacturer’s instructions
(BD OptEIATM, BD Biosciences Pharmingen, San Diego, CA and Novex®, Life

Technologies Corp., Frederick, MD, respectively). This protocol was developed and
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optimized by Dr. Andrea Adamcakov Dodd and Dr. Xuefang Jing of the Department of
Occupational and Environmental Health, College of Public Health, University of lowa
(personal communication).

For the estimation of IFN- y, ELISA microwell plates (Nunc-Immuno ™,
(Thermo Scientific, Waltham, MA) were incubated overnight at 4 °C with 100 pL of
anti-INF- y capture antibody (provided in the kit). Plates were washed 5 times with
300 pL of PBS-Tween buffer (0.05 % v/v Tween-20 in PBS). After washing, plates were
blocked with 200 pL of assay diluent buffer (10 % FBS in PBS) for 1 hour. Plates were
then washed 5 times with 300 pL of PBS-Tween buffer. BAL supernatants were not
diluted. Dilutions of known concentration of recombinant IFN-y standard antibody were
also prepared for standard curve. One hundred microliters of samples and standards were
added to the plate and incubated for 2 hours at RT. Plates were then washed 5 times with
300 pL of PBS-Tween buffer. This was followed by addition of 100 pL biotinylated anti-
INF-y detection antibody and streptavidin conjugated horseradish peroxidase (provided in
the kit). After 1 hour of incubation, the plates were washed 10 times with 300 pL of PBS-
Tween buffer. This was followed by addition of 100 uL of substrate solution
(Tetramethyl benzidine and hydrogen peroxide; BD OptEIA™ TMB Substrate Reagent
Set; BD Biosciences) to each well. The plates were incubated in the dark for 30 minutes
then the reaction was terminated by addition of 50 pL of stop solution (1 M H3PO4 and
2 N H2SOg4). Absorbance was measured at 450 nm using a SpectraMax® Plus384
microplate reader (Molecular Devices LLC,Sunnyvale, California). Samples were
compared with a standard curve to calculate the concentration of the cytokine in BAL
supernatants. A similar procedure was employed to estimate levels of TNF-a where
known concentrations of recombinant TNF-a were used to prepare a standard curve.
Samples were treated with biotinylated anti-TNF-ao detection antibody and streptavidin

conjugated horseradish peroxidase for the measurement of TNF-a levels in BAL samples.
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Estimation of cytokine/chemokine secretion in
bronchoalveolar lavage fluid using multiplexed fluorescent
bead-based immunoassays
Multiplexed magnetic fluorescent bead-based immunoassays (Bio-Plex Pro
Mouse Cytokine, Chemokine, and Growth Factor Multiplex Assays, Bio-Rad
Laboratories, Inc., Hercules, CA) was used to measure IL-4, IL-5, IL-6, IL-1j,
keratinocyte-derived cytokine (KC), and macrophage inflammatory protein (MIP)-1a.
This protocol was developed and optimized by Dr. Andrea Adamcakov Dodd and Dr.
Xuefang Jing of the Department of Occupational and Environmental Health, College of
Public Health, University of lowa (personal communication). In a 96-well plate, 50 pL of
assay buffer containing cytokine conjugated beads were transferred to each well. Plates
were then washed twice with 100 pL of Bio-Plex® wash buffer with magnetic washer.
Fifty microliter of samples and diluted standards were added to the wells containing
conjugated beads. The plate was covered with aluminum foil and incubated at RT for 1
hour on a shaker at 300 rpm. After the incubation, the plate was washed 3x with 100 pL
of wash buffer followed by the addition of 25 pL of detection antibodies provided in the
kit. The plate was incubated again at RT for 30 minutes on a shaker at 300 rpm followed
by washing 3x with 100 pL of wash buffer. After that 50 ul of streptavidin-
phycoerythrin in assay buffer was added to each well followed by a 10 minute incubation
at RT on a shaker at 300 rpm. The plate was then washed again 3x with 100 pL of wash
buffer. Beads were re-suspended in 125 pL of assay buffer and the plate was analyzed
using the Bio-Plex® multiplex system (Luminex 100, Bio-Rad Laboratories, Inc.,

Hercules, CA).
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Estimation of anti-Der p2 IgE, 1gG1 and IgG2a antibodies
in peripheral blood using the enzyme-linked
immunosorbent assay (ELISA)

The presence of anti-Der p2 1gG1, IgE and IgG2a antibodies in sera were
evaluated by ELISA. This protocol was developed and optimized by Dr. Andrea
Adamcakov Dodd and Dr. Xuefang Jing of the Department of Occupational and
Environmental Health, College of Public Health, University of lowa (personal
communication). Corning® 96-well EIA/RIA Microplates (Corning, Lowell, MA) were
coated with 100 pl of LoTox Natural Der p2 (2.5 pg/mL for IgG1 or Spg/mL for IgE and
IgG2a) in 0.05 M sodium-potassium carbonate buffer (pH 9.6) and incubated overnight at
4 °C. After three washes with PBS containing 0.05 % v/v Tween® 20 (PBS-Tween), the
plates were blocked with 150 ul of 1 % w/v BSA in PBS-Tween for 1 hour at RT. Serum
samples were serially diluted in blocking buffer at ranges from 1:10 to 1:80 for IgE, 1:25
to 1:25600 for IgG2a and 1:100 to 1:102400 for IgG1 assay. Diluted sera were added to
the plates (100 ul/well) and incubated for 2 hours at RT. Plates were washed 3x and
incubated with 100 pl 1/4000 dilution of HRP conjugated rat anti-mouse 1gG1 or 1gG2a
or goat anti-mouse IgE (Southern Biotech, Birmingham, AL) for 2 hours at RT. Plates
were then washed 6x with PBS-Tween followed by addition of 100 pl/ well of TMB
substrate (Thermo Scientific, Waltham, MA) and after a 15 min incubation at RT the
reaction was stopped by addition of 0.17 N sulfuric acid (100 ul/well). The absorbance
(optical density, OD) was measured at 450 nm in a microplate spectrophotometer
(SpectraMax plus 384, Molecular Devices, Sunnyvale, CA). Because there are no
commercially available standard mouse anti-hDer p2 antibodies, the equivalent
concentrations of specific-Der p2 19gG1, 1gG2a were calculated by comparison with a
reference curve generated with a known serum. Results for IgG1 and 1gG2a were
expressed as ELISA units (U/mL). 1 U/mL was defined as the reciprocal value of the

serum dilution that gave an optical density value of 1. This was always within the linear
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part of the dilution curve. To ensure reproducibility, a serum sample of known titer was

run with each test as a standard.

Histological analysis of lung tissues

Lungs that were not lavaged were rinsed with saline solution through the heart,
perfused via the cannulated trachea and fixed in 10% zinc formalin (Fisher Scientific,
Kalamazoo, MI). Tissues were paraffin-embedded and 5 um thick sections were stained
with hematoxylin and eosin (H&E). Lung tissues were evaluated for allergic airway
inflammation using light microscopy to study the presence of inflammatory cell
infiltrates and perivascular and peribronchiolar inflammation. Severity of perivascular
inflammation was quantified by a 4-point scoring system as follows: 0 = absence of cell
cuffs, 1 = rare to few scattered perivascular inflammatory cell cuffs, 2 = multifocal to
moderate numbers of perivascular inflammatory cell cuffs, 3 = large number of diffuse
perivascular inflammatory cell cuffs. Total lung inflammation was defined as the sum of
perivascular cuffing scores across all slides. This procedure was performed by Dr.
Katherine N. Gibson-Corley of the Department of Pathology, Carver College of

Medicine, University of lowa.

Evaluation of airway hyperresponsiveness

Airway hyperresponsiveness (AHR) was assessed on day 24, which was 24 hour
after the final intranasal instillation of Der p2, using a forced oscillation technique
(FlexiVent System, SCIREQ, Montreal, QC, Canada). This procedure was performed by
Dr. Andrea Adamcakov Dodd of the Department of Occupational and Environmental
Health, College of Public Health, University of lowa. Mice were anaesthetized by an
intraperitoneal injection of 90 mg/kg of sodium pentobarbital (Ovation Pharmaceuticals,
Inc. Deerfield, IL) and tracheotomy was performed using a tracheal cannula with a luer
adapter (1.3 mm, length 20 mm, Harvard Apparatus, Holliston, MA). Animals were

connected to a small animal ventilator set at a frequency of 150 breaths/min, a tidal

www.manaraa.com



90

volume of 10 mL/kg and a positive end-expiratory pressure of 2 to 3 cm H20. Each
mouse was challenged with increasing concentrations (3, 10, 30, and 100 mg/mL) of
methacholine chloride (ICN Biomedicals, Inc. Solon, OH) aerosol that were generated for
10 s with an in-line nebulizer. Airway resistance was measured using a “snapshot”
protocol each 20 s for 5 min, ensuring that measured parameters were stabilized. The
mean of these 15 values was calculated for each methacholine dose. At the end of the
experiment the animal was disconnected from the ventilator and were euthanized by an

overdose of sodium pentobarbital.

Statistical analysis

Values given are means + SEM from at least six animals in each group unless
otherwise noted. All assays were compared by one-way analysis of variance (ANOVA)
to analyze if the mean values of treatment groups were different. This was followed by
Tukey post-hoc analysis to compare all pairs of treatments and identify pairs of the
treatment groups that showed significant differences in their mean values. Differences
were considered significant at p-values that were less than or equal to 0.05. All statistical
analysis was performed using statistical and graphing software Prism 5 (GraphPad Prism,

La Jolla, CA)

Results

Preparation of CpG-loaded PLGA particles
The double emulsion solvent evaporation method was used to fabricate CpG-
loaded PLGA particles. A modified procedure was used for the preparation of the
secondary emulsions. Method 1 and method 2 generated different sizes of PLGA
particles which were segregated at different centrifugation speeds into batches of large,
medium and small sized PLGA particles as described in Table 7. Method 1, using an

Ultra Turrax homogenizer to prepare secondary emulsions, gave a greater fraction of
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larger sized particles as compared to the sonic dismembrator used in method 2. SEM
images in Figure 21 show that each batch of particles had a distinct size distribution and
smooth morphology. Particle sizes for each batch were calculated using SEM images and
are described in Table 7. Particle sizes for medium and small sized particles were

confirmed with dynamic light scattering.

Loading and release kinetics of PLGA particles
encapsulating CpG depends on particle size
The loading capacity of CpG was directly proportional to the size of the PLGA
particles (see Table 7). Encapsulation efficiency for CpG was 22 % for method 1 and
22.5 % for method 2 as calculated from equation 2. Release kinetics of CpG from PLGA
particle matrices were assessed in PBS using a 37°C shaking water incubator. All particle
sizes demonstrated an initial burst release of CpG. The percentage of CpG released
during the initial phase depended on the size of the particles. Smaller particles, probably
due to a larger surface area to volume ratio, showed a higher percentage burst release of

CpG which decreased with increasing particle size as demonstrated in Figure 22.

Accumulation of inflammatory cells depends on the size of
PLGA particles and presence of CpG
Upon allergen challenge, inflammatory cells can accumulate in the lungs
activating downstream inflammatory pathways which can lead to asthma (210). Here, the
accumulation of leukocytes was evaluated by studying the phenotype of cells collected
from BAL fluids of vaccinated mice on day 24. These mice were intranasally exposed to
Der p2 antigen from day 14 to day 23 to induce allergic airway inflammation and
hyperresponsiveness.This is an established model for human allergic asthma (211, 212).
As shown in Figure 23, accumulation of the total number of cells, chiefly eosinophils and
lymphocytes, in BAL fluids of mice vaccinated with Der p2 coated on PLGA particles

were found to increase with increasing size of PLGA particles. Mice vaccinated with
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small-sized particles displayed minimal eosinophilia which was similar to shams and
sentinels (mice unexposed to Der p2). Figure 23 also demonstrates that the presence of
CpG in PLGA particles used for vaccination consistently dampened the eosinophilia and
accumulation of lymphocytes in lung tissues of vaccinated mice. When mice were
vaccinated with small or medium-sized microparticles, inclusion of CpG also reduced
recruitment of macrophages compared with the mice without CpG (Figure 23 (v)). Mice
vaccinated with large particles without CpG exhibited a significantly higher influx of
eosinophils and lymphocytes into airways (*p < 0.05, **p < 0.01) as compared to other
treatment groups as shown in Figure 23. This showed that it fails to prevent lung damage
after Der p2 exposures. There was no significant difference in the numbers of neutrophils
collected from BAL fluids. Figure 23 (vi) compared the fraction of each cell phenotype
accumulated in the lungs of vaccinated mice. The fractions of eosinophils collected in

lungs were significantly decreased in the presence of CpG and smaller PLGA particles.

Der p2-coated PLGA particles induces IgG responses and
the presence of CpG favors production of IgG2a antibodies
Serum samples from mice vaccinated with different sizes of PLGA particles with

or without CpG were collected on day 24 and measured for the induction of humoral
immune responses by evaluating the levels of IgG1, IgG2a and IgE antibodies specific
for Der p2 using ELISA. Mice vaccinated with large particles without CpG showed
significantly higher levels of IgG1 antibody (**p < 0.01) than those vaccinated similarly
but with CpG as shown in Figure 24 (i). This group of mice had comparatively low levels
of 1gG2a antibodies compared to PLGA particles with smaller sizes. The presence of
CpG enhanced the induction of IgG2a antibodies in sera of mice vaccinated with small
and medium sized particles as shown in Figure 24 (ii). It has been shown that the
generation of 1gG2a antibody is dependent on cytokines such as IFN-y which favor the

switch from Th2 to Th1l type responses (186). In contrast, secretion of IgG1 and IgE
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antibodies is supported by IL-4 and IL-5 which primarily promotes Th2 type immune
responses (196). Thus, the ratio of 1gG2a:lgG1 antibodies measured in serum samples of
each treatment group was evaluated in Figure 24 (iii). It was found that the presence of
CpG in particles used in vaccinations resulted in increased proportions of 1gG2a
antibodies compared to mice vaccinated with the corresponding sized particles in the
absence of CpG. In addition, ratios of IgG2a:1gG1 antibodies in mice vaccinated with
Der p2 coated on small and medium sized particles encapsulating CpG were significantly
higher (*p < 0.05, **p < 0.01) compared to other treatment groups. This would be
expected to induce a blunting of airway inflammation and hyperresponsiveness
associated with Der p2 lung exposure. Mice vaccinated with small and medium sized
PLGA particles showed low levels of IgE secretion which was not significantly different
from mice not exposed to Der p2 (Figure 24 (iv)). In contrast, mice vaccinated with large
particles showed significant increases in the levels of IgE antibody detected in the serum
(*p <0.05, **p < 0.01). This clearly demonstrates that decreasing the size of PLGA
particles used for vaccination decreases the induction of Th2 polarized antibody
responses. This can be enhanced by the inclusion of CpG but it is the size of the PLGA

particles that has the major role in determining the type of Th response.

Local cytokine/chemokine responses after Der p2 exposure
to vaccinated mice
Cytokines/chemokines are extracellular proteins involved in triggering cell
proliferation and chemotaxis of leukocytes. Inflammation caused by eosinophilic influx
during asthma and secretion of IgE antibody is mediated by local levels of cytokines
(213). Mice vaccinated with large particles without CpG showed detectable levels of IL-
4, IL-5 and IL-6 suggesting the activation of a Th2 dominant response. Levels of these
cytokines were under the limit of detection for other treated groups as shown in Figure

25. Levels of macrophage inflammatory protein (MIP)-1a, keratinocyte-derived cytokine
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and Interferon-gamma (IFN-y) were also highest in mice vaccinated with large particles
without CpG. Titers of IFN-y decrease with a decrease in the size of particles. Also,
surprisingly, in the presence of CpG the secretion of IFN-y was further decreased,
although not significantly. The presence of IFN-y and absence of IL-4 during antigen
presentation favors the development of a Th1 dominant response. Thus, high levels of
IFN-y and IL-4 in mice vaccinated with large particles without CpG cannot be inferred to
conclude if the response is Thl or Th2 dominant. In all other groups the lack of
detectable levels of IL-4, IL-5 and IL-6 in combination with the demonstration of a slight
increase in the levels of IFN-y might indicate the activation of Th1 responses. All

treatment and control groups showed similar levels of TNF-a.

Presence of CpG in vaccines diminishes airway
hyperresponsiveness

Allergic asthma is characterized by an increase in airway hyperresponsiveness
(AHR) to non-specific bronchoconstrictors like methacholine (214). The ability of PLGA
particle vaccines to suppress the induction of AHR was evaluated 24 hours after ten daily
intranasal exposures of Der p2 to vaccinated mice. Mean baseline lung function (in the
absence of methacholine challenge) did not differ among all experimental groups. As
demonstrated in Figure 26, mice vaccinated with small sized particles showed no
significant increase in AHR from baseline after increasing doses of methacholine
challenge. In contrast, mice vaccinated with Der p2-coated on large PLGA particles
demonstrated the greatest increase in airway resistance after methacholine challenge (10,
30, and 100 mg/mL) which was significantly different from shams and sentinels (**p <
0.01, ***p < 0.001). AHR was also significantly different in mice vaccinated with Der
p2-coated medium sized particles after methacholine challenge at 30 mg/mL and
100 mg/mL, compared to sentinels and shams (*p < 0.05, ***p < 0.001). Vaccination of

mice with CpG encapsulated in PLGA particles significantly suppressed AHR when
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compared to Der p2-coated medium and large sized empty PLGA particles (*p < 0.05,
**p < 0.01, ***p < 0.001).

Presence of CpG reduces perivascular cuffing

Allergy can cause infiltration of inflammatory cells into the peribronchiolar and
perivascular connective tissues, both of which were examined by histological analysis.
Experimental groups that showed inflammatory cell infiltrates were predominately
perivascular in nature with adjacent airways showing a similar, although less intense,
inflammatory cell response. As shown in Figure 27 and consistent with BAL data, the
primary lesions caused by perivascular inflammation were predominantly composed of
macrophages and eosinophils with fewer neutrophils. Mice vaccinated with Der p2
coated onto large and medium sized blank PLGA particles showed the most severe
perivascular cuffing which were reduced in mice vaccinated with PLGA particles
encapsulating CpG (Figure 28). Mice vaccinated with Der p2 coated onto small PLGA
particles were also free from primary lesions caused by inflammatory cells. These mice,
along with the mice vaccinated with medium sized particles containing CpG, had only a
mild increase in the cellularity of the alveolar septa that was primarily due to increased
numbers of mononuclear cells. Overall, using small-sized particles or CpG-containing
particles for vaccination can significantly reduce the perivascular cuffing as shown in the

graphical insert of Figure 28.

Discussion
Asthma caused by HDM leads to inflammatory damage of lungs that is associated
with secretion of Th2-dependent anti-Der p2 IgE antibodies, eosinophilic influx into the
lungs and airway hyperactivity (180). Currently there is no permanent treatment for
pathological symptoms caused by asthma and most clinicians prescribe temporary
therapies for alleviating the inflammatory responses caused by repeated exposure to

allergen. The absence of an optimal therapeutic treatment and a high prevalence of
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asthma in the United States (215) emphasize the need for the stimulation of allergen-
specific Thl biased responses to suppress the activation of Th2 driven inflammation. This
can be achieved by the careful design of a vaccine system which can stimulate DC, an
important modulator for the polarization of Th responses to favor Thl activation (216).
Recent studies have shown that vaccination of mice using polymer particles
encapsulating antigen can stimulate an antigen-specific effector T-cell response which is
characterized by an increase in cytotoxic T-lymphocyte (CTL) activity, 1gG2a production
and reduction in IgE secretion (217, 218). Particle-based vaccines are proposed to mimic
bacterial or viral infections which are readily phagocytosed by DCs for antigen
presentation to T-cells (219). PLGA particles are well characterized delivery systems
which can be used for the co-delivery of allergic antigen and adjuvant to the same DC
which, in turn, can steer immune responses toward a Th1 type (206, 220). To test this
hypothesis, Der p2 allergen coated onto CpG-loaded or empty PLGA particles were used
to develop a prophylactic treatment for allergy which can prevent AHR associated with
pulmonary inflammation on exposure to allergen. In Chapter 3, it was shown that particle
size in a PLGA vaccine system can affect the magnitude of stimulated effector responses.
This study demonstrated that particle uptake and activation of DCs were increased with
decreasing size of PLGA particles encapsulating OVA and CpG. It was also shown that
the magnitude of the IgG2a response was highest in mice vaccinated with 300 nm PLGA
particles compared to larger particles thereby demonstrating the importance of particle
size in generating an appropriate immune response. In the study presented here, the
effect of the size of PLGA particles on generating protective immune responses against
Der p2 was investigated. Vaccinated mice were dosed with 10 daily intranasal
instillations of Der p2 followed by various diagnostic and immunological assays to
determine the efficacy of each vaccination formulation. It was shown that mice
vaccinated with Der p2 coated onto small sized particles encapsulating CpG caused no

increase in IgE and 1gG1 serum levels after daily Der p2 exposures (Figure 24). In
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addition, levels of Th2 cytokines, IL-4 and IL-5 in BAL fluid in this exposure group were
below the limit of detection (Figure 25), confirming the absence of inflammatory Th2
responses. This was further validated by the discovery that the ratios of 1gG2a:1gG1
antibodies were remarkably high for small sized PLGA particles containing CpG. These
immunological responses generated by CpG-loaded PLGA particles coated with Der p2
were in agreement with data shown in Chapter 3 that PLGA particles of sizes smaller
than 1 ym encapsulating OVA and CpG resulted in increased levels of 1gG2a antibodies,
a higher ratio of 1gG2a:1gG1 and enhanced numbers of OV A-specific CD8+ T-cells.
These studies combined suggest that a successful vaccine may be designed by either
encapsulating the antigen inside of the particle or by adsorbing the antigen on to the
surface of the particle.

Analysis of BAL fluids (Figure 23) and lung histopathology (Figure 27) of
vaccinated mice exposed to Der p2 antigen demonstrated that antigen-specific immunity
generated in mice vaccinated with small PLGA particles coated with Der p2 prevented
pulmonary influx of leukocytes. Similarly, no significant increase in airway resistance
was observed with small PLGA particles when challenged with increasing doses of
methacholine. These results showed that small sized particles encapsulating CpG
generate a robust immune response which can prevent strong allergic responses to Der p2
exposures. Mice vaccinated with medium and large sized empty PLGA particles coated
with Der p2 exhibited airway remodeling and increased AHR on Der p2 exposures when
compared to sentinels. Upon encapsulation of CpG into these particles, AHR (Figure 26)
and eosinophilia (Figure 23) was significantly reduced compared to medium and large
sized empty PLGA particles. These results demonstrate that incorporation of CpG can

significantly improve the efficacy of the vaccine.
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Figure 21 : Scanning electron micrographs of CpG loaded (A) Small, (B) Medium, and
(C) Large sized PLGA particles. Scale bar on lower right of each micrograph
represents 2 um length.
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Figure 22 : Release of CpG from different sizes of PLGA particles. (i) Percentage release
and (ii) amount release of CpG from different sizes of PLGA particles.
Particles were incubated at 37 °C in an incubator shaker in PBS. Values are
expressed as mean + SEM (n = 3).
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Figure 23 : Number of (i) total cells; (ii) eosinophils; (iii) lymphocytes; (iv) neutrophils
and (v) macrophages in BAL fluids of vaccinated mice collected on day 24 (n
= 6). (vi) Relative proportions of the different cell types in the BAL fluids of
vaccinated mice on day 24. Significant differences were evaluated using one-
way ANOVA followed by Tukey’s post-hoc analysis. (*p < 0.05, **p < 0.01).

Values are expressed as mean + SEM.
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Figure 24 : Antibody levels in sera of vaccinated mice. (i) Anti-Der p2 1gG1, (ii) anti-Der

p2 1gG2a, (iii) ratio of IgG2a:1gGlantibodies and (iv) anti-Der p2 IgE
antibody titers were estimated in serum samples of mice collected through
cardiac puncture on day 24 (n = 6). Significant differences were evaluated
using one-way ANOVA followed by Tukey’s post-hoc analysis. (*p < 0.05,
**p < 0.01). Values are expressed as mean + SEM except in (iii) where the
mean values of the ratio of 1gG2a:1gG1 antibodies in each group are indicated
by the solid horizontal line across the data points.
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Figure 25 : The concentration of (i) IL-4, (ii) IL-5, (iii) keratinocyte-derived cytokine
(KC), (iv) macrophage inflammatory protein (MIP)-1a, (v) IL-6, (vi) IFN-y
and (vii) tumor necrosis factor-alpha (TNF-a) detected in BAL fluid on Day
24. The horizontal dashed line in each graph represents limit of detection of
each assay.
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Figure 26 : Airway hyperresponsiveness (AHR) of mice vaccinated with Der p2 coated
(1) small, (ii) medium and (iii) large sized PLGA particles with or without
CpG (n = 6). Mice were challenged with increasing doses of methacholine on
day 24. Significant differences were evaluated using one-way ANOVA
followed by Tukey’s post-hoc analysis (*p < 0.05, **p < 0.01, ***p < 0.001).
Data represent mean + SEM.
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Figure 27 : Representative H&E stained lung sections of mice vaccinated with Der p2-
coated on (A) small, (C) medium and (E) large sized CpG containing PLGA
particles; (B) small, (D) medium and (F) large sized empty PLGA particles;
(G) sentinels and (H) shams. Lung sections were collected on day 24. Arrows
indicate key areas of pathology which were almost exclusively perivascular
inflammatory cell infiltrates composed of macrophages and eosinophils and
fewer neutrophils which are highlighted in the high resolution image inserts.
Scale bar at the lower right corner of each image is 200 um. Scale bars for
high resolution image inserts are 20 um in length.
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Figure 28 : Perivascular cuffing lesions (PCL) were scored in lung sections from all mice
(n = 6) Significant differences were evaluated using one-way ANOVA
followed by Tukey’s post-hoc analysis (**p < 0.01). Values are expressed as
mean + SEM.
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Table 7 : Characterization of a representative batch of PLGA particles prepared using
methods 1 and 2. Particles were separated into 3 different batches. The table
enumerates the mean size of each batch of particles and the corresponding

loading of CpG.

Percentage weight recovered Ic_:ogjing of
Baich name Method 1 Method 2 %;Iclee %:g)n Ny Size (um) (IJF;]/mg
particles)
Small 0.0 29.6 7000 03+0.1 2.8
Medium 4.2 62.2 4000 1.0+£0.2 4.1
Large 58.4 0.0 700 92zx21 51
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Table 8 : Treatment groups and experimental timeline for investigating effects of size of
PLGA particles and presence of CpG in inducing protective immunity against
Der p2 allergy. On day 0 and day 7 mice were vaccinated (s.c. injection) with
Der p2-coated blank or CpG loaded microparticles. From day 14 to day 23,
mice received 10 doses of Der p2 via intranasal instillation.

Treatment groups

Day 0 and Day 7

Day 14 to Day 23 | Day 24

1. S(Der p2+CpG)

Small sized PLGA particle containing
CpG coated with Der p2

2.S(Der p 2)

Small sized PLGA particle coated with
Der p2

3. M(Der p 2 +CpG) 5.C. :
Medium sized PLGA particle containing | administration Intranasal g
CpG coated with Der p2 of 10ug Der p2 instillation of e
4. M(Der p 2) w/ or w/o 5ug 2.5ug Der p2 g z
Medium sized PLGA particle coated with CpG : 3
Der p2 g E
5. L(Der p 2 +CpG) 5
Large sized PLGA particle containing g
CpG coated with Der p2 :
6. L(Der p 2) “;
Large sized PLGA particle coated with g
Der p2 '

s.C. Intranasal
7. Shams administration instillation of

of PBS PBS
8. Sentinels No treatment No treatment
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CHAPTER 5: A THERAPEUTIC ANTI-CANCER VACCINE:
DOXORUBICIN AND CpG LOADED PLGA PARTICLES

Introduction

As discussed in Chapter 2, cancer is responsible for one in every four deaths in
the United States (221) and is still not effectively managed therapeutically. Current
conventional anti-cancer treatments include surgery, chemotherapy, and radiation
administered either singly or in combination (129). Advancement in cancer therapeutics
and early diagnosis have significantly improved the overall life expectancy of cancer
patients in the last two decades (5). However, increasing numbers of recurrences
highlight the inability of current therapies to provide complete eradication of tumors (8,
9, 222, 223). These recurrences can be potentially avoided through therapies designed to
activate adaptive tumor-specific immune responses. As discussed in Chapter 1, section:
“Immune response to vaccines”, dendritic cell (DC)-mediated TAA-specific cytotoxic T-
lymphocytes (CTL) responses are stimulated when an immunoadjuvant is co-delivered
with TAA. However, it has been reported that a tumor mass contains a heterogeneous
population of cells that may not all express the same TAAs (224). Therefore, stimulation
of the immune system against a specific TAA may not lead to the eradication of all tumor
cells from cancer patients. Thus, for therapeutic immunotherapy, it is required to
stimulate T-cell immunity against multiple TAAs associated with the cancer, and this can
be achieved by using a more novel approach of in-situ immunization where the tumor is
induced to undergo an immunogenic cell death (225). Significant improvement in cancer
patient survival has been reported with the combinatorial treatment of chemotherapy and
DC-based vaccines (226-228). In another clinical trial, administration of Bacillus
Calmette-Guerin (BCG vaccine) significantly reduces the progression of cancer and
distant metastasis in high-risk and intermediate-risk bladder cancer patients (229). CpG,

as discussed in Chapter 1, section “Adjuvants”, is potent synthetic Toll-like receptor—9
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agonist that promotes the activation of DCs and the generation of Th1-type immune
responses (230). Administration of CpG as a cancer vaccine adjuvant has been shown to
enhance protective and therapeutic immune responses against tumors in preclinical
studies and has shown promising results in clinical trials (138, 231).

In a more novel approach some researchers have investigated the anti-tumor
effect of combining chemotherapy with CpG administration. It has been recognized that
certain chemotherapeutic drugs are independently capable of triggering an immunogenic
cell death (228). Dying tumors could serve as the pool of multiple TAAs and the presence
of CpG within dying tumors could stimulate tumor-specific immunity (Figure 29).
Moreover, patients undergoing highly cytotoxic chemotherapy may often have
compromised immune systems that fail to generate a robust anti-tumor immune response
(232). Thus, the potential of combination chemo-immunotherapy could be exploited by
co-administration of CpG and chemotherapeutic drug to the local environment of tumor.
Combinatorial treatment of mice bearing the PC-3 human prostate carcinoma with once a
week oral dose of topotecan and every third/fourth day intraperitoneal dose of CpG
showed increased anti-tumor effects compared to the treatment with topotecan alone
(233). Also, in a phase I/11 study in lymphoma patients, intratumoral injection of CpG
with low-dose radiotherapy showed enhanced anti-tumor responses at distant untreated
tumor sites when compared to conventionally used therapies (234).

In the studies performed here, the aim was to develop a co-delivery system for
CpG and the chemotherapeutic drug, doxorubicin (Dox). Studies have shown that tumor
cells treated with Dox undergo an immunogenic cell death (235, 236). The
immunogenicity of dying tumor cells can further be increased by the presence of CpG
within the tumor. A recent attempt at developing formulation for co-delivery of Dox and
CpG include complexation of Dox with the plasmid containing CpG motifs (237). In
another attempt, Dox was complexed with bioconjugates of CpG (238, 239). In such

formulation designs, Dox complexes with the phosphate backbone of CpG and is released
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via decomplexation. However, these complexes could easily degrade in blood leading to
uncontrolled the release of Dox systemically. Additionally, multiple intratumoral
injections of these complexes were required to improve survival in a mouse tumor model
(238, 239). Other recently developed formulation strategies include hydrogels and
nanogels that have shown to provide sustained delivery of Dox and could potentially be
used to co-entrap CpG (240, 241). In the study presented here, PLGA particles co-
encapsulating Dox and CpG were designed. PLGA particle are promising delivery
systems that can form depots when injected at the site of tumors and provide sustained
release of Dox and CpG for long duration.
Specific aims for this study are:
1. To investigate the anti-tumor effect of Dox solution and CpG solution in a
therapeutic tumor mouse model
2. Todesign and characterize different formulations of PLGA particles
encapsulating Dox and CpG
3. To study the anti-tumor effect of different formulations of PLGA particles

encapsulating Dox and CpG in a therapeutic tumor mouse model.

Materials and Methods

A therapeutic tumor model to investigate the anti-tumor
activity of Dox solution and CpG solution
A therapeutic tumor model was established using the protocol developed and
optimized by Dr. Sean Geary and Dr. Caitlin Lemke of the Division of Pharmaceutics,
College of Pharmacy, University of lowa (personal communication). C57BL/6 mouse
thymoma cell line, EL4 cells (American Type Culture Collection, Manassas, VA) , were
maintained in RPMI 1640 media (Gibco Life Technologies, Inc., Grand Island, NY)
supplemented with 10% fetal bovine serum, 1% sodium pyruvate and 0.05 mg/mL

gentamycin sulphate in a humidified chamber with 5 % carbon dioxide at 37 °C.
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C57BL/6 male mice, 6 to 8 weeks old, were obtained from Jackson Laboratories (Bar
Harbor, ME). All animal care, housing and experimental procedures were carried out
according to the requirements of the National Institutes of Health Committee on Care and
Use of Laboratory Animals. Mice were challenged with tumor by subcutaneously
injecting 5 X 10° EL4 cells into the right flank of the mouse on day 0. Beginning on day
4 these mice were given the following treatments (n = 4):

Dox and CpG: Each mouse received intratumoral (i.t.) injections of 25 pg of Dox
solution in PBS on days 4, 6 and 8 and then 50 pg of Dox on subsequent even numbered
days. Ten micrograms of CpG were administered i.t. to each mouse on odd numbered
days starting from day 5.

Dox: Each mouse received i.t. injections of 25 pg of Dox on day 4, 6 and 8 and
then 50 pg of Dox on subsequent even numbered days.

CpG: Ten micrograms of CpG were administered i.t. to each mouse on odd
numbered days starting from day 5.

Naive: No treatment

Tumor growth was monitored by measuring tumor dimensions every 2 — 3 days
and calculating tumor volume using equation 1. Mice were sacrificed if they became
morbid, developed open sores or excessive redness on the tumor surface, or if the tumor

had grown more than 20 mm in one or more dimensions.

Equation 1: Tumor Volume = /6 x [Diameter 1(mm) x Diameter 2 (mm) x Height
(mm)] (138)
Fabrication of PLGA microparticles loaded with Dox and
CpG
Three prototype of PLGA particles (A, B and C) described in Figure 13 were
designed for co-delivery of Dox and CpG. The initial amounts of Dox and CpG used

were adapted from research studies executed by Dr. Yogita Krishnamachari (personal

www.manaraa.com



112

communication). All batches of particles were prepared using the double emulsion

solvent evaporation method with a few modifications described below.

1. Admixture of PLGA particles encapsulating Dox or CpG

Three milligrams of Dox wwere dissolved in 75 pL of of 1 % poly(vinyl alcohol)
(PVA; Mowiol®; Sigma, Allentown, PA) solution. A primary emulsion was prepared by
emulsifying this solution in 1.5 mL of dichloromethane (DCM) containing 200 mg of
PLGA 50:50 (Resomer® RG 503; PLGA 50:50 with viscosity: 0.32 — 0.44 dl/g;
Boehringer Ingelheim KG, Germany) using a Sonic Dismembrator (Model FB 120
equipped with an ultrasonic converter probe CL-18; Fisher Scientific, Pittsburgh, PA) at
40 % amplitude for 30 seconds. The primary emulsion was formed using the same
settings for the Sonic Dismembrator in 8 mL of 1 % PVA. This secondary emulsion was
added to 22 mL of 1 % PVA which was stirred in a fume hood for 2 hours to allow the
DCM to evaporate. Particles were collected by centrifugation using Eppendorf centrifuge
5804 R (Eppendorf, Westbury, NY) at 5000 rpm (4500 xg) for 5 minutes. The pellet was
resuspended in 30 mL of distilled water and washed twice with 30 mL of Nanopure®
water. Particles were then suspended in 5 mL of Nanopure® water and were frozen at -
20 °C for 4 hours and lyophilized for 18 hours with a Labconco freeze dry system
(FreeZone® 4.5 Liter, Model 7750020; Labconco Corporation, Kansas City, MO) at a
collector temperature of -53°C and 0.08 mBar pressure. For the preparation of CpG-
loaded PLGA 50:50 ((CpG)PLGA™%) particles 2 mg of CpG was used instead of Dox.
For the preparation of CpG-loaded PLGA 75:25 ((CpG)PLGA™?®) particles, PLGA
75:25 (PLGA 75:25 with viscosity: 0.52 dL/g; Durect Corporation, Pelham, AL) was

used.

2. (Dox/CpG)PLGA3Y0

In this formulation, Dox and CpG were co-encapsulated in the same PLGA

particle matrix. However, Dox and CpG were physically separated during formation of
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the w/o primary emulsion giving PLGA particles with Dox and CpG present in
“different” phases, either separated or combined, within the PLGA particles (Figure 30).
To prepare these particles, Dox was dissolved in 75 pL of 1 % PVA and sonicated into
100 mg of PLGA dissolved in 750 pL of DCM as described in the previous section.
Similarly, CpG was dissolved in 75 pL of 1 % PVA which was sonicated in 750 pL of
DCM containing 100 mg of PLGA. The two primary emulsions were combined to form a
compound emulsion. PLGA particles were fabricated from this compound emulsion

using the double emulsion solvent evaporation method as described previously.

3. (Dox::CpG)PLGA50

In this formulation, Dox and CpG were complexed with each other and then
encapsulated into PLGA particles (Figure 30). Dox (pKa: 8.2; molecular weight:
579.98 g/mol) carries a positive charge at acidic to neutral pH. CpG (molecular weight:
~6365 g/mol) has a negative charge due to the presence of phosphate groups in the DNA
backbone. Thus, complexes of Dox and CpG were prepared and encapsulated in PLGA
particles. For the preparation of complexes, equal volumes of Dox and CpG solutions in
0.9 % saline were mixed and vortexed for 30 seconds. This solution was allowed to sit at
RT for 30 minutes to stabilize the complexes. An optimum ratio of Dox to CpG for
complexation was identified by preparation of complexes with decreasing concentrations
of Dox and with increasing concentrations of CpG solutions. After identifying the
optimum ratio, a concentrated solution of PVA was added to the complexes to achieve a
1% PVA solution containing complexes of Dox and CpG. Two hundred microliters of
this solution was used to prepare PLGA particles using the double emulsion solvent

evaporation process as described above.

Optimization of Dox and CpG loading
The encapsulation efficiency of the double emulsion solvent evaporation method

was reduced due to diffusion of encapsulated molecules from solidifying particles into
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the continuous external aqueous phase during the evaporation of the organic solvent. The
diffusion can be reduced by adding buffer or salts in the external water phase. The use of
1% PVA in 0.1 M ammonium acetate (NH4Ac) solution as the external water phase was
used in an attempt to increase the efficiency of the double emulsion solvent evaporation
process. Dox (pKa 8.2) has a relatively low solubility at higher pH as there are more
unionized molecules. Therefore, NH4Ac solution (pH 8.4) was used as the external phase
during the preparation of Dox particles. DNA from herring sperm DNA (hsDNA; Sigma,
Allentown, PA) was used to optimize the formulation procedure for CpG. PLGA particles
encapsulating hsDNA were prepared using the double emulsion solvent evaporation
method described above with 1 % PVA in NHsAc solution at pH 8.4 and 1 % PVA in

NHsAc solution at pH 4.2 as the external aqueous phase.

Preparation of NHsAc solutions

A stock solution of 0.2 M acetic acid was prepared by adding 11.4 mL of
concentrated acetic acid to 1L water; 0.2 M NH4OH was prepared by adding 14.92 mL of
concentrated NH4OH solution (56.6 % w/w with density 0.9 g/mL) to 1L of water; and
0.2 M NH4Ac was prepared by dissolving 15.4 g of salt in 1L water. NHsAc solution (pH
4.2) was prepared by dissolving 75 mL of 0.2 M NHsAc solution in 425 mL 0.2 M acetic
acid. The final pH of the solution was achieved using acetic acid followed by the addition
of water to make up the volume to 1 L. NHsAc solution (pH 8.4) was prepared by
dissolving 26.6 mL of 0.2 M NHsAc solution in 473.4 mL 0.2 M NH4OH solution. The
final pH of the solution was adjusted using NH4sOH followed by the addition of water to

make up the volume to 1 L.

Characterization of particles
The morphology of the particles was examined using scanning electron

microscopy. Presence of crystals in the final formulations was examined using powder X-
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ray diffraction. Differential scanning calorimetry (DSC) was used to study any change in

the glass transition temperature of the lyophilized particles encapsulating Dox and CpG.

Scanning Electron Microscopy (SEM)

SEM micrographs were obtained as described in Chapter 2, section “Scanning
electron microscopy (SEM)”. Briefly, particles suspensions were placed on a silicon
wafer mounted on SEM stubs. They were then coated with the gold-palladium by an
argon beam K550 sputter coater (Emitech Ltd., Kent, England). Images were captured
using the Hitachi S-4800 SEM at 8 kV accelerating voltage. Size and charge of particles
were measured using a Zetasizer Nano ZS particle analyzer (Malvern Instrument Ltd.,

MA\) using the protocol described in Chapter 2, section “Particle size and zeta potential”.

Powder X-ray diffraction (XRD) patterns

Powder XRD patterns for (Dox/CpG)PLGA | (Dox)PLGA®  and blank
PLGA particles were obtained using a Bruker D-5000 diffractometer equipped with a
Kevex energy-sensitive detector. Patterns were recorded starting from a 26angle of 10.0°

to 49.9° with an increment of 0.059° at every step. All analyses were performed at RT.

Differential scanning calorimetry (DSC)

One to three milligrams of sample were sealed in an aluminum sample pan using
a Perkin-Elmer pan sealing tool. A reference pan was sealed without sample. The sample
pan was placed on the left-side base and reference pan on the right side base of the
furnace in the DSC apparatus. Samples were scanned at a rate of 10 °C/min under a
nitrogen atmosphere using Perkin Elmer DSC 7 (Perkin Elmer, Alameda, CA) and

analyzed using Pyris™ software.
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Estimation of in-vitro release of Dox and CpG from PLGA
particles
Time dependent release of Dox and CpG from PLGA particles was studied in
phosphate buffered saline (PBS) at pH 7.4. In a glass vial, 50 mg of particles was added
to 3 mL of PBS which was previously heated to 37 °C. The vials were covered with
aluminum foil and transferred to a 37 °C incubator shaker set at the speed of
200 rpm/min. Samples were collected at predetermined time points and the volumes
removed were replaced by fresh PBS maintaining the sink condition for Dox and CpG.
Concentrations of Dox and CpG in samples were estimated as described below.

Percentage cumulative release of Dox and CpG were plotted with respective to time.

Quantification of Dox and CpG encapsulated in PLGA
particles
For estimation of Dox loading, 10 mg of particles from each batch was dissolved
in 1 mL of dimethyl sulfoxide (DMSO). Dox was quantified as described in the next
section. For estimation of CpG loading, 20 mg of particles from each batch was treated
with 0.2 N NaOH for 12 hours. Once the particles had degraded (i.e. a clear solution was
obtained), they were neutralized using 0.2 N HCI and loading was calculated using

Equation 2. Encapsulation efficiency of Dox and CpG were calculated using Equation 3.

Equation 2: Loading (pg/mg PLGA particles) = [Calculated conc. (pg/mL) x Volume of
neutralized solution of degraded PLGA particles (mL)]/Initial weight of
PLGA particles (mg)

Equation 3: EE = [Loading of drug (ng/mg) x amount of PLGA particle recovered (mg)]/
Initial weight of drug (ug)

where, Loading = pg Dox or CpG encapsulated per mg of particles, Calculated conc. =
calculated concentration of Dox or CpG from standard curve (pg/mL).
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Quantification of Doxorubicin (Dox)

Quantification of Dox was performed using fluorescence spectroscopy. Known
concentrations of Dox were prepared in DMSO (Fisher Scientific, Pittsburgh, PA) or PBS
(pH 7.4, Gibco Life Technologies Inc., Grand Island, NY). These standard solutions and
samples were added to a 96-well plate (100 pl/well). Fluorescence was measured at Aex
444 nm and Aem 585 nm using a SpectraMax® M5 multi-mode microplate reader
(Molecular Devices, Sunnyvale, CA). A standard curve was generated with solutions of

known concentration of Dox.

Loss of Dox fluorescence in phosphate buffered saline

Dox showed time dependent loss of fluorescence in PBS at 37 °C (242). To
quantify the degradation rate, solutions of Dox at known concentration (30 pg/mL,
20 pg/mL and 15 pg/mL) were incubated in PBS at pH 7.4 in a 37 °C incubator shaker.
The concentration of Dox in the solution was quantified at different time points.
Estimated concentration (C) at different time points were normalized by the initial
concentration of the solution to obtain the fraction of Dox remaining in the solution at
each time point. A log-plot was graphed for fraction of Dox remaining vs time. The slope
of the regression lines were used to correct for the concentration of Dox in released

samples.

Quantification of CpG

Quant-iT™ OliGreen® ssDNA Assay Kit (Invitrogen, Carlsbad, CA) was used
according to the manufacturer’s protocol to quantify CpG concentrations. Concentrations
of CpG in samples from loading and release studies were determined using the procedure

described in Chapter 2, section “Quantification of CpG”.
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Evaluation of the in vitro cytotoxicity of Dox and CpG
complexes

CellTiter 96® Aqueous One solution Reagent (Promega Corporation, W1) was
used to estimate the cytotoxicity of Dox-CpG complexes in EL4 cells. Ten thousand cells
per well were plated into 96-well plates for 24 hours. Cells were treated with 1.33 pg/ mL
dose of Dox in the form of Dox-CpG complexes prepared with different ratios of Dox
and CpG. Cells treated with Dox solution and untreated cells were used as controls for
the experiment. The plate was incubated at 37°C with 5% CO- for 12 hours followed by
centrifugation of cells at 230 xg for 5 minutes. Supernatants from each well were
discarded and replaced with 100 pL of fresh media containing 20% v/v of the MTS
tetrazolium compound included in CellTiter 96® kit. After 4 h of incubation of cells with
the MTS reagent at 37°C with 5% CO, the absorbance was recorded at 490 nm using a
Spectra Max® plus 384 Microplate Spectrophotometer (Molecular Devices, CA).
Relative cell viability values are expressed as the percentage of absolute absorbance from

wells containing treated cells compared to the control wells containing untreated cells.

Therapeutic tumor model to investigate anti-tumor activity
of PLGA particles encapsulating Dox and CpG

A murine therapeutic tumor model was established as mentioned above with a
few modifications. C57BL/6 mice were subcutaneously injected with 10° EL4 cells on
day 0. Two independent studies were conducted to evaluate the effect of PLGA particles
encapsulating Dox and CpG on tumor growth and mouse survival as described in Table
13. In study 1, mice were treated on day 7 with i.t. injections of 100 pg of Dox and 50 ug
of CpG encapsulated in PLGA particles. In study 2, mice were treated on day 3 with i.t.
injections of 100 pg of Dox and 100 ug of CpG encapsulated in PLGA particles. The
following treatment groups were included in each study (n = 4):

1. (Dox)PLGASY: PLGA 50:50 particles encapsulating Dox
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2. (Dox/CpG)PLGASY0: PLGA 50:50 particles co-encapsulating Dox and
CpG

3. (Dox)PLGASY0 (CpG)PLGA®: Admixture of PLGA 50:50 particles
encapsulating Dox and PLGA 50:50 particles encapsulating CpG

4. (Dox)PLGAS® (CpG)PLGA™?: Admixture of PLGA 50:50 particles
encapsulating Dox and PLGA 75:25 particles encapsulating CpG

5. Naive: No treatment

Tumor progression was monitored with respect to time using equation 1. Mice
were sacrificed if the tumor became inflamed or blistered or grew more than 20 mm in at

least one dimension.

Statistical Analysis

Groups were compared by one-way analysis of variance (ANOVA) to analyze if
the mean values of treatment groups were different. This was followed by Tukey post-
hoc analysis to compare all pairs of treatments and identify pairs of the treatment groups
that showed significant differences (p<0.05) in their mean values. Survival curves of
treatment groups follow a right skewed distribution. Thus, analysis of survival curves was
performed using a non-parametric log-rank (Mantel-Cox) test. All statistical analyses
were performed using Prism 5 (GraphPad Prism, La Jolla, CA). P-values < 0.05 were

considered statistically significant.
Results

Combination of Dox and CpG treatment decreases tumor
progression
EL4 tumor bearing mice were treated with intratumoral injections of Dox and
CpG on alternating days. Untreated mice and mice treated with CpG possessed rapidly

growing tumors and were sacrificed by day 10. Mice treated with Dox and Dox-CpG
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combination exhibited slower growth of tumors by comparison as shown in Figure 31. As
shown in the survival curve (Figure 32), treatment with CpG alone did not enhance
survival whilst the combination of CpG with Dox resulted in enhanced survival. Median
survival of mice treated with the Dox-CpG combination was found to be 28.5 days as
compared to Dox treatment which was only 20 days. This confirms that the anti-tumor

activity of Dox is enhanced by the combinatorial treatment.

Preparation of PLGA particles encapsulating Dox and CpG

Ammonium acetate solution enhances the loading of Dox

and CpG in PLGA particles

PLGA particles were prepared using the double emulsion solvent evaporation
process. NH4Ac solution (0.1 M) was used as the external water phase to enhance the
loading of Dox and CpG into PLGA particles. Dox is a weak base (pKa: 8.25). As pH
levels increase, the fraction of unprotonated species of Dox increases which decreases the
total solubility of Dox. Also, the presence of dissolved NH,Ac salts increases the
osmotic pressure of the external water phase further preventing the diffusion of Dox out
of the solidifying PLGA particles during the evaporation of organic solvents. Similarly,
oligodeoxynucleotides (ODNs) have phosphate backbones that have a greater number of
unprotonated molecules at an acidic pH. Thus, NH,Ac solution with pH 4 was evaluated
to improve loading of ODNs in PLGA particles. The combination of increasing the
osmotic pressure and decreasing the solubility of encapsulated molecules can increase the
loading of Dox and CpG in PLGA particles. As shown in Table 9, loading of Dox was
improved when particles were prepared with NH4Ac solution (pH 8). Loading of hsDNA
also increased in NH,4Ac solution (pH 8) due to increased osmotic pressure in the
external water phase. Using NH4Ac solution (pH 4) further enhanced the loading of
hsDNA in PLGA particles. For the preparation of Dox and CpG co-loaded particles, 0.1

M NHy4Ac solution (pH 8) was chosen as the external water phase. As shown in Table 9,
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using NH4Ac (pH 8) as the external phase resulted in higher loading of CpG when
compared to particles prepared in the absence of NHsAc solution. PLGA particles
encapsulating Dox or CpG were prepared using 1% PVA solution in 0.1 M NH4Ac

solution (pH 8) as the external phase during the double emulsion solvent evaporation.

Preparation of admixtures of particles encapsulating Dox or

CpG

PLGA particles encapsulating Dox or CpG were successfully prepared using the
double emulsion solvent evaporation method. These particles had a smooth morphology
(Figure 33). The final formulation was a physical mixture of lyophilized powder of Dox-

loaded PLGA particles and lyophilized powder of CpG-loaded PLGA particles.

Preparation of (Dox/CpG)PLGA5%50

As mentioned in the previous section, a modified procedure of the double
emulsion solvent evaporation process was utilized to prepare (Dox/CpG)PLGASY°
particles. Dox and CpG solutions were independently emulsified in PLGA solution in
DCM that generated a water-in-oil primary emulsion with Dox and CpG droplets
suspended independently in PLGA solution. During further processing of this emulsion to
form PLGA particles, Dox and CpG droplets were fused together giving compartment of
water phase with Dox and CpG. Hence, in this formulation, Dox and CpG are suspended
either independently or in same compartment within a PLGA particle matrix.

As shown in Figure 34, PLGA particles co-encapsulating Dox and CpG were
amorphous when analyzed with PXRD confirming the absence of any crystal structure of
Dox or CpG. These particles showed smooth morphology (Figure 33). Table 10 shows
the loading and percentage encapsulation efficiency of Dox and CpG in these particles. It
was found that loading, but not the encapsulation efficiency, of these molecules was
affected by the initial amount of Dox and CpG used for the preparation. Particles with

different loading of Dox and CpG were mixed to achieve the required ratio of Dox to
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CpG dose for animal experiments. DSC thermograms in Figure 34 (a) confirmed that
presence of Dox in the particle does not change the glass transition temperature (Tg) of
the formulation. However, (Dox/CpG)PLGAS° showed a shoulder in DSC thermograms
before the Ty peak which suggests that encapsulated molecules had physical interactions
with the polymer. This can change the in-vitro or in-vivo characteristics of the
formulation. The PXRD pattern displayed in Figure 34 (b) indicate the amorphous nature

of all particle formulations.

Preparation of (Dox::CpG)PLGA5Y%0

Dox was complexed with CpG for the preparation of this formulation. As shown
in Table 11, complexes were prepared using different ratios of Dox and CpG to achieve
the optimum size required for the preparation of PLGA particles. It was found that
particles size and PDI of prepared complexes decreased with decreasing ratios of
Dox:CpG with 4:1 giving complexes of size 454 nm and PDI of 0.6. This ratio was
chosen for further experiments as it resulted in the smallest size of complexes with
minimum polydispersity. PLGA particles could be prepared by adding 1 - 3 mg of Dox or
CpG to the internal water phase, which typically had a volume between 75 ul to 200 pl.
Thus, a concentrated solution of Dox-CpG complexes was required to prepare
(Dox::CpG)PLGA>0 particles. As shown in Figure 35, the sizes of the complexes were
found to increase by increasing the concentration of Dox and CpG solution to prepare
complexes. Also, adding excess water to the complexes resulted in decomplexation of
Dox and CpG suggesting that the complexes were unstable. An in-vitro treatment of EL4
tumor cells with Dox-CpG complexes showed that Dox was reduced in potency when
complexed with CpG (Figure 36). In this experiment 1.33 pg/mL of Dox solution was
complexed with decreasing concentrations of CpG (2.66 pg/mL to 0.04 pug/mL). Higher
amounts of CpG complexes greater amounts of Dox, thereby reducing its potency, which

in turn led to an increase in the cell viability of EL4 cells. Cells treated with CpG alone
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showed the same viability as cells with no treatment. As complexation of CpG reduces
cytotoxic activity of Dox, this formulation strategy was not developed for any further

experiments.

Release of Dox and CpG from PLGA particles

Incubation of Dox in PBS at 37 °C showed time

dependentloss in fluorescence

Solutions of Dox with known concentrations were kept at 37 °C incubator shaker
in glass vials covered with aluminum foil. As shown in Figure 37, different
concentrations of Dox showed time-dependent decreases in fluorescence. The ecreasing
value of the y-intercept in regression equations (Figure 37 (ii)) suggest that, though small
in value, the initial concentration might have a contribution to the rate of loss of the
fluorescence. Assuming a first-order decrease in fluorescence, an average rate of loss of
fluorescence, k, was calculated with the slope of the regression lines from Figure 37 (ii).
Samples of Dox solution which were collected during the release study of Dox from
PLGA particles were corrected to obtain a more accurate determination of the Dox

concentration released using the following equation.

Equation 4: log(Ci/Co) = kt

where, C; = concentration of Dox solution calculated at time t; C, = true Dox
concentration; k = rate of loss of fluorescence(25.3 x 10); t = time.

Dox and CpG encapsulated in PLGA particles showed

burst release followed by sustained release

PLGA particles encapsulating Dox and CpG exhibited burst release followed by
sustained release of encapsulated molecules. Dox showed time dependent loss of

fluorescence when incubated in PBS at 37 °C. The concentration of Dox in samples
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collected from the release studies was corrected using equation 3 with an assumption that
Dox in the PLGA particles was in contact with PBS solution during the in vitro release
studies. As shown in Figure 38 (i), Dox encapsulated in PLGA particles showed a
significantly higher percentage release as compared to Dox released from
(Dox/CpG)PLGAS™ | This may be due to the interaction of encapsulated Dox and CpG
with PLGA polymer that was also observed in DSC thermograms in Figure 34 (a). The
presence of Dox and CpG in PLGA particles showed a thermal event around 35°C, before
reaching the Tq at approximately 42 °C. This can lead to the conversion of PLGA
particles into a partially glassy state at 37°C leading to decreased diffusion of
encapsulated molecules from (Dox/CpG)PLGASY, Also, CpG present in
(Dox/CpG)PLGASYP can from complexes with Dox molecules causing reduced release
of Dox from (Dox/CpG)PLGA® with no significant effect in the release rate of CpG
from (Dox/CpG)PLGAS® when compared to release of CpG from (CpG)PLGASC
Further studies, are required to better understand the reason for the decreased release of
Dox from (Dox/CpG)PLGA®0, The release rate of CpG from (Dox/CpG)PLGA/%
particles and CpG particles encapsulated in PLGA 50:50 were similar. The percentage
release of CpG from PLGA 75:25 particles was marginally and insignificantly less than

from PLGA 50:50 (Figure 38 (ii)).

PLGA particles co-encapsulating Dox and CpG decreased
tumor progression
PLGA particles encapsulating Dox and CpG, alone or in combination were
successfully prepared and the results of the loading of Dox and CpG are described in
Table 12. EL4 tumor bearing mice were treated with these PLGA particles encapsulating
Dox and CpG. Treatments (described in Table 13) were initiated when tumors reached a
palpable size. In study 1, tumors were treated on day 7 with different formulations of Dox

and CpG. Wherever applicable, each mouse was treated with 100 pg of Dox and 50 pg of
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CpG. As shown in Figure 39 (A), all naive mice were sacrificed by day 13 whereas mice
treated with admixtures of Dox and CpG particles as well as mice treated with only Dox
particles showed improved survival. However, there was no significant difference
between these treatments. Mice treated with (Dox/CpG)PLGASY* particles showed
enhanced survival (Figure 40 (A)) over other treatment groups suggesting that
(Dox/CpG)PLGA™ s the best formulation strategy among those tested to treat growing
tumors. To evaluate any potential differences in the efficacy of the admixture of Dox and
CpG particles versus Dox particles only, another experiment was conducted in which the
dose of CpG was increased from 50 pg to 100 pg/mouse. The Dox dose was kept
constant at a 100 pg/mouse. As shown in Figure 39 (B), all naive mice needed to be
sacrificed by day 9. Mice treated with (Dox/CpG)PLGA®? or (Dox)PLGASY°
(CpG)PLGA™?5 showed an initial reduction in tumor growth. However, all groups
treated with either the admixture of Dox and CpG particles or Dox only particles showed
no significant improvement in survival as shown in Figure 40 (B). In study 2, mice
treated with (Dox/CpG)PLGASY*° showed enhanced survival compared to all other
treatment groups (Figure 40 (B)). Both these studies confirmed that EL4 challenged mice
had improved survival when therapeutically treated with (Dox/CpG)PLGASY°, Also, the
admixture of Dox and CpG particles did not show any improvement in survival when

compared to treatment with (Dox)PLGASC,

Discussion
Advanced combinatorial treatments with surgery, radiation and chemotherapy
have led to improvements in the survival of cancer patients, but reoccurrences of tumor
or metastases still remain the major concern (243-245). A prospective combination of
chemo and immunotherapy has been tested in clinics where stimulation of immunity
against cancer along with administration of chemotherapeutic drugs have shown

significant enhancement in survival of cancer patients (246). In Figure 31 and Figure 32,
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it was shown that i.t. injections of Dox with CpG on alternate days can enhance the
survival in tumor bearing mice. However, frequent injections of Dox and CpG caused
skin inflammation, redness and ulceration at the site of injection. Similar observations
have been recorded in clinics where multiple administrations of adjuvants led to
inflammation of local tissue (247, 248). To prevent this local inflammation caused by
multiple injections of soluble doses of Dox and CpG, PLGA particles were desigened
that provided sustained release of these molecules. One time administration of these
particles can potentially deliver Dox and CpG in the tumor milieu for longer durations of
time than soluble Dox and CpG. PLGA particles encapsulating the water soluble
molecules were fabricated by a double emulsion solvent evaporation method. One major
drawback of this method is that it reduces encapsulation efficiency of Dox and CpG due
to the diffusion of encapsulated molecules into the external water phase during
processing. In this study, it was shown that the encapsulation efficiency of these
molecules can be improved by using 0.1 M NH4Ac solution in the external water phase
which decreased the solubility of these molecules in the external medium. This, in turn,
decreased the concentration gradient of encapsulated molecules resulting in decreased
diffusion of the encapsulated molecules to the external water phase. Thus, the use of

0.1 M NH,4Ac solution in the external water phase increased the loading and
encapsulation efficiency of Dox and CpG into PLGA particles. One of the major
challenges associated with developing delivery systems for co-delivery of Dox and CpG
is the opposite charges of these molecules. The physical association of these molecules
can influence their spatial organization in the particle matrix and can affect diffusion, the
release kinetics and the in-vivo efficacy of the particles. In this study, it was discovered
that complexation of Dox with CpG decreased the in vitro cytotoxicity of Dox (Figure
36). Thus, for co-delivery of Dox and CpG three PLGA-based formulation strategies
were designed, characterized and and evaluated as sustained delivery systems of Dox

and CpG. In the first formulation, (Dox/CpG)PLGA, Dox and CpG molecules were
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present in “different” sub-compartments within the PLGA particle matrix. To formulate
these particles two independent emulsions of Dox and CpG were prepared in DCM
solutions containing PLGA polymer. On combining these emulsions, a stable compound
primary emulsion was formed that contained aqueous droplets of Dox and CpG
suspended independently in the PLGA solution. Emulsification of Dox and CpG in two
independent PLGA solutions limits any possible spatial interaction of Dox and CpG in
the PLGA particle matrix. Particles prepared from this method showed smooth
morphology and sustained release of Dox and CpG (Figure 33 and Figure 38). In the
second formulation prototype, the aim was to encapsulate uniformly sized
nanocomplexes of Dox and CpG in PLGA particles. However, it was found that varying
ratios of Dox and CpG resulted in the formation of non-uniform complexes with large
polydispersity. Also, increasing the concentration of Dox and CpG solution during
complexation increased the size of complexes to the micron range and these complexes
could not be encapsulated into PLGA particles. Unstable complexation of Dox with CpG
in combination with a decrease in the potency of Dox when complexed with CpG could
be the main reason for the failure of this formulation at later stages of development. Thus
this strategy was not pursued further. A third formulation propotype included the
admixture of PLGA particles independently encapsulating either Dox or CpG. In this
formulation CpG particles were prepared with PLGA 50:50 and PLGA 75:25 to study if
delayed release of CpG could enhance the in-vivo efficacy of this formulation. CpG
encapsulated in PLGA 75:25 showed a decrease in the rate of release of CpG when
compared to CpG encapsulated in PLGA 50:50. However, these particles showed similar
results when used in an in-vivo therapeutic tumor mouse model.

The in-vivo activity of PLGA particles to enhance survival of tumor bearing mice
was evaluated in a therapeutic tumor mouse model. Each mouse was treated with 100 pg
of Dox and 100 pg or 50 pg of CpG in study 1 and study 2, respectively. In both

independent studies, treatment of tumor bearing mice with (Dox/CpG)PLGASY%
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significantly reduced tumor growth and increased survival of mice. Admixtures of Dox
particles and CpG particles showed marginal improvement in survival of mice when
compared to treatment with PLGA particles encapsulating Dox only. This study showed
that enhanced survival can be achieved by a combination of chemotherapy and
immunotherapy. The combination treatment is further improved with co-administration

of Dox and CpG together in PLGA particles.
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Figure 29 : Mechanism of induction of antigen-specific T-cell immunity by
biodegradable particles: PLGA particles co-encapsulating Dox and CpG (a)
are injected into the tumor mass. Dox released from PLGA particles induces
immunogenic apoptotic tumor cell death (b). Tumor antigens released by
dying tumor cells and CpG released from the particles are phagocytosed by
naive dendritic cells (DCs) (c). CpG induces activation of DCs that are
characterized by enhanced antigen presentation (d) and upregulation of
costimulatory molecules (e). Mature DCs travel to lymph node where they
present tumor antigen with co-stimulatory signals to naive tumor-specific
CD8 cells resulting in their activation to cytotoxic T-lymphocytes (f) which
circulate through peripheral blood and target cells (tumor) carrying the antigen
inducing their death (g).
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A: Admixture of Dox and CpG particles
B: (Dox/CpG)PLGA3%0
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Figure 30 : Formulation prototypes of PLGA particles for co-delivery of Dox and CpG.
(A) Admixture of Dox and CpG particles: Lyophilized powder of PLGA
particles encapsulating Dox were mixed with lyophilized PLGA particles
encapsulating CpG. These particles were prepared using double emulsion
solvent evaporation. (B) (Dox/CpG)PLGA®*>%: Dox and CpG were
encapsulated independently and in combination into PLGA particle matrices.
To prepare these particles, Dox and CpG were emulsified independently in
PLGA solution. These primary emulsions were combined to achieve the
compound primary emulsion which was again emulsified in aqueous phase to
prepare PLGA particles co-loaded with Dox and CpG. (C)
(Dox::CpG)PLGASY0: Dox and CpG were encapsulated together in the
PLGA particles matrix. To prepare these particles, complexes of Dox and
CpG were encapsulated in PLGA particles using double emulsion solvent
evaporation method.

www.manharaa.com




Figure 31 :

i
1
Pt H 1
i (i) |
£ 30004
g 20004 i
[+] [
> :
£ 10001 H
1
& :
04 ! T T
g 10 20 30
Days
4060 !
'
£ 3000 i
2 :
_§ 2000 E
-
g 1390
=
04 ! T 1
G 10 20 3¢
Days

Tumeor Voleme {mm®}

“Tutnor Volime (rm ™)

40004

:

000

200G+

1600

(i)

()

131

T e v

-

Days

Days

24

20

0

30

Anti-tumor effect of Dox and CpG treatment in tumor bearing mice. Mice
were challenged with EL4 cells and treated on alternate days with: (i) No
treatment; (ii) CpG solution; (iii) Dox solution and (iv) Dox solution on day 1
and CpG solution on the other day. Vertical dashed line represents the time
point at which all mice from the naive group were euthanized due to large
tumor size. Each curve represents tumor growth for each mouse of the group

(n=4).
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Figure 32 : Survival curves of mice bearing EL4 tumors. Mice were challenged with EL4
cells followed by treatment with solution of Dox or CpG (n = 4). Table
represents median survival of each treatment group.
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Figure 33 : SEM microphotographs of (A) (CpG)PLGAS*: CpG encapsulated in
particles prepared from PLGA 50:50; (B) (CpG)PLGA™?%: CpG
encapsulated in particles prepared from PLGA 75:25; (C) (Dox)PLGASY50:

Dox encapsulated in g)articles prepared from PLGA 50:50; (D)
(Dox/CpG)PLGAS™: Dox and CpG co-encapsulated in particles prepared
from PLGA 50:50; (E) empty PLGA 50:50 particles. The scale bar on lower

right represents 5 um length.
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Figure 34 : PLGA particles were prepared using a double emulsion solvent evaporation
method. Dried PLGA powders were achieved by lyophilization of the particle
suspensions which were analyzed by (A) Differential scanning calorimetry
thermograms obtained at a heating rate of 10°C/minute and (b) X-ray
diffraction patterns (26 of 10° to 49.9°) showed the amorphous nature of
PLGA particles encapsulating Dox and CpG.
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Figure 35 : Size of Dox-CpG complexes prepared at increasing concentrations of Dox
and CpG at weight ratio 4:1. The Table displays the size and polydispersity
index (PDI) of Dox-CpG complexes. Increasing the initial concentration of
Dox and CpG solutions showed increases in the size of prepared complexes.
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Dox:CpGratio 1:2 1:1 2:1 4:1 8:1 16:1 32:1
Dox (pg/ml) 1.33 1.33 1.33 1.33 1.33 1.33 1.33
CpG (pg/ml) 2.66 1.33 0.67 0.33 0.17 0.08 0.04

Figure 36 : Percentage viability of EL4 cells treated with complexes of Dox and CpG.
Cells were incubated for 12 hours with different ratio of Dox and CpG
complexes. Percentage viability was estimated using MTS assay. All groups
were compared using ANOVA followed by Tukey’s post-hoc analysis (**p <
0.01). Each bar represents mean + SEM percentage viability (n = 3).
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Figure 37 : Time dependent loss of fluorescence by Dox in PBS at 37 °C. (i) Time
dependent decrease in the fraction of Dox. (ii) Log concentration at different
times (Ct) normalized against the initial concentration (Co) vs time plot for
three different Dox concentrations. Loss of fluorescence from Dox followed
first order kinetics with negligible y-intercept and similar slope across all
three concentrations.
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Figure 38 : (i) Dox and (ii) CE)G release in PBS (pH 7.4) at 37°C from
(Dox/CpG)PLGA™ Dox loaded PLGA particles, CpG loaded PLGA 50:50
particles and CpG loaded PLGA 75:25 particles. All PLGA particles
demonstrated burst release followed by sustained release of encapsulated
molecules. Dox showed higher burst release from Dox loaded PLGA particles
when compared to release of Dox from (Dox/CpG)PLGASY particles.
Groups were compared using paired t-test (***p < 0.001). Each bar represents
mean + SEM (n = 3).
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Figure 39 : Anti-tumor effect of PLGA particles encapsulating Dox and CpG in a
therapeutic tumor mouse model. Mice were treated with (i)
(Dox)PLGA0(CpG)PLGASYP : admixture of PLGA particles encapsulating
Dox and PLGA 50:50 particles encapsulating CpG,; (ii)
(Dox)PLGA(CpG)PLGA™? :admixture of PLGA particles encapsulating
Dox and PLGA 75:25 particles encapsulating CpG; (iii) (Dox)PLGASY0:
PLGA particles encapsulating Dox; (iv) (Dox/CpG)PLGASY*’: PLGA 50:50
particles co-encapsulating Dox and CpG; and (v) No treatment. Two
independent studies were performed in which each mouse was treated with
(A) 100 pg Dox and 50 pg CpG, and (B) 100 pg Dox and 100 pg CpG, for
required treatment groups. Each curve represents the tumor growth for each
mouse of the respective group (n = 4). Vertical dashed line represents the time
point at which all mice from the naive group were euthanized due to large
tumor size.
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Figure 40 : Survival curves of tumor bearing mice treated with PLGA particles
encapsulating Dox and CpG. In respective treatment groups each mouse was
treated with (A) 100 pg Dox and 50 pg CpG, and (B) 100 pg Dox and 100 pg
CpG. Table represents median survival for each group. Survival curves were
analyzed using the Mantel-Cox test and significant differences of each
treatment group against naive group were calculated using Chi-squared test.
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Table 9 : Loading and percentage encapsulation efficiency (% EE) of Dox and oligos
encapsulated in PLGA particles using the double emulsion solvent
evaporation process. During the fabrication process the addition of ammonium
acetate (NH4Ac) solution in the external water phase increased the loading
and %EE of encapsulated molecules in PLGA particles.

(pH 8)

Loadi
External water phase oacing . % EE
(Mg/mg particles)
Dox
1% PVA 3.14 20.9
. ; -
é)AJ PVA in NH4AC solution (pH 8.70 58.0
Herring sperm DNA
1% PVA (pH ~5) 0.15 3.1
1% PVA in 0.1M NH Ac solution
(pH 8) 4 0.33 6.4
1% PVA in 0.1M NH Ac solution
(pH 4) 4 0.48 9.4
CpG
1% PVA (pH ~5) 0.53 35
o - -
1% PVA in 0.1M NH4AC solution 450 30.2
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e encapsulation efficiency (% EE) of Dox and CpG in
A different initial amount of Dox and CpG were used

in each preparation. A considerable change in loading and % EE was observed
by changing the initial amount of Dox and CpG used during preparation.
Loading was increased by using NH,Ac solution.

Without 0.1M NH Ac solution (pH 8) With 0.1M NH Ac solution (pH 8)
e L D e AL
Preparation 1: Dox: 1 mg and CpG 3 mg
Dox 1.3+05 2731102 [34+0.2 64.5+2.8
CpG 2.7+0.7 18.0+5.3 11.1+05 715+£3.7
Preparation 2: Dox: 3 mg and CpG 2 mg
Dox 35+04 23.8+2.7 85+0.6 56.6 + 4.2
CpG 24+0.6 24.7+4.0 56+0.5 56.3+5.0
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Table 11 : Size (nm) and polydispersity index (PDI) of Dox-CpG complexes with varying

ratios of Dox and CpG. Changing the ratio of Dox:CpG resulted in different
sizes of prepared complexes as measured by NanoZs.

Ratio of Molar ratio

Dox:CpG of Dox:CpG | Dox (ug/ml) | CpG(ug/ml) | Size (nm) PDI
(w/w)

64:1 702:1 1000.00 15.62 2434;172;17 | 1.0
16:1 177:1 500.00 31.25 318; 20; 3 0.7
4:1 44:1 250.00 62.50 454 0.6
1:1 11:1 125.00 125.00 465 0.8
1:16 1:1 31.25 500.00 234 0.9
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Preparation Loading
P (1g/mg of PLGA particles)
(Dox)PLGASY50 8.7
(CpG)PLGA™% 45
(CpG)PLGA®0 3.7
(Dox/CpG)PLGASYs0 Dox: 11.8
(study 1) CpG: 5.2
(Dox/CpG)PLGASY50 Dox: 5.9
(study 2) CpG: 6.9
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Table 13 : Study design of the therapeutic mouse model used for the evaluation of the
anti-tumor activity of PLGA particles encapsulating Dox and CpG. Two
independent studies were performed with different treatment day post tumor
inoculation and different doses of CpG to study anti-tumor activity of PLGA
particles encapsulating Dox and CpG.

Tumor inoculation on | Treatment post tumor | Treatment dose
Day 0 inoculation
Study 1 10° EL4 cells Day 7 100 pg of Dox and 50
ug of CpG
Study 2 108 EL4 cells Day 3 100 pg of Dox and
100 pg of CpG
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GLOSSARY

Adjuvant (Immunological): Molecules co-delivered with antigen in vaccine
formulations in order to enhance the antigen-specific immune response.

Antigen (Ag): Molecules (usually protein/peptides) that generate fragments
(known as epitopes) that are recognized by the T-cell receptor (presented in association
with MHC molecules) on T-cells or by antibodies on, produced by B cells.

B7 protein (CD80 and CD86): Cell surface proteins expressed by dendritic cells.
They are essential co-stimulatory molecules (during antigen presentation) that bind to
CD28 receptors on the surface of T-cells.

CD4: A surface protein expressed by a subset of T-lymphocytes that often
denotes T-helper lymphocyte phenotype.

CD8: A surface protein expressed by a subset of T-lymphocytes that often
denotes cytotoxic T-lymphocyte phenotype.

Cytokine: Small proteins produced by a wide range of cells that can stimulate the
activation, maturation, proliferation or chemotaxis of a variety of cell types.

Cytotoxic T-lymphocyte (CTL): An activated CD8+ T-cells that can kill other
cells expressing specific antigen in association with MHC class | protein.

Dendritic cells: Bone marrow derived cells found in most tissues of the body.
They internalize antigen in peripheral tissue and travel to closest lymph node for
activation of T-cells.

Epitope: A specific amino acid sequence or structural motif that are recognized
by antibody or T-cell receptors.

Interferon (IFN)-y: A cytokine produced primarily by CD4+ and CD8+ T-cells
that activates antigen presenting cells and stimulates antitumor activity.

Interleukin (IL)-2: Cytokine produced by T-cells that helps in their proliferation
and differentiation.

Major Histocompatibility Complex (MHC): A cell surface membrane
glycoprotein(s) involved in antigen presentation and fundamental to determining
compatibility of transplant tissues.

MHC class I: These cell surface proteins are expressed by virtually all cell types
in the human body and present epitopes derived from cytosolic antigens to CD8+ T-cells.

MHC class I1: These cell surface proteins are expressed by antigen presenting

cells and activated T-cells and present epitopes derived from exogenously acquired
antigens to CD4 T-cells.
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T-cell/lymphocyte: Lymphocytes that originates from bone marrow and undergo
development in the thymus. They play critical role in development of cellular based
adaptive immunity.

T-helper (Th): A subset of activated CD4 cells that are categorized into T-helper
1 (Th1) and T-helper 2 (Th2) based on the cytokines they produce. They can stimulate B
cells to produce antigen specific antibodies, secrete cytokines for stimulation of antigen
presenting cells and proliferation of CD8 T-cells.

Toll-like receptor (TLR): Receptors expressed by macrophages, dendritic cells
and B cells that recognize microbial components such as CpG and trigger signaling
cascades that stimulate innate and adaptive immune responses.

Tumor associated antigens (TAAS): Proteins that are aberrantly expressed by
tumor cells, exclusively expressed by tumor cells, or expressed by tumor cells and other
tissue that is considered non-vital or immune privileged.

(Dox)PLGA30 : Dox was encapsulated in PLGA 50:50 (Resomer® RG 503;
PLGA 50:50 with viscosity: 0.32 — 0.44 dl/g; Boehringer Ingelheim KG, Germany)
particles using double emulsion solvent evaporation method.

(Dox/CpG)PLGA50 : Dox and CpG were co-encapsulated in PLGA 50:50
(Resomer® RG 503; PLGA 50:50 with viscosity: 0.32 — 0.44 dl/g; Boehringer Ingelheim
KG, Germany) particles using a modified double emulsion solvent evaporation method.
This preparation contained Dox and CpG molecules encapsulated in the PLGA particle
matrix. In this formulation Dox and CpG were independently emulsified in PLGA
solution to form w/o emulsion. Two emulsion were then combined and emulsified again
in water phase for preparation of w/o/w emulsion. When the primary emulsions of Dox
and CpG were combined, Dox and CpG droplets can combine to give a complex primary
emulsion with Dox and CpG suspended independently as well as in combined droplets.
These particles have Dox and CpG suspended independently as well as in combination
within PLGA particle matrix.

(Dox::CpG)PLGAS3Y50 : Complexes of Dox and CpG were encapsulated in
PLGA 50:50 (Resomer® RG 503; Boehringer Ingelheim KG, Germany) particles using
double emulsion solvent evaporation method.
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